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I. Introduction
1. Problem:

Running cadence is the number of steps a runner takes per minute while
running, commonly measured in strides per minute (SPM). It is a useful
measurement for runners as it can provide insight into efficiency, form, and stride
length. An ideal cadence for most runners typically falls into the range of 170 to
180 SPM although this is dependent on height and pace.

Currently, there are already products on the market that can measure
running cadence. For example, most “running watches” have cadence as an
included measurement. However, it can be cumbersome for runners to constantly
switch through display screens to monitor multiple data points at the same time
such as pace, heart rate, distance, and cadence. Furthermore, unless a runner is
running with their arm locked in front of them, continuous monitoring of cadence
is impossible with a running watch. Other products take a different approach such
as the foot-mounted ARION Footpod non-GPS 1.0 and Stryd. These products can
track the cadence throughout the run in much the same way that a running watch
would, but they can’t provide that information to the runner without the use of a
watch or smartphone. In both the watch and foot-mounted solution, there is a lack
of a product that provides easy, hands-free haptic feedback to the runner
informing them when their cadence falls outside of the ideal cadence range.
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2. Solution:
The product will consist of a lightweight, belt-mounted device consisting

of several PCBs that utilize an IMU for step detection. A running mean time
between a certain number of previous steps will be used to calculate the runner’s
current cadence. Based on the measured cadence, the microcontroller will control
vibration motors to create haptic feedback, which will inform the user based on
vibration patterns in real time how to adjust their cadence to achieve perfect
running efficiency. The device itself will be mounted on the user’s back, as this is
already a popular spot for runners to store items, such as phone mounts or fanny
packs. This also increases user comfort by keeping the device clear of the front
and sides, where there may be hand movement. The system will be powered by a
mobile battery, such as a LiPo battery, that is also connected to the belt. Our
solution also offers user customization. Users can adjust their target cadence from
the default 180 to any lower target cadence they want. Users will also be able to
adjust the strength of the feedback from the haptic motors.

The system will consist of three separate boards, and a battery pack. The
first board, the Microcontroller Board, will have an ESP32 microcontroller as its
main feature, which handles step detection and haptic feedback activation
decisions. The board will calculate the Strides Per Minute (SPM) metric to do
this

The second board, the IMU board, will contain a BNO086 Inertial
Measurement Unit. This sends step data to the microcontroller via an exclusive
SPI bus interface.

The third board, the Haptic Feedback board, contains a Battery
Management System (BMS) that interfaces with the battery pack and provides
power supply to the rest of the system. Vibration motors will also be present on
this board to signal the need for SPM adjustment to the user.

All three boards will be mounted onto a flexible waist belt in close
proximity to each other. The battery pack will be mounted next to the Haptic
Feedback Board as our BMS will be located on that board. The vibration motors
on the Haptic Feedback Board will be as close to the user as possible to allow
them to feel the vibration. The entire system, while mounted on the belt, will be
enclosed in plastic such as a 3D printed shell.
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3. Visual Aid:

Figure 1: Visual of major components on belt

4. High-level requirements list:
a. The product shall detect the strides of the user through an Inertial

Measurement Unit (IMU) and derive from them a strides per minute
(SPM) metric. The default SPM goal is 180.

b. The product shall notify the user of a measured SPM outside of the set
limit (+/- 5) of a user-adjustable goal SPM via vibration motors located
on the device.
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c. The product shall have the goal SPM be user adjustable in increments of
5 through a tactile switch located on the Haptic Feedback board.

d. The product shall be solely powered by a portable 3.7V Lithium Polymer
(LiPo) battery capable of 1.5A current output.
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II. Design
1. Block Diagram:

Figure 2: Block Diagram
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2. Subsystems:
a. Microcontroller Board:

This board contains the ESP32 microcontroller that we will be
using. It is connected to the IMU board through an SPI data connection,
as well as to the haptic feedback board through several GPIO pins to
receive button inputs and activate the vibration motors.

The microcontroller will receive step data from the IMU and
calculate the SPM of the user. It will then compare this value to the
customized goal SPM of the user, and if it is outside of the tolerance
range, alert the user to fix their SPM by activating different vibration
lengths/patterns on the vibration motors. It will also receive tactile switch
inputs from the Haptic Feedback Board to alter the goal SPM and the
vibration strength.

b. IMU Board:
This board contains a BNO086 IMU. The data from this IMU

will be routed to the ESP32 by a SPI connection.

A BMS will also be present on this board. The BMS will handle
turning the device on and off, as well as allowing for the recharging of
the LiPo battery. 3.3V power from the BMS will be routed to the other
two boards. An ON LED will be present to indicate whether the system
is powered from the BMS.

c. Haptic Feedback Board:
This board contains a MOSFET connected to two vibration

motors. The MOSFET is connected to a digital output from the ESP32,
which causes it to act as a switch on the 3.3V line to the vibration
motors. This allows the ESP32 microcontroller to cause the vibration
motors to activate based on a command sent from it.

Different vibration patterns will indicate to the user whether they
should decrease or increase their SPM. A tactile switch will allow the
user to adjust the goal SPM; a single press will lower the goal SPM by 5
from a maximum of 180, and a long press will reset the SPM to 180.
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3. Subsystem Requirements:
a. Microcontroller Board:

This board will consist of an ESP32-C6-WROOM-1-N8[1]
engineering module with associated peripheral components for operation.
Its purpose is to make decisions on step data from the IMU Board and
send commands to the Haptic Feedback Board. The SPI interface it uses
to connect to the BNO086 IMU will be on the HSPI SPI-enabled pins.
The GPIO pins it uses to communicate with the Haptic Feedback Board’s
systems will be on unused GPIO pins.

Requirements:
i. The Microcontroller Board shall connect the supplied 3.3V

power line from the BMS to the ESP32 MCU.

ii. The Microcontroller Board shall allow the ESP32 MCU to
communicate on the HSPI_SCK (P14), HSPI_MISO (P12), and
HSPI_MOSI (P13) pins, which shall be routed to the IMU
Board.

iii. The Microcontroller Board shall allow the ESP32 MCU to
communicate on the GPIO25 (P25), GPIO26 (P26), GPIO32
(P32), and GPIO33 (P33) pins, which shall be routed to the
Haptic Feedback Board.

b. IMU Board:
This board will consist of a BNO086[2] IMU chip along with a

ZIO LIPO BATTERY MANAGER[3] BMS, including associated
peripheral components for operation. Its purpose is to detect and send
step data to the ESP32 MCU on the Microcontroller Board. The BNO086
will be communicated with the ESP32 over the SPI interface. The BMS
already has output set to 3.3V.

Requirements:
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i. The BMS shall supply up to 1.5 A at 3.3 ± 0.1V to the IMU
Board, Microcontroller Board, and Haptic Feedback Board.

ii. The BNO086 IMU shall supply Linear Acceleration Vectors,
Absolute Orientation Vectors, and other metrics to the
Microcontroller Board through a SPI interface.

c. Haptic Feedback Board:
This board will consist of a 2N7002ET7G[4] MOSFET, with its

gate connected to a GPO signal from the Microcontroller Board, and its
drain connected to the power for two SEEED STUDIO 2.0MMMINI[5]
vibration motors. A PTS526 SM15 SMTR2 LFS[6] tactile switch will be
present, connected to the Microcontroller Board through a GPI signal. Its
purpose is to provide a platform for the BMS, vibration motors, and
tactile button.

Requirements:
i. The Haptic Feedback Board shall connect the supplied 3.3V

power line from the BMS to the 2N7002ET7G MOSFET and the
PTS526 SM15 SMTR2 LFS tactile switch.

ii. The 2N7002ET7G MOSFET shall provide the supplied 3.3V
power line to both SEEED STUDIO 2.0MMMINI vibration
motors when sufficient voltage is applied to its gate via the GPO
signal from the Microcontroller Board.

iii. The PTS526 SM15 SMTR2 LFS tactile switch shall connect to
the Microcontroller Board via signals connected to the GPI pins
of the ESP32 MCU.

4. Tolerance Analysis:

Power:
One aspect of our design that poses a risk to the completion of this

project is the maximum power output of the BMS. The BMS has a maximum
current output of 1.5A. Below is the estimated peak current consumption for the
entire product. The entire system will run off of the 3.3V power supplied by the
BMS.
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Component Estimated Current
(mA)

Comment

ESP32 1000 500mA minimum from
datasheet. Estimated is
greater.

To be safe, peak power
consumption is
doubled from
minimum. Minimum
power consumption is
defined as standby
mode in datasheet.

BNO086 <100 13.7mA abstracted
from the datasheet of
model component is
derived from.
(BNO055)

Vibration Motor x2 160 80mA each from
datasheet.

Misc. Components <100 100mA margin for
miscellaneous
components on boards,
such as resistors,
capacitors, diodes,
CMOS, etc.

Total Current 1,360

Table 1: Operating Current Estimation

The estimated current is less than the 1.5A max current output of the
BMS. There is also enough margin for unexpected power consumption. We
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conclude that the BMS we chose can fulfill the power supply needs of our
product.

To power the entire system, a HXJNLDC 103048 Li-ion battery [7] will
be connected to the BMS. This battery is rechargeable and has a voltage range of
4.2V to 3.7V depending on the charge level. The BMS has a maximum input
voltage of 6V meaning this battery is well within the range of the BMS. The
battery has a maximum current of 1.6 Amps. The maximum power this battery is
capable of outputting is thus.

𝑃
𝐿𝑖𝑃𝑜 𝑀𝑎𝑥

= 𝐼
𝑚𝑎𝑥

𝑉
𝑚𝑎𝑥

= 1. 6 * 4. 2 = 6. 72 𝑊𝑎𝑡𝑡𝑠

The maximum output current at a voltage of 3.3V for the BMS is 1.5A.
The maximum power output of the BMS is thus.

𝑃
𝐵𝑀𝑆 𝑀𝑎𝑥

= 𝐼
𝑚𝑎𝑥

𝑉 = 1. 5 * 3. 3 = 4. 95 𝑊𝑎𝑡𝑡𝑠

The limiting factor in terms of maximum power output is the BMS. Both
devices have overcurrent protections built-in limiting the risk of
overcurrent-induced failures.
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III. Ethics and Safety

With regards to the IEEE Code of Ethics I-1, There is a meager chance of injury
caused by physical interaction such as snagging, and the product itself will be quite flush
with the belt. There is a potential safety issue with a wearable electronic device powered
by a LiPo rechargeable battery. To mitigate this risk, OSHA [8] recommends inspecting
rechargeable batteries for damage or other signs of degradation. OSHA also recommends
only using batteries that have been certified such as a UL2054 certified battery. We will
greatly increase the safety of our product by following these OSHA-recommended
practices when dealing with the battery. There is a risk of injury for exposed batteries in
the event of a battery puncture. To combat this risk, we will also ensure the battery will
be hard to puncture (e.g. in a small casing). We will use self-contained coin-type
vibration motors, meaning no rotating parts or pinch points will be exposed to the user.

While there is a low risk of the product overheating or otherwise burning the
user, we will take precautions to minimize this risk. Selection of wires between boards
will use at least 22-gauge insulation-coated wire to isolate any electrical current. A
22-gauge wire at 60 degrees Celsius has an ampacity of 3 amps. The maximum current
our BMS can supply is 1.5 Amps meaning that 22-gauge wire provides plenty of margin.

Sweat is a concern when creating a wearable exercise device. Excessive moisture
may lead to damage to the system through short circuits or corrosion, and may even cause
contacts to conduct to the user if touched with bare skin. To protect the device from
sweat, all wires will be insulation-coated, and potentially sensitive components such as
PCBs will be enclosed in plastic. Our device is not intended to be used in the rain or other
extreme weather conditions.

We do not anticipate our project to be accidentally or intentionally misused, and
it does not collect any high-level or complex information about the user. The user would
be informed of what the belt does, and what kind of information it collects. If we were to
implement our stretch goal of Bluetooth functionality, we would not have to worry about
the cybersecurity challenge of securely transferring a user’s personal information. We
would only be transferring the SPM metric over Bluetooth.

Sections II and III of the IEEE Code of Ethics are not product-specific and do not
apply to this section.
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