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Abstract- The Motion Training Assistant aims to assist with
teaching of proper posture and movement of certain motor
skills by providing meaningful feedback to the user. The
system is best utilized within learning or reinforcing basic
motor skills, and can be applied to physical therapy, sports
education, or in any field requiring analytics of human
motion. The system tracks the movements of the users
through IMU sensors, evaluate the data received by
determining if the motions fall within a defined threshold of
that specific movement and present the results through
various feedback methods which includes a 3D rendered
visual representation, simple text, and meaningful analytics of
motion.

Index Terms - IMU, Modeling, Wearable, Motion
Tracking, MEMS

1. INTRODUCTION

A standard goal of Human Computer Interactions
(HCI) research is to capture natural human expression as
computer useable data. Gesture and human motion
tracking is a key goal, with numerous possible
applications. One application which has extensive
possibilities is teaching motor skills. Systems with
capabilities to track details of fine motor skills including
precise hand motions have extensive possible
applications. This project involved the design, building,
and demonstration such a teaching tool.

A. System Overview

The Motion Training Assistant tool consists of an
integrated set of sensors designed to be worn on an arm.
The sensor system will have calibration and filtering
capabilities to assist in the data processing required to
evaluate specific motions. The sensors will interface with
a software application through a controller to supply
filtered and calibrated data to an application which uses
the data to generate a model of the motions performed.
Key parameters of this model are used to evaluate the
motion relative to a library of known correct parameters.

The system is able to accurately reject incorrect
attempts at a given motion and affirm correct attempts at

the motion. The set of motions should include a variety
of motions with different levels of complexity, including
motor skills across numerous disciplines.

B. Use Cases

While the possible use cases of a motion tracking and
evaluating system abound, several specific design cases
were selected for the development of a proof-of-concept
system.

1I. Core TECHNOLOGY

The core technology used in this project is the Inertial
Measurement Units (IMUs). The IMUs used in this
development project are Micro-Electro-Mechanical
Systems (MEMS) sensors that are used to measure
motion. Motion measurement is done by integrating an
accelerometer,  gyroscope, and  sometimes a
magnetometer. IMUs can have either 6 or 9 degrees of
freedom (DOF). An IMU with 6 DOF is one that
contains only an accelerometer and gyroscope, while a
sensor with 9 DOF also contains a magnetometer. The
IMU used in this project is the the ICM-20948. It is a
very low power, 9 axis IMU. This IMU comes in a very
small (3 x 3 x 1 mm), surface mount package with 24
pins. [112] The IMU uses serial communication and has
the ability to be used as a slave to a host processor or a
master to other auxiliary sensors. It also includes an
on-chip Digital Motion Processor (DMP) that can be
used to do low level processing of the data from the
sensors. There are also various power modes to control
the power consumption of the IMU. The ICM-20948
contains various power modes including sleep mode, low
power accelerometer mode, 9 - axis mode, and more.
With the DMP disabled the power consumption of the 9 -
axis mode can be as low as 5.4 mW. The accelerometer,
gyroscope, and magnetometer each contain 3 MEMS
sensors, one for each axis. Each sensor is connected to a
16-bit analog to digital converter (ADC). The gyroscope
sensors use vibrations to detect the rotations about the x-,
y-, and z- axis. The output signals are then amplified,
filtered and converted to digital information. The range
of the gyroscope can be digitally programmed to +/-250,
+/-500, +/-1000, or +/-2000 degrees per second. The
accelerometer sensors use spoof masses and their
displacement in each axis to measure the acceleration
with respect to those axes. The range for the
accelerometer can be adjusted to +/- 2g, +/-4g, +/-8g, or



+/-16g. The magnetometer measure magnetism using the
Hall Effect and has a range of +/-4900 uT.

III. Sortware DESIGN

The software components can be divided into two
major sections. First, the embedded software which is
used for interfacing directly with the sensors and relevant
auxiliary tasks. Second is the Analytic/ Feedback
component, which provides the user with the meaningful
feedback based upon the stream of data provided by the
embedded module.

A. Embedded Software

The embedded software components serve one primary
role, and perform a variety of other support tasks. The
primary role of the embedded software is the extracting
of raw data from the Inertial Measurement Unit sensors,
and sending the data for use in the Analytic/Feedback
component.
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Figure 1. Embedded Start-up

Initialization of the embedded software components
include starting of timers, clocks, and interface pins.
Following this process, an initial setup and poll of the
IMUs and Bluetooth module is performed. Errors caught
in this process cause the MSP430 to re-attempt attempt
initialization, and if repeated, to flag failure.

Normal runtime operation of the embedded processing
system involves polling the IMUs at a constant rate of
100Hz. This is well within the output data rate limits of
the sensors, which enables data averaging to be
performed for each packet. This data rate intentionally
exceeds the maximum frame rate of Unity, so that lost of
misaligned frames can be ignored and rejected without
loss of the overall platform performance. Data collected
in each frame is checked for faults in the data indicating
a loss of sensor communication. Frames missed are
flagged, and if too many are flagged, a reset is
performed.

During the regular runtime polling of the IMUs, if a
frame is detected which shows errors, usually indicated
by all zeros in the accelerometer data, the IMU
initialization process is repeated. This is performed to
ensure robustness of the system due to the possibility of
transient disconnection or loss of IMU state during
system operation. If too many frames are detected as
failure, or if reinitialization occurs, then failure is
flagged, and a hard reset of the system is required.

B. Evaluator Software

Once transmission of raw data to the evaluator
platform is completed through bluetooth, the evaluator
filtering and processing can begin. Raw IMU data is
filtered and manipulated using a variety of techniques,
including  rolling  frame  integration,  gravity
compensation, and averaging. Data constraints are
applied based upon the known range of motion which is
possible for human hands. After filtering this data, vector
manipulation techniques are used to assess the
orientation or position of the body being measured.
Depending on the motion being tracked, the orientation,
motion pattern, or both are verified against acceptable
parameters.

During each call to the update function, two major
steps are performed. First, raw data sent from the
embedded system is parsed and verified. This process
involves checking for a good Bluetooth Comm port, and
validating that the data is not misaligned or empty. Once
parsed and validated, the data is ready to be used for
filtering. The next step in the processing of data is the



application of a kinematic filter. Physically impossible
rates change are removed from the data and replaced
with a projected value based on the last known good
values. This helps to reduce noise in the system and
further helps remove bad or misaligned frames.

Once parsed and filtered, IMU data is processed in
several different ways. A gravity correction based on
calibrated gravity magnitude is applied. A rolling frame
integration is performed to generate a velocity vector.
Orientation, including relative orientation of multiple
sensors is calculated based on normalized vectors.

For both processing and rendering of feedback, the
Unity game engine was used. Unity provides excellent
and well documented libraries for the necessary vector
and matrix manipulations, and has built in support of
Bluetooth.

Exit Update
0On Update

BT Good?
Yes

Yes

Use Data

A=
Threshold

Kinematic
Check

Figure 2. Data Filtering

C. Feedback

The function of the feedback GUI is to preset clear and
meaningful feedback data as generated by the evaluator
module. The purpose is to effectively isolate the
evaluator module from and enable abstract processing, a

feedback controller interacts with the evaluator and
disperse the evaluation results. This abstraction is
primarily to assist in ensuring the evaluator is not
cluttered with interface functionality, which is important
due to the complexity of the evaluator, as well as the
pivotal role it plays in the overall architecture of the
system. The data will come in several formats, including
a graphical rendering of the motion tracked, as well as
text based feedback of the motion.

The primary method of feedback is a PASS/FAIL
indicator on the GUI. This feedback indicator shows
whether the user is within the boundaries of the motion
or posture as defined within the evaluator. To ensure that
the user does not observe excessive toggling between
“PASS” and “FAIL” indications when the user is near
the boundaries defined for the motion, a logical debounce
is performed in software which ensures the indicator only
toggles after several consecutive attempts all indicate the
same status.

Additional feedback can be provided to the user, such
as key statistics about the motion the user performs. One
example of this feedback is Beats Per Minute of a
musical conducting pattern. High impulse events are
detected, and the timing of these events are converted
into a calculated and filtered version of the statistic
which can be presented to the user. Statistics such as
beats per minute can be helpful for individuals looking to
practice maintaining steady and consistent motions.
Further, more complex motions may have numerous
points of failure. In these motions, the key data point
which was observed as failure is important to present to
the user to ensure that corrective action may be
performed by the user.

D. GUI

The Motion Training Assistant utilizes Unity to
visualize and manipulate the IMU data coming in
through the Bluetooth COM port. Unity was where most
of the actual kinematic filtering, constraints, and data
manipulation took place, as It has expansive libraries and
functionality inherently built in to the engine.

The graphical user interface is a visualization of the
feedback for the user to interact with created in Unity.
This consist of presenting important information
pertaining to the experience of the user such as selection
of motion the user wishes to learn or practice, general
instructions on how to properly perform the particular
motion and includes instructions for the calibration of the
IMUs and a pass or fail indication to inform the user. The



instructions are specific to each of the programmed
motions and have a certain tolerance built around the
parameters that define if the move is correct. Once the
motion is conducted by the user, either present simplistic
text feedback pertaining to the motion or a visual
representation rendering a 3D model.

E. 3D Model

Rendered representations of the tracked motion is an
essential component of feedback presentation. THe
source for the arm model is numerous 360 degree scans
of arms and hands, which are merged within 3D
modeling software. The model is combined within Maya.
Within Maya a bone structure is set upon the model
where the model is rigged to move to mimic the motions
of a realistic arm, following proper orientation and
direction. The bone structure of the arm is inclusive of
the major joints, while not detailing the motion of every
human bone and joint. The rigging of joints within the
Maya model was tested before exporting to Unity. The
model is exported as an .fbx file that allowed for quick
and easy integration into the Unity platform.

This file format could be used as an object within
Unity that is capable of being influenced by a stream of
the final data buffer storing frames of orientation data.
This data will be utilized as points of reference to model
an arm structured similar to the user’s that is constantly
rendered to provide a near real time display of motion
and clearly demonstrate the actual movements being
tracking based on the filtered data from all of the IMUs.
The purpose of using hinge joints was to accurately
emulate the behavior of the fingers’ motions. The choice
of physics based update versus matrix transform based
update was made based on the results of experimentation.
Portions of the system and model update seemed to
respond more reasonably to a direct matrix and vector
transform update, while others responded better to a
physics and joint based model update. Complete
integration of all capabilities within a single model was
not considered essential, because the model update
process is closed, and entirely contained within custom
software. No outward facing API or fields exist within
the software, and thus there was no need to unify update
approaches.

1I1. H4rRDWARE DESIGN

This section details the design of all the physical
components that make up the project. The hardware

design is divided into the electrical design of the system,
as well as the mechanical design of the hardware
mounting components.

A. Electrical Design
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Figure 3. Hardware Design Overview

The electrical design of the system, Figure 3, can be
broken in down into three different subsystems which are
power, Microprocessor, and sensor systems. The power
system consists of two LiPo batteries each with
1200mAh of current capabilities and a nominal voltage
of 3.7V. This battery was chosen mainly because Lipo
batteries have very high energy densities which is needed
to make sure the system can last as long as possible
without needing to be recharged. The batteries chosen
also come with protection circuitry that can monitor the
charge of the battery and shut off power to it to prevent
overcharging. There is also monitoring circuits that
protect against shorts as well as overvoltage conditions
from occurring. This protection is necessary since LiPo
batteries are very dangerous if not monitored properly
they can malfunction and in many cases explode. The
batteries are then connected to a DC-DC boost converter
that raises the nominal voltage from 3.3v to 7V. This
converter was chosen due to the fact that it has very high
efficiency. The boost converter used in the system is on a
board which can also convert the 5V input to USB
power. Because of this both the MSP430 and ESP32



modules can easily be easily powered from USB. To
power the rest of the system two wires were solder
directly on the 5V and GND bus of one of the boost
converter boards. All the cables were then taped together
to keep everything together and to help make sure the
overall design was clean looking. The next subsystem is
the Microprocessing system. This system consists of an
MSP430F5529 and the ESP32 module. The
MSP43F5529 is wused to control all the serial
communications. The MSP communicates with the
sensor subsystem through I2C communication. It takes
the data from the sensors and transfers it to the ESP32
Module through SPI communications. The ESP32 then
sends this data to the computer using Bluetooth. The last
subsystem is the sensor subsystem.
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Figure 4 Palm Board

This subsystem consists of two main components which
are the Palm board and Finger boards both of which are
custom made. There are a total of 7 sensors used. The
palm board, Figure 4, is a two layer PCB that consists of
an LDO, I12C Mux, and 2 on board IMUs. The top layer
is used as ground while the bottom layer is used as a
power plane which contains both 3.3 and 1.8 volts. The
LDO takes a 5V input and creates both a 3.3V and 1.8V
output. The 3.3V is used for [2C Mux, while the 1.8V is
used for the IMU’s. The I2C mux is used to connect all 7
seven sensors to the main I12C lines since each sensor can
only have a maximum of 2 different addresses. There 8
channels total that can be used on the mux. Two are
connected to the onboard IMU’s while five go to
connectors that connect to one of the finger tip boards.
One of the advantages of this multiplexer is that it allows

level translation. The I2C  on the MSP430 needs to
pull-up to a voltage that is at least 2.31 for it to be
recognized as a high voltage, however the maximum
voltage the IMUs can handle is 1.96V. This means that
level shifting is required in order for the IMU and
MSP430 to properly communicate with each other. The
connectors on the palm board contain the 12C clock and
data lines as well power and ground.

The next board, Figure 4, is the finger-board which are
identical PCBs mounted to each finger of the hand. These
boards are two layer PCBs. The top layer is a ground
layer while the bottom layer is a power layer. This board
is very compact in size measuring to approximately 10
by 19 mm. These boards only contain an IMU and three
bypass capacitors to save space while making sure each
IMU can function properly. The pull-up resistors used for
I2C communication are on the palm board to help save
space and keep the finger boards as small as possible.
The power to this board is supplied through the palm
board.
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Figure 5 Finger Board Layout a) front b) back
B. Mechanical Design

To mount the sensor and embedded processing
components, 3D printed components were designed and
produced. The primary task of the physical mounting
components is to ensure the sensors are reliably mounted
and secure on the arm of the subject. This is essential to
ensuring the data collected is representative of the
underlying motion while confirming the sensors and
processors are in the proper positions the system expect it
to be. Comfort of the user is essential, so the mechanical
design consist of measuring not only the dimensions of



the circuit boards that will be mounted, but also general
measurements of an arm so the components could
comfortably be placed along the arm without disrupting
the motions the user. The designs also accommodate for
the straps that will be used to secure the components on
the arm. Additional concerns for the mounting
components include weight and bulk. Minimizing both of
these aspects ensures that the system does not interfere
with the user movements. To minimize restrictions of
movements of the hand, the component for the palm is
made with TPU, a more flexible material to ensure
comfort and ease of use. Figure 6 expresses the overview
of mechanical design layout of where each part is located
on an arm and how each board is connected.
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Figure 6. Mechanical Design Overview

Figures 7 and 8 are the general design for the finger
mounting components and the arm components
respectively created within the CAD software OnShape.

The designs were customized for each individual circuit
board, however stemmed from these original designs.

Figure 7. Finger Mount Design

Figure 8. Arm Mount Design

1V. Communication

Several communication protocols were used
throughout the design of the Motion Training Assistant.
Below is a discussion of the protocols selected, as well as
specific design issues related to the protocols.

A. SPI

The Serial Peripheral Interface (SPI) is a synchronized
serial communication protocol. This system consists of a
single master and one or more slaves. There are four
lines used in SPI communication which are SCLK, SS,
MOSI, and MISO. The SCLK is the main clock
generated by the master which the communication is
synchronized to. The SS signal is used to select and



enable the slave that is being communicated with. The
MOSI (master out slave in) is data line used for
communication from the master to the slave. Lastly, the
MISO (master in slave out) is the data line used for
communication from the slave to the master.

Within the Motion Training Assistant, SPI is used to
interface between the micro controller and the Bluetooth
module. This interface is supported at a range of
frequencies by both components. In this communication
setup, the microcontroller works as the master and the
Bluetooth module serves as the slave.

Due to the limited data bandwidth required for the
Motion Training Assistant, a clock frequency of 500 kHz
was selected, which helps ensure signals integrity is
preserved, while providing minimal delay of each data
frame due to SPI.

B.12C

The Inter-Integrated Circuit (I2C) protocol is a simple
bi-directional ~ synchronized  protocol = commonly
supported on microcontrollers and embedded sensors.

Because of the simplicity and limited signal lines
required, I2C was selected as the interface method used
for the IMU sensors. Because the ICM-20948 IMUs
selected have a limited number of available addresses, an
12C buffering Multiplexer was used to toggle between
the various sensors. This design approach has the
supplemental benefit of dividing the physical bus,
thereby removing the requirement for dedicated logic
level shifting which would otherwise be required, as well
as reducing the overall bus capacitance, which is a
common issue in 12C signal integrity.

A key design issue with I2C communication is the
selection of pull-up resistors. Incorrect resistor sizing can
cause faulty bits to be detected, missed clock pulses, and
unnecessary power loss. Due to the limited size of the
bus, and the inherent division of the physical bus
provided by the I2C multiplexer, the usual capacitance
issues are mitigated.

C. Bluetooth

Several Bluetooth modules were considered for the
Motion Training Assistant. Ultimately, the decision was
made to stick to a Classic Bluetooth approach as this
made for a simpler interface with the Unity platform.
ESP32 Bluetooth WROOM-32D module was chosen as
it supports both WiFi and Bluetooth capabilities. The
ESP32 functions as both a receiver and transmitter.
Primarily, it works as a slave to receive data transactions

through the SPI communication protocol from the
MSP430. The same data is then broadcasted through
Serial Port Protocol on Classic Bluetooth.

The general implementation of the Bluetooth is broken
up into various events that are tracked by the ESP32.
First, a discovery event is detected and can be paired to a
Bluetooth device, in this case the computer running
Unity. Once the connection is established, the module
receives an emulated serial over Bluetooth COM port
which is being populated with SPI data coming in
through the MSP430. Unity was used to directly open
this COM port through a script and now has direct access
to the data being broadcasted. Here, the data is then
parsed to be able to do data manipulation and filtering to
validate the data. The module is still on standby, waiting
to react to any more event triggers, to deal with.

V. Conclusion

In conclusion, the motion tracking teaching tool
achieves the goal of Human Computer Interactions (HCI)
in the form of capturing precise hand motions as
computer usable data that is then analyzed. The
integrated sensor system is capable of calibration and
filtering to assist with the required data processing to
evaluate particular motions properly. Filtering and
analysis is supported within a heterogeneous processing
environment. These sensors then interact with the
software application through a controller in order to
provide filtered and calibrated data to another application
that would generate a model of the motions performed in
near real time. Then the high-level binary evaluation
results are presented to the users on the sensor platform
within the feedback results including the rendered model
of the arm displaying the motion performed by the user,
presented on an interactive Graphical User Interface
(GUI). The GUI is capable of enabling the selection of
various motions to be performed and instructions of the
selected motor skill. The system is able to successfully
differentiate a correct attempt at a given motion
compared to an incorrect one. The set of motions being
evaluated vary with a range of complexity levels
including motor skills across multiple disciplines.
Although the motion tracking system focuses on arm
motions, it is designed to be expandable to a larger full
body motion analysis and design suit. From data
processing to hardware interface design, the system
requirements are oriented towards expandability.
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