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OVERVIEW



Motivation

■
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Goals and Objectives
● Proof of Concept for a Suit Used for Motor Skills Instruction
● System Provides Analytical Capabilities for Motion Evaluation
● System Provides Accurate, Meaningful Feedback Assisting the Learning of 

Motor Skills
● System Developed to Be Marketed at Competitive Cost



Project Design Overview

● Prototype of Arm Used to Learn Motions Consisting of:

○ Inertial Measurement Units (IMUs) for motion tracking 
○ Embedded Processors for Interface 
○ Interfaces Necessary for Connecting All Components
○ Wirelessly Connected to Computer for Feedback

● Software Designed for Expandability of Both Scale and Functionality.

● Minimal Power Consumption of System 



Motion Training Assistant



Constraints 

● Mobility

● Size  

● Weight

● Heat Dissipation

● Battery Life 



Engineering Specifications/Requirements
ID Description Unit Value

1 Weight kg < 2.0

3 Shock Resistant g > 10

4 Acceleration Resistant g > 3 (continuous)

5 Thermal Resistant Deg C 0-40

6 Thermal Dissipation Deg C < 10 above ambient

7 Power Consumption W < 5

8 Data Latency sec < 15

9 Data Communication Mbps > 1

10 Startup Time min < 5

11 Calibration Retention min > 15



COMPONENT 
CHOICES



MCU Comparison

● Primarily for Low Level Interface

● I2C interface required. Other 
interfaces helpful

● Minimal Mathematical Operations 
Required

MCU ATmega32
u4

MSP430F55
29

MSP432P40
11

STM32 F7

Clock 
Frequency

16 MHz 25 MHz 48 MHz 216 MHz

Memory/
Storage

2.5 kB 
SRAM
32 kB Flash

8 kB RAM
128 kB 
Flash

256 kB 
SRAM
1 MB Flash

32 kB 
Cache
320 kB RAM
1 MB Flash

Supported 
Interface

I2C, SPI, 
UART

I2C, SPI, 
UART, IrDA

I2C, SPI, 
UART, IrDA

I2C, SPI, 
UART, USB 
2.0, HDMI, 
10/100 
Ethernet

Current 
Consumed

1 - 16 mA ~3.4 mA ~5 mA 200 mA

Cost $2.89 $1.80 $6.21 $14.95



IMU Sensor Comparison
IMU BNO080 ICM-20948

Power Consumption 45.45 mW 5.5 mW

Communication I2C, SPI, UART I2C, SPI, UART

Size 3.8mm x 5.2mm x 
1.1mm

3 mm x 3 mm x 
1 mm

Pins 28 24

Axis 9 9

Cost 9.46 5.09

● Power Consumption vs 
Performance/Features

● Cost Efficiency
● Size



ICM-20948
● Very low power

● I2C, SPI communication
● Different Power Moding
● Wake up Capability



Wireless Technology Comparison / 
Tradeoffs Label Bluetooth 

Classic
Bluetooth 4.1 Low 
Energy (BLE) 
(UPDATED)

ZigBee WiFi

IEEE Standard 802.15.1 802.15.1 802.15.4 802.11 (a, 
b, g, n)

Frequency (GHz) 2.4 2.4 0.87, 0.92, 
2.4

2.4 and 5

Maximum bit rate 
(Mbps)

1-3 1 0.25 11 (b), 54 
(g), 600 (n)

Data throughput 
(Mbps)

0.7-2.1 0.27 - 2.7 0.2 7 (b), 25 
(g), 150 (n)

Power 
Consumption

Medium Very low Very low High

Example Battery 
Life

Days Months to years Months to 
years

Hours

Network Size 7 Undefined 64,000+ 255

● WiFi-Direct
○ High Power Consumption
○ Most Range
○ Fastest Data Throughput
○ Large Network Size

● Zigbee

○ Very Low Power
○ Slow Data Rate

● Bluetooth Classic

○ Moderately Low Power
○ Feasible Data Throughput

● Bluetooth Low Energy

○ Very Low Energy
○ Feasible Data Throughput



Wireless Technology Decision and 
Implementation Method

● The decision was made to use Bluetooth with Capable Bluetooth 
Low Energy

○ Low Power and Decent Data Throughput 

● Laird BT900

○ Easy to Follow Documentation and Support Software to 
Facilitate Bluetooth Implementation

● ESPRESSIF ESP32 - WROOM-32D

○ Familiar RTOS Environment for IDF/Arduino Platform
○ Lots of Documentation and Resources
○ Implementation Through SPI



GUI Software Selection
Software Blender Unity

Language Python C#

Interfaces External modules 
for BT/File 
Interface

Bluetooth 
Internally 
Supported

Rendering Capabilities Extensive - Physics 
Based

Physics and 
Direct Model 
Update

Analysis Capabilities Available Python 
Libraries

Extensive Unity 
Libraries

Familiarity Low High

● Data Manipulation - Integrated 
or Accessible

● Motion Rendering
● Integrated Bluetooth 

Capabilities Preferred
● Documentation, Support, and 

Familiarity Significant Factor
● Maya + Unity VS. Blender



SOFTWARE DESIGN



Embedded Software

● MSP430 Serves as primary interface component

● I2C interface with a Multiplexer

● Startup Poll of IMUs - Initialize and configure for LPF and Internal Averaging

● Continuous Polling of IMUs

○ If Connection Lost, Re-Initialize

● SPI interface to ESP32 to Send via Bluetooth

○ MSP430 SPI Master

○ ESP32 SPI Slave



ICM 20948 Configuration

● The ICM 20948 Has Numerous Configuration Options

● DLPF and Averaging

● Output Data Rate vs. System Frequencies

● Inherently Low Power; Sleep Modes Not necessary

● Interrupts vs. Polling

● Mounting Matrices



Embedded Software



Bluetooth Management

● ESP IDF Environment Supports Various BT Profiles

● SPP Selected Based on Data Steaming Requirement

● SPI Interaction with Bluetooth - Separate Driver Interactions/Timing

● Within Unity, Frames are Parsed and checked for errors

○ Frame Misalignment is detected by flags

○ Filtering of Kinematically Impossible changes

● Receive buffer Regularly Flushed to handle possible frame rate mismatch



Bluetooth Management



Data Manipulation

● Rolling Frame Integration
○ Single Integration Only
○ Gyro -> Delta Angle
○ Accel -> Velocity

● Gravity Component Cancelation - Calibration
● Orientation Calculation



Evaluator

● Evaluator Structure Based on Filtered Human Readable Data
● Provides Abstraction for Motion Teachers to Define New Motions
● Internally, Functions Validate Parameters, and Flag Failure
● Examples:

○ Index Finger Curl == 0.5
○ Wrist Angle < 5 Degrees
○ Impact Timing/Thresholds



User Feedback Design

● The GUI Gives Feedback Based on the Movement Being Detected From the 
Trainee.

● There are Two Forms of Indicators to the User: 
○ Pass or Fail 

■ Pass Lights Up Green 
■ Fail Lights Up Red

○ Feedback Text
● Processed motion data updates a rendering of an arm



3D Model Design and Rigging

● Created in Autodesk Maya
● Model based on 360° scans of 

real arms and hands

● Skeleton Structure 
○ Specific to Joints 

● Exported as an .fbx file
○ Imported to Unity
○ Unity Model Updates 

Using Physics and 
Transform Capabilities



HARDWARE DESIGN



Electrical Design

● The electrical design of the system can be broken in down into three different 
subsystems:

○ Sensors - Consists of the palm and finger PCBs which are used to directly track the 
motion of the hand 

○ Microprocessing - Consists of the MSP430 and ESP modules. Controls all serial 
communication used from transferring the raw sensor data to the computer

○ Power - Consists of a power PCB and LiPo batteries. Used for generating all the 
needed power used by the system

● Physical Wiring Connections and Connector Headers on Every Board



System Block Diagram



Palm PCB Layout



Fingertip PCB Layout



Mechanical Design

● Made to be comfortable on an arm 
● Stable enough to hold circuits in place

– Ensures Representative Data
● Modeled Components and 3D Printed Them
● Attached with Nylon Straps



Mechanical Design
● Sketch of design with measured dimensions

● Final ring design 



Mechanical Design

● Palm mounting made with 
TPU and PLA material

● MSP430 Mounting

● ESP32 mounting



Mechanical Design

● Battery pack housing

● Power Boards Housing and 
lid to Battery Pack



ADMINISTRATIVE 
CONTENT



Work Distribution



Target Budget

Subsystem Cost ($)

Processor 100

Power 50

Cable/Assembly 50

Sensor 200

Development 150

Total 550



Bill of Materials
Item Cost Vendor Comments

ESP $ 12.00 Amazon

IMU $ 60.00 Mouser x6

MUX $ 11.80 Mouser

Headers $ 16.80 Arrow

Buffers $ 2.19 Samples TI

Nylon straps $ 9.00 Amazon

Finger PCB $ 2.00 JLC PCB

IC LDO $ 7.90 Mouser

Batteries $ 44.04 Amazon x2

Palm PCB $ 2.00 JLC PCB

cables $ 15.00 Amazon

MSP430 Board $ 13.45 Mouser

Cable Connectors $ 12.59 Amazon

Power Boards $ 30.00 Amazon

PLA $ 25.00 Amazon

TPU $25.00 Amazon

Total: $ 263.77



Problems Faced
Problem Description Impact Resolution/Disposition

Bluetooth 
Memory Leak

Observed Memory Leak/Failed BT 
Comm Link upon repeated 
establishing of connection

Schedule Ensured not using reference to 
disconnected Comm Port handle

ICM 20948 
Integration

Transition from MPU-9150 
development environment to 
ICM-20948

Schedule
Incomplete capabilities 
of chip used

Adjusted and wrapped functions 
used in early prototyping for faster 
integration

I2C 
Multiplexer 
Addressing

Unusual Behavior during initial 
I2C Multiplexer testing. Could not 
communicate with palm board

Schedule Further testing on standalone mux. 
Resolved Software fault and 
ensured mux reset/latch logic 
handled

Component 
Fit

Ring component design didn’t 
accommodate for soldered pins 

Schedule, 
Cost, Performance

Restructure design and reprint 
components 

Power PCB Power PCB did not generate 
correct power rails.

Schedule, Cost, 
Performance

Used COTS Items.

Grounding 
Scheme 
(Palm)

Observed disconnected ground 
planes within the PCB design

Schedule
Cost

Complete redesign of the 
grounding scheme of the board. 
Ensured to properly error check 
PCB before sending them in.



Future Growth

● Data Throughput

● IMU Drift/Data Quality

● I2C Bus Capacitance

● Tim

Function Tasks Required Motivation

Playback Switch input stream location to log file Provide post motion analysis for user and 
teacher

Improved Sensor 
Usage

Further integration of gyroscope and 
magnetometer in data analysis

Enables more accurate motion tracking as well 
as the ability to add more advance motions

Additional Limb 
Tracking

Additional Board/Connector Development, 
Software Extension/Abstraction

Enables more motion tracking options

Power Design Complete Custom Power Design More Efficient Power Usage
Better Physical Size of Boards

Mounting Interface 
standardization

Development of new 3D prints, Completion of 
glove design
Standardization of connectors

Enables marketable product without user 
customization

End User Motion 
Creator

Abstract “Motion” Class
Abstract Parameterization
GUI Option Development

Allow trainers to easily implement new motions

External Sensor 
Fusion

Integration with Separate System 
(Imaging/Fixed Point Triangulation)

IMUs can provide useful supplemental data for 
more generally capable system.



Demo Overview

● System Startup
● Calibration
● Keyboard Posture
● Solfege
● Conducting



Questions?


