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1. Introduction 

1.1 Problem 
Traditional musical instruments, particularly electric guitars, are inherently bulky and difficult to 
transport, limiting where musicians can practice or perform. While software-based "virtual 
instruments" exist on mobile devices, they lack the tactile "muscle memory" required for authentic 
performance, as tapping a glass screen does not replicate the distinct physical mechanics of fretting 
with one hand and strumming with the other. Consequently, there is a significant need for a 
wearable system that captures the physical kinetics of guitar playing without the physical footprint 
of the instrument. 

1.2 Solution 
To address this challenge, we have developed the "Air Guitar," a dual-wearable sensor system that 
mimics the ergonomics of a real guitar. The system consists of two wirelessly synchronized gloves: a 
Left-Hand "Fret" Controller that maps finger curvature to digital chord profiles, and a Right-Hand 
"Strum" Controller that captures rhythmic timing and velocity. By fusing these data streams via the 
low-latency ESP-NOW protocol to a laptop and outputting standard Bluetooth Low Energy (BLE) 
MIDI to an external speaker, the device allows users to perform music anytime and anywhere, 
effectively untethering the musician from the physical constraints of the hardware. 

1.3 Visual Aid 

 

Figure 1. Air Guitar Gloves Illustration 

1.4 High-level requirements list 

●​ Latency: The total "Motion-to-Sound" delay must be under 30ms. Anything higher is 
noticeable to a musician. 
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○​ Test Method: We will program a "Test Mode" where a physical button press on the 
Strum hand toggles a GPIO pin (HIGH) and simultaneously sends the wireless strum 
packet. Using an oscilloscope, we will measure the delta (t) between the GPIO HIGH 
signal and the arrival of the MIDI Note On message at the receiver's serial port. 

●​ Chord Recognition: The system must accurately distinguish between at least 5 different 
chord shapes with a success rate of > 90%. 

●​ Dynamic Range: The system must be able to distinguish between a "Soft Strum" and a "Hard 
Strum," translating that into different speed levels. 

●​ Battery Life: The device must operate continuously for at least 2 hours on a single charge. 
●​ Wireless Stability: The ESP-NOW link between hands must maintain a Packet Delivery Ratio 

(PDR) of ≥ 99%within a 2-meter radius (the typical wingspan of a human) over a continuous 
10-minute testing window. 

○​ Test Method: The Right-Hand unit will send 1,000 packets at the target rate (e.g., 
100Hz). The Left-Hand unit will log the sequence numbers; a successful test results 
in ≤ 10 missed packets. 

2. Design 

2.1 Block Diagram 

 

Figure 2. Air Guitar Block Diagram 
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2.2 Subsystem Overview 

2.2.1 Subsystem 1: Left Hand 

This subsystem identifies the chord the user is trying to play. It maps the curvature of each finger to 
a specific digital profile (e.g., specific bend angles = C Major). It utilizes four resistive flex sensors 
mounted along the Index, Middle, Ring, and Pinky fingers. Because the ESP32-WROOM-32E 
microcontroller cannot measure resistance directly, each sensor is integrated into a Voltage Divider 
Circuit. This converts the mechanical bending of the finger into a variable analog voltage  𝑉

𝑜𝑢𝑡

suitable for the ESP32’s 12-bit Analog-to-Digital Converter (ADC). 

2.2.2 Subsystem 2: Right Hand 
This subsystem functions as the rhythmic trigger for the Air Guitar, determining when a note is 
played and controlling its intensity. It integrates three primary sensors to capture user intent: a 
BNO055 9-axis IMU to detect the precise timing of strumming motions, a Force Sensitive Resistor 
(FSR) on the thumb that acts as a "dead man's switch" to prevent accidental triggers when the user 
is not simulating a pick grip, and a potentiometer to provide manual, adjustable volume control. The 
subsystem is driven by a dedicated ESP32 microcontroller, which processes these sensor inputs in 
real-time and transmits the valid strum events to the Left-Hand Controller using the low-latency 
ESP-NOW wireless protocol. 

2.2.3 Subsystem 3: Power System 
This system will be integrated into both of the prior subsystems and will be the main form of power 
to both the left and right gloves/controllers. Therefore, each of the gloves/controllers will have their 
own separate lithium-ion battery. These batteries will be equipped with their own battery 
management system composed of a charging unit with a buck converter or LDO to ensure a steady 
voltage of 3.3 volts to the ESP32’s on each controller, as well as any other components utilized in 
attaining the MIDI signal for a specified chord of the user choosing. 

 

2.3 Subsystem Requirements 

2.3.1 Subsystem 1: Left Hand 

2.3.1a Resistive Sensing Array 

This layer captures the raw physical deformation of the fingers. 
Hardware components: 

●​ Flex Sensors (4x) [P/N: FS-L-0054-103-ST]: These 2.2" sensors increase in resistance as 
they bend. 

●​ Voltage Divider Network: A series of 22kΩ high-precision resistors (0.1% tolerance) used to 
convert the resistance changes into a voltage range optimized for the ESP32’s ADC (0.5V to 
2.5V). The below voltage divider equations and values are used. 

  𝑉
𝑜𝑢𝑡

= 𝑉
𝑐𝑐

·
𝑅

1

𝑅
𝑓𝑙𝑒𝑥

+𝑅
1

( )
Where 
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 𝑉
𝑐𝑐

= 3. 3𝑉 

 𝑅
𝑓𝑙𝑒𝑥, 𝑓𝑙𝑎𝑡

≈ 10𝑘Ω

 𝑅
𝑓𝑙𝑒𝑥, 𝑏𝑒𝑛𝑡

≈ 30𝑘Ω

2.3.1b Signal Conditioning & Processing 

Each of the four ADC channels is equipped with a passive RC filter. This serves two purposes: 
●​ Anti-Aliasing: Ensuring the signal bandwidth is lower than half the sampling rate ( ). 𝑓

𝑠
/2

●​ Noise Suppression: Filtering out the high-frequency 2.4GHz "burst noise" generated by the 
ESP32’s Wi-Fi/Bluetooth antenna, which can otherwise cause "jitter" in the chord detection. 

We choose a cutoff frequency ( ) that is high enough to capture rapid finger movements 𝑓
𝑐

(shredding/fast chord changes) but low enough to block electrical interference. 
Hardware components: 

●​ Low-Pass Filtering: Passive RC filters (10kΩ / 0.1uF) on each ADC input to remove 
high-frequency noise and "jitter" caused by hand tremors. 

●​ Microcontroller [P/N: ESP32-WROOM-32E]: Processes the 4-channel analog data, applies a 
calibration Look-Up Table (LUT) to linearize the sensor data, and determines the chord. 

●​ ESP-NOW Wireless: Low-latency (<5ms) protocol to sync with the Strumming hand. 

2.3.1c Chord recognition mechanism 

To implement chord recognition using four flex sensors, we treat each finger as a binary input: 1 
(Bent/Fretted) or 0 (Straight/Open). Below is a logic table for 5 essential guitar chords tailored for 
the 4-finger glove (Index, Middle, Ring, Pinky). We aim to design the chord patterns to resemble the 
real hand shapes when playing the guitar. 

Table 1. Chord Pattern Profile 

Chord Index Middle Ring Pinky Binary 
State 

Hex State 

F Major 1 1 1 1 1111 0x0F 

C Major 1 1 1 0 1110 0x0E 

D Major 0 1 1 1 0111 0x07 

E Minor 1 1 0 0 1100 0x0C 

G Major 1 0 0 1 1001 0x09 
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2.3.2 Subsystem 2: Right Hand 

2.3.2a Motion Detection 

To detect the rapid "up and down" motion characteristic of a guitar strum, we will utilize the 
BNO055 9-axis absolute orientation sensor. Unlike standard accelerometers which require 
computationally expensive raw data filtering on the main processor, the BNO055 features an 
on-board Cortex-M0+ processor that performs sensor fusion internally. The IMU communicates 

with the main ESP32 unit via the  protocol. The design monitors the linear acceleration vectors, 𝐼2𝐶
specifically looking for spikes in the vertical axis (relative to the hand's orientation) that exceed a 
defined threshold. The strum velocity magnitude  is derived from the acceleration vector (𝑣

𝑠𝑡𝑟𝑢𝑚
) 

during the strum event: 

 𝑉
𝑆𝑡𝑟𝑢𝑚

= 𝑎
𝑥

2 + 𝑎
𝑦

2 + 𝑎
𝑧

2

2.3.2b Strum Trigger Mechanism (FSR) 

To prevent accidental notes from triggering when the user is simply moving their hand without 
intent to play, a Force Sensitive Resistor (FSR 402) will be mounted on the thumb. This sensor acts 
as a "dead man's switch," mimicking the physical sensation of holding a guitar pick. The FSR is 
implemented in a voltage divider configuration with a fixed  resistor ( ). The output 10𝑘Ω 𝑅

𝑓𝑖𝑥𝑒𝑑

voltage ( ) read by the ESP32’s ADC is given by: 𝑉
𝑜𝑢𝑡

 𝑉
𝑜𝑢𝑡

=  𝑉
𝑐𝑐

×
𝑅

𝑓𝑖𝑥𝑒𝑑

𝑅
𝐹𝑆𝑅

+𝑅
𝑓𝑖𝑥𝑒𝑑

The system registers a valid strum only when the IMU acceleration exceeds the motion threshold 
and the FSR voltage exceeds the "pick holding" threshold. 

2.3.2c Volume Control (Potentiometer) 

To provide consistent dynamic control, a linear potentiometer is used as a manual volume knob. It is 
configured as a voltage divider connected to an ESP32 ADC pin. The 12-bit digital reading (0–4095) 
is mapped to the standard MIDI velocity range (0–127) using the following equation: 

 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦
𝑀𝐼𝐷𝐼

 =  
𝐴𝐷𝐶

𝑟𝑒𝑎𝑑𝑖𝑛𝑔

4095   × 127

 

2.3.3 Subsystem 3: Power System 
The power system must ensure that the gloves/controllers are powered for at least 2 hours, and 
that they pose no threat to the wearer when utilized and placed under immense stress. As stated, 
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each of the controllers will hold their own lithium battery with a battery management system to 
accompany it. Doing so will allow for the controllers to be wireless, which is a big advantage in 
comfortability and usage of the air guitar. Nevertheless, the power systems implemented must meet 
the following requirements to deliver satisfactory performance. 

Requirements: 

1.​ Voltage Regulation: Each battery must be regulated to maintain a stable 3.3 voltage with a .1 
ripple. Going any higher than this might lead to damages to the microcontrollers, which 
might result in deterioration of the controllers, or even complete malfunction altogether. 

2.​ Current Regulation: Each battery, and administering system, must support at the very least 
150 milli-Amps of continuous current, as the bluetooth features of the ESP32 will demand 
such.  

3.​ Battery Capacity: Due to the decently high current requirements for many of the ESP32s 
features, each lithium battery must at the very least support up to two hours of continuous 
operation, which should be possible with the utilization of lithium ion batteries for each 
controller. 

4.​ Safety protection: Each battery management system implemented should account for 
possible overcharge, over-discharge, overcurrent, and overheating, due to the relative 
closeness of such potent batteries to the user. Neglect of such battery operations could lead 
to possible safety hazards and bodily harm.  

 

2.4 Tolerance Analysis 

2.4.1 Subsystem 1: Left Hand 
Our design places the “Flat Finger” voltage at  and “Bent Finger” at  . To 𝑉

𝑜𝑢𝑡
= 2. 27𝑉 𝑉

𝑜𝑢𝑡
= 1. 39𝑉

Analyze the Threshold Margin, define the “Chord Trigger” threshold at the midpoint: 

 𝑉
𝑡ℎ𝑟𝑒𝑠ℎ

= 2.27+1.39
2 = 1. 83𝑉

The Error Budget: 

●​ Resistor Tolerance (1%): 土0.02V 
●​ ADC Quantization Error: 土0.0008V (Negligible) 
●​ ESP32 ADC Non-linearity (approx. 5%): 土0.09V 
●​ LDO Voltage Drift (1%): 土0.03V 

Total Worst-Case Error ( ): 𝐸
𝑡𝑜𝑡𝑎𝑙

 𝐸
𝑡𝑜𝑡𝑎𝑙

= 0. 02 + 0. 0008 + 0. 09 + 0. 03 = 0. 1408𝑉

Feasibility Demonstration: 
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Our "Safety Margin" ( ) is the distance from our operating points to the threshold: 𝑆
𝑚

 𝑆
𝑚

= 𝑉
𝑓𝑙𝑎𝑡

− 𝑉
𝑡ℎ𝑟𝑒𝑠ℎ| | = 2. 27 − 1. 83| | = 0. 44𝑉

Since our Safety Margin (0.44V) is significantly larger than our Worst-Case Error (0.14V), the design 
is mathematically feasible. Even with component drift and ADC non-linearity, the system will not 
"misfire" a chord. 

 

2.4.2 Subsystem 2: Right Hand 
The primary functional requirement for the Subsystem is to detect and transmit a strum event with 
a total motion-to-sound latency of less than 30ms. The most significant bottleneck within this 

subsystem is the time required to poll the sensors: reading data from the BNO055 IMU via the  𝐼2𝐶
bus and converting analog signals from the FSR and Potentiometer via the ADC. If the cumulative 
sensor polling time  is significant, it leaves insufficient time for wireless transmission, causing 𝑡

𝑝𝑜𝑙𝑙

the system to fail the latency requirement. 

To demonstrate feasibility, we calculate the worst-case time required to acquire one complete 
"frame" of data from all three sensors. 

2.4.2a IMU Polling Time  𝑡
𝐼𝑀𝑈

The BNO055 communicates via the  protocol. We configured the bus to "Fast Mode" (400 KHz). 𝐼2𝐶

●​ Data Size: The system reads the Linear Acceleration Vector ( ). Each axis is a 16-bit 𝑥,  𝑦,  𝑧
integer (2 bytes), plus register addressing overhead. 

●​ Total Transaction ≈ 6 bytes (data) + 2 bytes (overhead) = 8 bytes 

●​ Bus utilization:  includes start/stop/ack bits, effectively doubling the bit count to ≈ 128 𝐼2𝐶
bits. 

  𝑡
𝐼𝑀𝑈 

=  𝑇𝑜𝑡𝑎𝑙 𝐵𝑖𝑡𝑠
𝐵𝑢𝑠 𝑆𝑝𝑒𝑒𝑑  =  128 𝑏𝑖𝑡𝑠

400, 000 𝐻𝑧  =  0. 00032𝑠 =  320 µ𝑠

2.4.2b ADC Conversion Time   𝑡
𝐴𝐷𝐶

The ESP32 must sample two analog channels: the FSR (Trigger) and the Potentiometer (Volume). 

●​ According to the ESP32 technical reference, the Successive Approximation Register (SAR) 
ADC requires approximately 15 clock cycles per sample. 

●​ With a default ADC clock of 2 MHz (conservative setting), the sampling time per channel is: 

5  𝑡
𝑠𝑎𝑚𝑝𝑙𝑒𝑠

 =  15 𝑐𝑦𝑐𝑙𝑒𝑠
2,000,000 𝐻𝑧  =  7. µ𝑠

Since we read two channels (FSR + Potentiometer): 
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 𝑡
𝐴𝐷𝐶

 =  2 ×  7. 5 µ𝑠 =  15 µ𝑠 

2.4.2c Total Subsystem Latency   𝑡
𝑡𝑜𝑡𝑎𝑙

We sum the polling times plus a conservative 50% safety margin for microcontroller processing 
overhead (CPU instruction cycles). 

 𝑡
𝑝𝑜𝑙𝑙

 = 𝑡
𝐼𝑀𝑈

 +  𝑡
𝐴𝐷𝐶

 =   320µ𝑠 +  15 µ𝑠 =  335 µ𝑠 

 𝑡
𝑡𝑜𝑡𝑎𝑙

 = 𝑡
𝑝𝑜𝑙𝑙

 × 1. 5 =  0. 502 𝑚𝑠 

The worst-case sensor acquisition time for Subsystem 2 is approximately 0.5 ms. This is orders of 
magnitude lower than the 30ms system budget (utilizing only ≈ 1.6% of the available time window).  

 

2.4.3 Subsystem 3: Power System 
To have a better grasp and understanding of requirement 3, the estimated current consumption of 
each module and component will be listed out.  

Estimated consumption per component. 

●​ ESP32: approximately 150 to 500 mA 
●​ MPU-6050 (IMU): approximately 3 to 4 mA 
●​ Left hand voltage divider: 1 to 5 mA 
●​ Potentiometer: 1 to 5 mA 
●​ Miscellaneous components (extra RLC components as needed): 10mA 

So we could expect what is up to a maximum of 514mA, if the ESP32s are placed under massive 
amounts of stress. Nevertheless, what should be expected to be around the minimum current 
consumption is about 165 to 200 mill-amps for each controller. 

Therefore, by utilizing a 3000mAh 18650 battery, we are able to meet the requirement of a 
minimum operation time of 2 hours, well reaching what could be 15 hours, at most, or 6 to 5 at the 
very least, meeting the minimum requirement. 

 

3. Ethics, safety and societal impact 

3.1 Safety Concerns and Regulatory Standards 

The most prominent safety concern for the Air Guitar system involves the power delivery 
mechanism. Because each controller is untethered and wearable, the system relies on lithium-ion 
batteries located in close proximity to the user's body. If mishandled or poorly regulated, these 
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batteries pose a risk of over-discharge, overcurrent, and overheating, which could lead to thermal 
runaway and bodily harm. 

To mitigate these risks, our project will adhere to the UL 1642 Standard for Safety Lithium Batteries, 
which provides rigorous requirements for both primary and secondary lithium cells. Compliance 
with UL 1642 ensures the batteries can withstand environmental, electrical, and mechanical 
stress—including standardized impact and crush tests—to prevent unsafe reactions like fire or 
explosion when a cell is obstructed or physically damaged. 

Furthermore, because our design relies heavily on wireless communication—specifically the 
ESP-NOW protocol and Bluetooth Low Energy (BLE)—we will ensure our ESP32 microcontrollers 
comply with FCC Part 15 regulations. Part 15 governs the operation of low-power, unlicensed radio 
frequency devices, mandating that such devices must not cause harmful interference to authorized 
radio services and must accept any interference received. During the development phase, our team 
will strictly adhere to UIUC campus policies and ECE laboratory safety guidelines, particularly the 
protocols surrounding soldering, handling exposed circuitry, and testing volatile power sources. 

3.2 Ethical Considerations  

As engineers, our design process is guided by the IEEE Code of Ethics, which has evolved over the 
last century to help professionals worldwide uphold the highest level of ethical conduct. 

Most critically, the code mandates that engineers must "protect the safety, health, and welfare of the 
public". We will avoid ethical breaches related to user safety by treating the wearable nature of this 
device with the utmost caution. We will not conduct human testing with the gloves until the power 
subsystem and Battery Management System (BMS) have been rigorously tested to operate within 
safe thermal limits. 

Additionally, specifically within the right-hand controller subsystem, the integration of the Force 
Sensitive Resistor (FSR) acts not only as a functional strum trigger but as a critical safety "dead 
man's switch." This ensures the device only transmits data when actively engaged by the user's 
thumb, minimizing unintended outputs. We must also consider the potential for accidental or 
intentional misuse. Because the device promotes active physical movement and untethers the user, 
a musician could become distracted in inappropriate environments. We have an ethical 
responsibility to provide clear operational warnings regarding situational awareness in our user 
manual. 

3.3 Societal, Economic, and Environmental Impact  

The Air Guitar project carries several broader impacts across multiple contexts: 

●​ Societal and Economic: Traditional musical instruments are inherently bulky and often 
prohibitively expensive. Our solution democratizes music creation by significantly lowering 
the financial and physical barriers to entry. By translating kinetic motion into digital MIDI 
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data, individuals who may lack the space or budget for a full electric guitar setup can 
practice and perform anywhere. 

●​ Environmental: The proliferation of IoT devices and wearable electronics contributes to the 
growing global crisis of electronic waste (e-waste). The microcontrollers, flex sensors, and 
especially the lithium-ion batteries used in our gloves possess a limited lifespan and require 
responsible disposal. To mitigate our environmental footprint, we will design the system 
using durable, modular components to extend the product's life cycle and prioritize 
rechargeable power systems over disposable alternatives. 
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