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‭1‬ ‭Introduction‬

‭1.1‬ ‭Problem‬

‭Many gym goers struggle to maintain proper form during their workouts with dumbbells, which‬

‭is why they rely heavily on exercise machines. Maintaining proper form is important for two‬

‭reasons. Bad form can increase the risk of injuries, especially with heavier weight, and can‬

‭reduce the efficiency of the exercise, making it less effective at building muscle and strength [1].‬

‭Many people want to have some sort of at-home gym so that they can work out in the comfort of‬

‭their own home and maybe avoid paying a gym membership fee, but they will miss out on all the‬

‭equipment that a full gym has to offer. If you are trying to construct an at-home gym, often all‬

‭you will have, at least to start, is a set of dumbbells and a bench. Hence, there should be a‬

‭relatively cost-effective way to help people maintain proper form even when they just use‬

‭dumbbells so that they can get the maximum benefit from their exercise.‬

‭1.2‬ ‭Solution‬

‭We will design a device that will track the user’s arms to ensure that their form is correct. Our‬

‭design will use 3 6-axis (accelerometer and gyroscope) IMU (inertial measurement unit) sensors‬

‭on each arm to calculate the position of each arm. There will be two small sensor boards located‬

‭on the lower arm and shoulder, and a larger main board with another sensor and the main‬

‭processor on the upper arm. This will allow us to track the movement of these three parts of the‬

‭arm relative to each other and determine whether the movement is correct or not. We will‬

‭develop an algorithm to detect the correct movement for an exercise, as determined by experts in‬

‭the field. In order to keep the scope of this project reasonable, we will just develop an algorithm‬



‭for bicep curls, with the ability to expand the other exercises if desired. If incorrect form is‬

‭detected, the user will be notified with a buzzer, and more detailed information will be provided‬

‭through a smartphone app. The app will be an Android app that connects to the processor on‬

‭each arm via Bluetooth, and will allow the user to view their past set and see the number of reps,‬

‭speed, and areas in which incorrect form was detected.‬

‭1.3‬ ‭Visual Aid‬

‭Figure 1: Visual aid of device positioning‬

‭Our device will have sensors attached to the user’s arm in three locations: one on the outside‬

‭shoulder, one on the back of the tricep, and one on the bottom of the forearm. If worn correctly,‬

‭the cable going from the tricep to the forearm will go directly over the elbow. The board on the‬

‭back of the tricep will also have the processor and the battery, so it will be a little bit bigger and‬

‭heavier. All three boards will be attached to the user using elastic straps, and foam tape will be‬

‭used on the back of the boards to help them stay in place.‬



‭1.4‬ ‭High Level Requirements‬

‭In order for our project to be successful, we must meet the following three requirements:‬

‭●‬ ‭Our device needs to be accurate and consistent in motion and form analysis. Each sensor‬

‭should be able to correctly calculate its position and orientation relative to a starting point‬

‭within a tolerance of ±5% of the true values. The result should also be repeatable,‬

‭meaning that if we perform the same motion multiple times, it should be either‬

‭categorized as correct or incorrect every time. We should be able to move our arms at the‬

‭same distance and angle that we determine from our research of an online fitness expert‬

‭and the feedback should be positive.‬

‭●‬ ‭The device must be able to give the user feedback quick enough and loud enough to‬

‭diagnose incorrect form. The entire system should read sensor data, analyze it, and‬

‭provide feedback in no more than 50 ms, meaning that feedback should be provided at a‬

‭minimum of 20 Hz.‬

‭●‬ ‭Our device should not restrict the movement of the user in any significant way. Its weight‬

‭must be negligible (< 200g). All the connections must be flexible enough and of‬

‭appropriate length so that the device fits most arms without getting in the way.‬



‭2‬ ‭Design‬

‭2.1‬ ‭Block Diagram‬

‭Figure 2: Precision Dumbbell Assistant Block Diagram‬

‭Our device has 5 subsystems: Sensing, Processing, Wireless Communication, Feedback, and‬

‭Power. The sensing subsystem is responsible for providing all the data necessary to calculate the‬

‭position of the user’s arm, namely acceleration and angular velocity data. This data is fed into the‬

‭processing subsystem, which is responsible for converting acceleration and angular velocity into‬

‭position and orientation. The processing subsystem is also responsible for calculating whether‬

‭the position and orientation of the sensors are within the acceptable bounds for the exercise. The‬

‭wireless communication subsystem is responsible for establishing and maintaining a wireless‬

‭link between the device and a smartphone that is used to send data to a smartphone app. The‬

‭feedback subsystem is responsible for providing feedback to the user, both through a buzzer on‬

‭the device and through the smartphone app. Finally, the power subsystem is responsible for‬

‭providing the other subsystems with the correct voltage.‬



‭2.2‬ ‭Subsystems‬

‭2.2.1‬ ‭Sensing Subsystem‬

‭This subsystem is responsible for collecting the raw data needed to track the user’s arm. It‬

‭contains the‬‭LSM6DSMTR‬‭IMU sensors (accelerometer‬‭and gyroscope) we will use to track‬

‭each part of the arm [2].‬ ‭As mentioned before, the‬‭sensors will be located on the lower and‬

‭upper arm, as well as the shoulder, which should allow us to accurately track the entire arm and‬

‭dumbbell.‬‭The sensors will send raw data over SPI‬‭to the processing subsystem and receive 3.3V‬

‭from the power subsystem. There are only two available SPI peripherals on the ESP32‬

‭microcontroller we have selected, so we have decided to poll each sensor individually using one‬

‭SPI and multiple chip-selects. This is not as optimal as having a dedicated set of pins for each‬

‭sensor, but it should still allow us to hit our required performance. This subsystem also includes‬

‭the physical wiring from the main board to the separate sensor boards. Each connection will need‬

‭at least 6 wires: 3.3V, GND, MISO, MOSI, CS, and SCLK. We might also use an interrupt pin on‬

‭each IMU, which would bring the total to 7. This block is important for all three of our‬

‭high-level requirements. More details on the specific requirements and verifications can be found‬

‭in the table below.‬

‭Requirements:‬

‭●‬ ‭Each IMU sensor should provide acceleration and angular velocity with an accuracy of‬

‭±5%‬

‭●‬ ‭Each IMU sensor should provide data at a rate of at least 20 Hz for a total combined rate‬

‭of 60 Hz‬

‭●‬ ‭Each sensor board and accompanying wire harness should weigh less than 50g‬



‭2.2.2‬ ‭Processing Subsystem‬

‭The processing subsystem consists of two ESP32 microcontrollers, which are responsible for‬

‭reading in and processing the raw data from the sensing subsystem. Each microcontroller is‬

‭connected to three sensors using SPI. We will use one SPI peripheral on each ESP32, and 3‬

‭GPIOs as chip selects to select which IMU we are talking to. The ESP32s will request data from‬

‭each sensor one at a time. Then, they will use the raw data they receive to calculate the new‬

‭position and orientation of each sensor. Finally, they will run the new coordinates through an‬

‭algorithm to determine if the user’s arms are in the correct position or not. This subsystem will‬

‭also be responsible for the startup sequence used to calibrate the sensors. It will use the feedback‬

‭subsystem to notify the user that they should hold their arms in a certain position (or a series of‬

‭positions), and then use that data to get a base position in space for each sensor. The‬

‭microcontrollers will also be connected to the buzzers in the feedback subsystem using PWM.‬

‭They are also part of the wireless communication subsystem, which will be discussed later.‬

‭Finally, the microcontrollers receive 3.3V from the power subsystem. The processing subsystem‬

‭is related to two of our high-level requirements. More details can be found in the table below.‬

‭Requirements:‬

‭●‬ ‭The microcontroller should be able to calculate the position and orientation of each‬

‭sensor with an accuracy of ±5%‬

‭●‬ ‭The orientation and position of each sensor should be calculated and analyzed at at least‬

‭20 Hz‬

‭●‬ ‭The calibration sequence must take less than 20 seconds and provide consistent results‬

‭●‬ ‭SPI communication must operate between each IMU sensor and the ESP32‬

‭microprocessor at a speed of at least 10 ± 1.0  MHz‬



‭2.2.3‬ ‭Wireless Communication Subsystem‬

‭The wireless communication subsystem will handle the communication between an Android‬

‭smartphone and the two ESP32s. We will be using Bluetooth Low Energy (BLE) for this task,‬

‭which should provide sufficient bandwidth and range [3]. This subsystem contains both the‬

‭ESP32s and smartphone, and is responsible for establishing and maintaining a BLE link. Each‬

‭ESP32 will be paired with the smartphone, and will send any data needed by the smartphone app,‬

‭which we will get to later in the feedback subsystem. This subsystem is essentially what ties the‬

‭processing subsystem and the phone part of the feedback subsystem together. Both ESP32 and‬

‭Android have well documented Bluetooth stacks, so we don’t anticipate having to do any major‬

‭work to make the devices talk to each other successfully.‬

‭Requirements:‬

‭●‬ ‭There must be a Bluetooth Low Energy connection between the ESP32 microcontroller‬

‭and the user’s smartphone at a distance of at least 5 meters.‬

‭●‬ ‭The BLE connection must have packet loss of 20% or less at 5m.‬

‭2.2.4‬ ‭Feedback Subsystem‬

‭The two ESP32 microcontrollers used in the processing subsystem will drive the feedback‬

‭system. Each ESP32 will be connected to a buzzer through its PWM pin. When the processing‬

‭subsystem determines that the user is using improper form, the ESP32 will turn on the buzzer to‬

‭audibly alert the user. The PWM pin will allow us to control the pitch and duration of the buzzer.‬

‭The ESP32 microcontrollers will also be connected to a phone app using Bluetooth Low Energy.‬

‭The microcontrollers will send the processed data to the app where the interface will allow the‬



‭user to visually see feedback on their form. The user will be able to see how many repetitions‬

‭they have completed and how many of those repetitions utilized proper form. Ideally, we will‬

‭create a graphic to show the proper form and how the user differs from said form.‬

‭Requirements:‬

‭●‬ ‭The buzzer must have a pitch between 200 Hz and 600 Hz with a tolerance of ± 10% and‬

‭the sound must last at least 1 second.‬

‭●‬ ‭The buzzer must have a loudness of at least 60 dB at 1m‬

‭2.2.5‬ ‭Power Subsystem‬

‭In the power subsystem, power will come from two 3.7V Li-ion battery packs, one on each arm.‬

‭These will be located in an enclosure under the main board. We will use a LP2950CZ voltage‬

‭regulator on each arm to drop the 3.7V of the battery pack down to the 3.3V needed to supply the‬

‭sensors and microcontroller in the sensor and processing subsystems respectively.‬

‭Requirements:‬

‭●‬ ‭The voltage regulator must regulate the voltage to 3.3 V ± 5% in order to ensure that‬

‭there is enough power supply to ESP32 and sensors but not enough power to damage‬

‭electronic components. The LP2950CZ has internal protection circuitry including short‬

‭circuit protection and thermal protection that will protect against many accidental issues.‬

‭●‬ ‭Each main board, battery, and enclosure should weigh less than 100g‬

‭2.3‬ ‭Tolerance Analysis‬

‭The critical feature that will be analyzed is the accuracy of the sensors to detect the user’s‬

‭motion. This is definitely the biggest risk to this project being a success since the user will‬



‭receive incorrect feedback if the device is operating based on inaccurate sensors. Incorrect‬

‭feedback can even lead to injuries for users. Both the MPU-6050 3-axis accelerometer and 3-axis‬

‭gyroscope of the ESP32 microcontroller have limitations in their accuracy.‬

‭Hence, we will conduct a mathematical tolerance analysis to determine how much impact the‬

‭worst case scenario results will have on detecting the form of the user. Let’s assume that the‬

‭accelerometer has an accuracy of ± 0.1 g (acceleration due to gravity) and the gyroscope has an‬

‭accuracy of ± 0.01 dps (degrees per second) [2]. We will verify that the sample data is within the‬

‭tolerance range of ± 5%.‬

‭Sample vs Expected Accelerometer Readings During Bicep Curls‬

‭Time‬
‭(s)‬

‭Acc-x‬
‭(g)‬

‭Acc-x‬
‭(g)‬

‭Acc-y‬
‭(g)‬

‭Acc-y‬
‭(g)‬

‭Acc-z‬
‭(g)‬

‭Acc-z‬
‭(g)‬

‭Sample‬ ‭Expected‬ ‭Sample‬ ‭Expected‬ ‭Sample‬ ‭Expected‬

‭0.0‬ ‭0.0‬ ‭0.0‬ ‭9.8‬ ‭9.8‬ ‭-0.0‬ ‭0.0‬

‭0.1‬ ‭-1.1‬ ‭-1.0‬ ‭9.3‬ ‭9.3‬ ‭-0.2‬ ‭-0.1‬

‭0.2‬ ‭-1.9‬ ‭-2.0‬ ‭8.7‬ ‭8.8‬ ‭-0.2‬ ‭-0.2‬

‭0.3‬ ‭-3.1‬ ‭-3.0‬ ‭8.2‬ ‭8.3‬ ‭-0.3‬ ‭-0.3‬

‭0.4‬ ‭-4.1‬ ‭-4.0‬ ‭7.9‬ ‭7.8‬ ‭-0.5‬ ‭-0.4‬

‭Sample vs Expected Gyroscope Readings During Bicep Curls‬

‭Time‬
‭(s)‬

‭Gyr-x‬
‭(dps)‬

‭Gyr-x‬
‭(dps)‬

‭Gyr-y‬
‭(dps)‬

‭Gyr-y‬
‭(dps)‬

‭Gyr-z‬
‭(dps)‬

‭Gyr-z‬
‭(dps)‬

‭Sample‬ ‭Expected‬ ‭Sample‬ ‭Expected‬ ‭Sample‬ ‭Expected‬

‭0.0‬ ‭0.00‬ ‭0.00‬ ‭0.00‬ ‭0.00‬ ‭0.00‬ ‭0.00‬

‭0.1‬ ‭0.09‬ ‭0.10‬ ‭0.21‬ ‭0.20‬ ‭-0.09‬ ‭-0.10‬



‭0.2‬ ‭0.21‬ ‭0.20‬ ‭0.39‬ ‭0.40‬ ‭-0.21‬ ‭-0.20‬

‭0.3‬ ‭0.31‬ ‭0.30‬ ‭0.59‬ ‭0.60‬ ‭-0.31‬ ‭-0.30‬

‭0.4‬ ‭0.39‬ ‭0.40‬ ‭0.81‬ ‭0.80‬ ‭-0.41‬ ‭-0.40‬

‭The data tables above contain sample and expected data that can be read by the 3-axis‬

‭accelerometer and 3-axis gyroscope while the user does bicep curls. We will now calculate the‬

‭percent error for a few values to ensure that each value lies within the 5% tolerance range.‬

‭Let’s use Acc-y value at 0.2 seconds below:‬

‭Percent error = (|8.7 - 8.8| / 8.8) * 100 = (0.1 / 8.8) * 100 = 1.14% < 5 %‬

‭Let’s use Gyr-x value at 0.4 seconds below:‬

‭Percent error = (|0.39 - 0.40| / 0.40) * 100 = (0.01 / 0.40) * 100 = 2.50% < 5 %‬

‭Since the percent error calculations for both accelerometer and gyroscope are below 5%, we can‬

‭conclude from the mathematical analysis that the readings are valid to guarantee proper form.‬

‭3‬ ‭Ethics & Safety‬

‭3.1‬ ‭Ethical & Safety Issues‬

‭Accuracy of Form‬‭: The most important ethical issue‬‭is obviously the accuracy of form enforced‬

‭by our device as it could lead to injuries if inaccurate. To ensure this, we will use data from a‬

‭certified online training source that we have referenced below. The IEEE and ACM code of‬

‭ethics mention to prioritize user safety and having a risk of injury goes directly against the code‬

‭[4] [6].‬



‭Privacy of Data:‬‭The privacy of data is also a cause of ethical concern as many people who‬

‭workout are sensitive about information in their fitness diaries and quality of form in exercises.‬

‭We will need to ensure safe storage of our data. The main safety issue is the overheating of‬

‭batteries, which is why we will carefully check our voltage regulation. The IEEE and ACM code‬

‭of ethics clearly state to prioritize privacy and confidentiality of user data [4] [6].‬

‭Wearable Device:‬‭We also have to make sure that the‬‭device is wearable for the safety of the‬

‭user. The wires can’t be too tight and should not prevent the user from moving their body parts‬

‭naturally. We will have to carefully connect the microcontroller and sensors to make sure that the‬

‭connections are not too stiff.‬

‭Safe Materials:‬‭Lastly, the materials that we use‬‭must be considered safe to contact human skin.‬

‭Since voltage will travel through the materials used for the connections, they can’t get‬

‭overheated to the extent that it causes skin irritation.‬

‭Battery Safety:‬‭Lastly, the 3.7V batteries must not‬‭get overheated since they will be present in‬

‭an enclosure that will be in very close contact with the user’s skin. Overheating could also‬

‭damage other electronic components in the design.‬

‭3.2‬ ‭Safety Procedures‬

‭Accuracy of Form:‬

‭1.‬ ‭Refer to Verywell Fit source referenced below to generate ideal accelerometer and‬

‭gyroscope readings for proper form for dumbbell bicep curls [5].‬

‭2.‬ ‭Perform verification procedure to make sure that the sensors are reading correct values‬

‭while the user performs bicep curls.‬

‭3.‬ ‭Repeat step 2 regularly to make sure the device remains safe to use.‬



‭Privacy of Data:‬

‭1.‬ ‭When programming software, require the user to make a personal account on the‬

‭application so that user needs to enter a personal password to access data‬

‭2.‬ ‭Generate a transcript for a user agreement in which the user is ensured that their data‬

‭privacy is protected and that they consent to use and store their data on the application.‬

‭Wearable Device:‬

‭1.‬ ‭When placing the ESP32 microcontroller and IMU sensors, make sure that they are‬

‭placed in a manner that they don’t obstruct natural user movement (eg. bending elbows).‬

‭2.‬ ‭Try to use longer wires when connecting microcontrollers and sensors so that they don’t‬

‭obstruct user movement.‬

‭Safe Materials:‬

‭1.‬ ‭Verify that the materials being used in the design are in compliance with ACM and IEEE‬

‭code of ethics.‬

‭2.‬ ‭Monitor the temperature of each subsystem during testing to make sure that no‬

‭component is overheating.‬

‭Battery Safety:‬

‭1.‬ ‭Verify that the 3.7 V batteries being used are high-quality and are not prone to‬

‭overheating.‬

‭3.‬ ‭Monitor the temperature of the batteries regularly during testing.‬
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