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Abstract

Modern arm casting techniques require skin-irritating and non-reusable material with

tedious multi-step processes to treat patients with arm fractures or other ailments. This project

aims to create a new smart arm casting device, requiring a single mold capable of tightening

autonomously while also providing biometric data for patients. Using Thermoplastic

Polyurethane (TPU), the cast is flexible and durable enough to be protective, tightened and

loosened, and light in weight. The adjustment of tension is performed by a series of intertwining

fibers attached to a servo motor, which is supported by pressure and heart rate sensors attached to

an Arduino controller. From this, the cast is capable of providing consistent tightness to the

patient’s arm, while also obtaining biometric data helpful to patients and caretakers.

Furthermore, the potential use of this product could help eliminate extra steps in the current

casting process and innovate data and devices in the healthcare industry.

1.0 Introduction

Being one of the most complex bone structures in the human body, the wrist and lower

hand area of the body consists of a multitude of bones that grow and change over the course of a

person’s early childhood. These bones however are incredibly susceptible to injuries, making up

an average of 2.6 million Emergency Room visits in the US every year in the past decade. As of

2018, almost 793,000 patients suffering a hand or wrist injury were ages 0 to 19 years, which

raises concern considering bone structure changes through age (Gordon, 2021). While the

severity of these injuries varies, nearly all wrist fractures require the use of a cast to immobilize

and restrict the wrist from moving. After initial covering and casting, the patient is left to work
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with their primary care options, with recovery in the area of 6-12 weeks depending on the

severity of the injury (O'Hara et al., 2021).

Immobilization casting of injured limbs has been performed for thousands of years.

Before modern-day casting materials became widely used, many doctors used a variety of

materials to form rigid casts. Currently, the most commonly used material for casting of all types

is Plaster of Paris. This material is produced by removing the impurities from the main gypsum

and then heating it under controlled conditions to reduce the amount of water during

crystallization (Simmons & Cox, 1957). However, this form of casting comes with a variety of

issues, from minor skin irritation to compartment syndrome (a medical condition characterized

by increased pressure within a muscle compartment), joint stiffness, and pressure sores.

With the rapid advancement of technology today, it is critical to think about how specific

products can be changed to make life more efficient and better quality. One of the industries that

could benefit from the use of a technological smart device is healthcare. The current casting

processes either use time-consuming methods such as custom molding or implementation of

complex tightening mechanisms that are difficult for both medical staff and patients to use,

resulting in multiple visits to the hospital and increased time of recovery. These processes can be

made far more efficient by replacing the complex multi-strap and manual tightening mechanisms

as well as the time consuming custom molding by creating a motor-driven system that can

tighten the casting material around a person’s arm on its own with the use of smart technology.

To create a feasible design, a number of factors must be considered, including what specific

mechanical equipment and material is required, how the assembly will operate correctly and

efficiently, how expensive it is to create such a device, and how safe and comfortable it is to use.
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A smart device is considered to be a complex system consisting of miniature mechanical

and electrical parts such as sensors, data storage, microprocessors, software, and connectivity

that are combined with certain hardware to operate autonomously. The utilization of smart

devices in society has been constantly improving and expanding due to the growth of

information technology and processing power combined with science that decreases the size of

various devices (Porter & Heppelmann, 2014). Innovation in smart technologies has led to a

wide scale of technological consumer products such as smart cars, smartphones, smart speakers,

smart laptops and tablets, and smart health monitoring devices. Not only do smart devices make

human lives easier through their convenience factor, but they also utilize big data to create fast,

accurate, and personalized information for their users. According to an article from the journal

mHealth, “Smart devices that analyze data to provide personal exercise and health conditions,

checkups, and information, are making our lives easier … as it grows into an expected industry

in the future” (Son & Kwon, 2024). This further supports the idea of creating a smart device that

innovates the casting process in the healthcare industry, it also supports the use of sensor

technology that exhibits biometric data to personally manage an injured human’s health.

To better understand the technique of creating a smart arm cast device, the product was

initially discussed and designed to be put together in three layered sleeves that will wrap around

a human arm. The innermost layer will incorporate the use of two flat pressure sensors and a

cotton sock that will touch directly to the skin of a person’s injured limb. Doing this will allow

users to accurately gauge a person’s pressure data to communicate how much the cast should

compress with an Arduino controller while also providing a sense of comfort and cushion..

Around this initial layer, a second sleeve made from a more protective biocompatible material

will hold more mechanical equipment including an Arduino Nano R3 board that connects to both
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of the pressure sensors, a servo motor, an external pulse oximeter, a Liquid Crystal Display

(LCD), and the battery that powers the system. This layer will also prevent potential injuries on

the skin from mechanical equipment while also providing slots for each of the equipment to hold

in place. The Arduino board will have its own source code that will allow the pressure sensors to

work alongside the motor so that the motor will understand when it needs to stop rotating, thus

incorporating the use of Arduino coding to control the limit of how much pressure there is when

the cast tightens around a person’s arm. Additionally, code is programmed to control the pulse

oximeter by correctly measuring the blood oxygen level and heart rates of the patient while being

displayed visually via the LCD system. Finally, the outermost layer would have a pulley wheel

that spins based on the power of the motor and will rotate a nylon fish wire string that intertwines

throughout the holes of the cast similar to a shoelace, so that it tightens effectively. An external

button that connects to the Arduino will be programmed for the user to be able to recalibrate the

overall pressure of the system patient. With the design in mind and drawn out, the

computer-aided design software, SolidWorks, helped visualize a 3-D model of what the smart

device will look like with all components considered.

Various design iterations were constantly made throughout the process to create our final

smart cast hardware model. One of the most significant design changes was the incorporation of

holes and an extended wall with holes extruding from the second layer that would be used to

tighten the cast with nylon fish wire similar to a shoelace weaving through respective eyelets. In

addition, a bottom and shelled-out loft was needed to hold the large battery and Arduino together

so it could properly sit beneath a person’s arm without getting in the way, being protected by its

casing, and not being visible. The incorporation of these features made it unable to create an

overall third protective layer that sits around the new second outer layer. The new design concept
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for the smart cast device would have just the inner layer of cotton cushion and the newly

improved second layer with casing to protect external mechanical equipment such as the servo

motor, LCD, and emergency stop button, all including their respective wiring.

Figure 1: Final Cast Body Design Iteration

A major goal that this project can lead towards is further endeavors into sensor-based

techniques in casting. Along with this, we also aim to introduce this form of implementing smart

wearable casting into the healthcare industry. While the objectives of this project focus on

developing an improved arm cast capable of sending biometric data directly to the patient, these

objectives can be readily accomplished in other forms of limb immobilization. The most

immediate continuation of this project could be in the form of sensor-based casting for other

common fracture injuries such as in the foot or ankle. These improvements aim to better the

track and timeline of patient recovery by providing improved biometric readings to the patient as

well as changing the current casting process to make it less difficult and more reusable.
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2.0 Background

Based on research and the history of casting, this section is written to provide context to

the pre-existing subjects and components of the smart cast project as well as an introduction to

the healthcare applications, methodologies, and materials used within the industry.

2.1 Conventional Arm Casting

The use of casting material, plaster of Paris, has been used for centuries, typically for

wall plastering in buildings. This use of the material dates back to the times of ancient

civilizations such as the Egyptians and early Romans. In the early eighteenth century, this

material began being used to treat injured limbs by fixing the appendage in a heavy wooden case

filled with plaster (Szostakowski et al., 2017). Afterwards, further developments were made for

treating injured people including applying plaster material to linen strips to form plaster

bandages. During the 1850s, a Dutch military surgeon, Anthonius Mathijsen, found that plaster

bandages soaked in water can create a hard solid cast that can be used for injured limbs. This

method of casting began being used for nearly a hundred years afterward (Szostakowski et al.,

2017).

The purpose of the arm cast is to fix the arm in a comfortable immobilized fashion so that

the bone can heal itself properly. In the United States alone, approximately 3.5 million civilians

have to visit a hospital for an arm-related fracture every year (The Ohio State University, 2016).

Currently, there is a critical need for a smart wearable arm cast to facilitate better patients’ and

doctors’ needs as well as make the casting process more efficient. This is evident according to

many hospital’s opinions including the Penn Medicine Chester County Hospital which writes in

its blog, “Having a cast is never fun - but the attention you receive with it can be … physically,



11

you may experience a lot of discomfort and pain” (Chester County Hospital, 2019). It is a

common complaint among patients who feel that casts are uncomfortable and still do not get rid

of the pain completely, even though they are currently the most efficient way of healing fractured

bones. In addition to this issue, the current casting process is also difficult to deal with for both

medical staff and the injured person. The most common way casts are applied to a patient is

through wrapping the injured limb in both a sock and cotton wrap, then wrapping the area with

material such as plaster or fiberglass, and then officially molding the cast to achieve immobility

(The Center Oregon). Although this process seems tedious, the time spent to mold a cast can be

greatly reduced and potentially eliminated.

2.2 Existing Casting Techniques

Some companies’ products such as the BOA® Fit System have a mechanism with the use

of fibers that can be tightened similar to shoelaces in order to achieve a snug and comfortable fit

around the arm. This device aids the project in the design process by thinking about how to

compress a sleeve around a person’s lower arm. With the assistance of a smart wearable cast that

incorporates a similar pattern of coils that automatically tighten with a servo motor based on the

pressure surrounding the arm, the healthcare industry could shift completely with the

advancement of a casting process. Instead of having to mechanically tighten a knob for the cast

or cast, the smart device will establish pressure boundaries to automatically know how much to

tighten on its own.

2.3 Sensors, Controllers, and Electromechanical Equipment

The main computer microcontroller that makes the smart cast function is the Arduino.

Microcontrollers were first developed by 2 engineers named Gary Boone and Michael Cochran
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in 1971 and are devices that can be programmed, erased, and reprogrammed using only electrical

signals (Wright Jr., 2022). A software application called an integrated development environment

(IDE) normally consists of a source code editor, automation tools, and a debugger that can

operate alongside a microcontroller and program to facilitate certain functions. Arduino is a

brand known for their open-source hardware and software enterprise, initiative, and community

of users. It focuses on crafting and producing single-board microcontrollers and microcontroller

kits tailored for constructing digital devices. Arduino started developing microcontrollers with a

mission to create an accessible and affordable electronics development platform in 2007.

Arduino released their first successful and most popular microcontroller, the Arduino Uno, in

2010 and quickly became “the primary platform for makers, engineers and creators around the

world” (Arduino Team, 2021). Through its evolution, Arduino can make hardware that adapts to

specific needs based on its set of instructions making it very user-friendly and programmable for

the smart cast project.

A pulse oximeter is a sensor device that will be used to measure the patient’s heart rate

and adjust the overall tightness within the cast. Pulse oximeters were first introduced in 1974 and

have since become a tool for every doctor whether they are an orthopedist, cardiologist, or even a

primary care doctor. Pulse oximeters measure the saturation of oxygen in the blood. They work

by placing a probe with two LEDs on one side of a thin part of the body, such as an earlobe or

finger, and a photoreceptor on the other (Hafen and Sharma, 2022). The probe emits light at

660nm (red) and 940nm (infrared) wavelengths on set intervals and the photoreceptor records the

light absorbance (Jubran, 1999). The ratio of red to infrared light (red/infrared) is then placed

into an algorithm that is programmed into the oximeter and the oxyhemoglobin saturation is

displayed (Hafen and Sharma, 2022). Originally these sensors were clipped to the patient's ears
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and the processor was a big analog device that sat on the table. Today, the sensors and processors

can fit into a small unit that can fit in the palm of one's hand and they are simply placed on a

finger to monitor one’s oxyhemoglobin saturation. Although they are much less accurate, there

are also wrist-mounted oximeters. These oximeters are much more limited due to the thickness

and location of the LEDs. Smartwatches have integrated these wrist-mounted sensors in them to

monitor the pulse of the user. A wrist-mounted oximeter will be integrated into the cast with the

same purpose of monitoring the general pulse in the wrist post-surgery. A detachable finger clip

sensor will also be included for more accurate measurements. Monitoring pulse and oxygen

saturation is very important as the ulnar and radial arteries both run through the wrist and could

need repair due to a traumatic injury. In the smart wearable cast project, a pulse oximeter could

transmit data to the patient and correctly measure the heart rate of the patient.

Another important device utilized for the development of a smart arm cast design is a

strain gauge pressure sensor. Pressure sensors function to measure, manage, and monitor

pressure changes in engineering fields such as biomedical, aerospace, and the development of

automobiles (Jena & Gupta, 2021). The invention of the strain gauge pressure transducer dates

back to the late 1930s and has proven remarkable in engineering (Measurements Group, Inc.,

1988). In the application of the smart wearable cast project, two strain gauge pressure sensors are

used to detect the force when a person's arm comes into contact with the cast and help establish a

baseline pressure reading. These signals will be communicated to the Arduino which will help

engage an appropriate tightness to the user.

Another major mechanical component of the project is the incorporation of a small servo

motor. Servo motors are self-contained electric devices that rotate or push parts of a machine

with great precision control of angular or linear position, velocity, and acceleration in a
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mechanical system. Servo motors were first invented in the early 1960s, and since then have

been new and approved over the years. Based on the given information about the servo motor, it

was decided that a small servo motor that is compatible with the Arduino will be used because it

will then be easier to control the shaft position of the arm cast very precisely with a high torque

to inertia ratio allowing for there to be more accurate movement in the arm cast.

3.0 Methodology

This section aims to identify the procedures taken to create the initial prototype of the

smart wearable cast device. The goal of this project is to design and develop a smart wearable

arm cast device through the use of Mechanical Engineering principles and biomedical

applications that will allow for arm casting to be less difficult/challenging. This device will have

the potential to make a breakthrough in the healthcare industry with the use of sensor technology

that is currently lacking in existence within this field.

The main objectives of the project are to:

1. Ideate a potential product that serves as a smart wearable device for consumers

2. Design a model with the use of mechanical equipment and engineering principles

3. Develop the model to create a functional prototype of the smart wearable cast

4. Test, analyze results, redesign, and redevelop the product for improvement

3.1 Cast Layering & Materials

Background research was conducted to study the current casting process including how it

is assembled and taken apart as well as the materials that are incorporated in it. It was decided to

use a similar design to the current plaster casts as well as add features and incorporate the use of
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a different material that has protective and flexible properties to best fit a patient’s needs. This is

because the smart cast design was created to have two layers, an inner layer made of a cotton

sock and an outer shell that will tighten and loosen around the arm of the patient. The material

needs to have the ability to compress and loosen around a person's arm as well as be durable to

protect the arm from external sources. Thermoplastic polyurethane (TPU) is best suited

considering the required material qualities are durability, light weight, flexibility, and rigidity, as

well as being highly comparable to the mechanical and material properties of Plaster of Paris.

This is shown in the tables below.

Thermoplastic Polyurethane Material Properties

Property Value Description

Density [g/cc] 1.45 Light-weight, Low density

Hardness [R] 66.3 Durable, Rigidity

Max Tensile Strength
[MPa] 63.3 Durable; Can withstand high force and pressure

Elastic Modulus [GPa] 2.58 Relatively low elastic modulus, easily stretches, does not deform

Elongation at Yield
[%] 23.8

Amount material can stretch from its original state without
breaking

Elongation at Break
[%] 26.6 Amount material can stretch till breaking

Flexural Modulus
[GPa] 2.18 Relatively flexible; Low resistance to bending force

Water Absorption [%] 0.24% Low water absorption

Table 1: TPU Material Properties
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Plaster of Paris Material Properties

Property Value Description

Density [g/cc] 1.673 Light-weight, Low density

Hardness [R] 74.7 Durable, Hard

Tensile Strength [Mpa] 6.03
Low durability; Low resistance to pulling and stretching
forces

Elastic Modulus [Gpa] 0.443 Low elastic modulus, easily stretches

Elongation at Tensile Strength
[%] 3.25 Ability of material to deform before it fails under tension

Flexural Modulus [Gpa] 0.5 Flexible; Low resistance to bending force

Water Absorption [%] 29.50% Adequate water absorption

Table 2: Plaster of Paris Material Properties

The main ideas considered for an appropriate material that would best support the project

and the injured patient’s needs were that the material must be strong and hard, yet have an ability

to be flexible and elastic so it can compress and decompress when the tension force of the fish

wire string is applied. TPU has not only proved to suit all these needs but has also been used for

products across a multitude of industries including sports equipment, medical devices, and

engineering (Xu et al., 2020). Moreover, TPU has a unique ability to be used for 3D printing

applications with its filament form, making it an efficient tool and resource to design and

produce the main body of the cast using computer-controlled (CNC) machinery. Through

continuous design adjustments and improvements, a functional cast prototype made from the

TPU material was created.

3.1.1 TPU Shell

The main cast structure used in our final prototype was first created in the

computer-aided design (CAD) software SolidWorks. Measurements of the diameter of a team

member’s wrist and cross section just below the elbow were taken to create an overlapping
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cross-section on the computer software. A lofted feature helped maintain the expanding shape of

the cast design so it could wrap around a patient’s arm efficiently. The cross-sectional wrist

diameter of the cast body is 54 millimeters and the cross-sectional elbow diameter is

approximately 97 millimeters. Due to 3D printing requirements on the Prusa i3 MK2S, the

original length of the cast structure was reduced to 6 inches. The initial intention of this layer

was to protect the patient’s arm from the electromechanical equipment being used, thus having

slots holding the equipment and a plan for an external third layer that will attach to the second

layer and cover the devices being used. This design idea had several flaws including the

necessity to make the second layer act as the layer that tightens and loosens due to holding the

servo motor and pulley, as well as the incorporation of lofted walls that will help feed the nylon

wires through line holes. These two exterior walls have heights of 13 millimeters and 5

millimeters consisting of a series of seven 5-millimeter holes on one side and eight 5-millimeter

holes on the opposite wall. The model had the alignment of the holes alternate from each other

on opposite sides for the nylon string to alternate and weave through. The cast body was also

carefully designed with a bulky and shelled-out bottom loft that will hold a 4.5 Volt battery

power source, an Arduino Nano R3 board that we will be using to control the sensors and motor,

and a mini breadboard for wiring. Lastly, for the basic shape of the cast body structure,

measurements of the Tower Pro SG92R servo motor were taken to create an initial slot along the

curved side of the cast. These dimensions of the motor slot are 13.5 millimeters wide and 18

millimeters long. The first cast shell was then created and ready to be initially printed out of TPU

as seen in the figure below.



18

Figure 2: Isometric and Back-Right View of Early Stage of Cast Second Layer

3.1.2 Cotton insulation

Typical plaster casts utilize cotton on the inside to protect a patient’s skin and provide

additional comfort, the inner layer design was made from a cotton arm sock material to act as a

cushion directly around a person’s arm for comfort and protection from the rough TPU shell

material. The inner sock was cut to match the 6-inch length of the arm cast and applied using a

combination of gorilla glue spray and gel adhesive to stick to the TPU cast layer. Additionally,

the strain gauge pressure sensors sit within this layer, thus making it important to pass more

cotton fabric to cover the wires so that the sensors make direct contact with the skin without

irritating the patient.

3.2 Computations for Arm Cast

Due to the manner of this project incorporating the use of electrical equipment, a central

brain needs to act as a middleman for sensory inputs and mechanical outputs. To accomplish this

function, an Arduino Nano R3 was used to coordinate the sensory components and tightening

mechanism, described later in this Methodology.
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Figure 3: Image of Arduino Nano R3 Used in Arm Cast Alongside Pinout Diagram

The Arduino Nano r3 uses a series of digital and analog pins for either input or output

pins as well as general supply power and ground pinouts for common circuitry. Pins A4 and A5

are special pinouts, acting as the Serial Data Line (SDA) and Specification and Description

Language (SDL), and are used for specific data collection and for one of the sensors below. For

the purpose of the electrical equipment in this arm cast 4 analog pins for inputs (A0, A1, A4,

A5), 1 digital pin for input (6), 7 digital pins for output (2, 3, 4, 5, 9, 11, 12), ground pin and

3.3V pins are used.

3.3: Sensory & Display Components

In order to calculate the needed pressures and servo movements to tighten the arm cast, a

series of sensors need to be placed across the cast. Along with this, the data collected from these

sensors needs to be displayed for the patient in order to have a grasp of what the arm cast is

doing for them. For the inputs into the Arduino, the sensors used consist of two strain gauges and

a single MAX30102 Pulse Oximeter. For the patient to activate specific phases of the cast

process, such as initial calibration and recalibration of tightness, a switch button is used. For the

data being displayed, a 16x2 LCD is used. The following sections describe each specific piece of
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equipment, its purpose in the cast, what data it either sends to or receives from the Arduino, and

where it is placed on the cast.

3.3.1 Measuring of Cast Compression

Figure 4: Image of the Strain Gauge Model used in the Arm Cast

The most important sensors used by the Arduino are the two strain gauge sensors, whose

purpose is to measure the mean pressure placed on the patient’s arm by the arm cast. The chosen

strain gauge model, the Flexiforce A201-1 has a diameter of 9.52 mm and functions by

converting pressure placed upon it and converts it to a gram force value in a range from 0-453.6

grams force (1 gram force is equal to 9.8E-5 N). For the purpose of this project, the assumed

constant pressure for a patient with a broken arm is around 1.02 Newtons, placed on the patient

(Tuan et al.). On the arm cast, the strain gauges are placed inside the shell of the cast at the

horizontal midpoints and on either side. This location was chosen to make sure that these sensors

could take readings of the pressure of the cast at different points around the arm for the purpose

of measuring an average pressure. This average is calculated inside the Arduino after taking the

strain readings from the gauges and then mapping it to a bit scale (from 0-453.6 to 0-1023). This

value is then mapped once more as a variable for the Arduino to compare to the degree value the
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servo motor is set at. This activation of the stain gauges occurs at two stages of the arm cast

process: when the cast is first activated, and when the patient presses the button on the cast. The

initial activation occurs in order to establish the required tightness needed to be maintained for

the patient in order to receive proper pressure for arm recovery. This input is stored in the

Arduino and is referred to at multiple points in the Arduino’s code. However, if needed to be

changed, the staging gauges can be activated again by pressing the button after the cast’s initial

start-up to compare the current tightness to the initial value determined. From this comparison,

the cast can readjust the tightness via the servo motor so that the pressure returns to its original

value.

3.3.2 Pulse Oximetry

Figure 5: Image of the MAX30102 Pulse Oximeter used in the Arm Cast

Acting as a secondary means of determining the tightness value of the arm cast, the pulse

oximeter is used to determine the average heart rate of the patient at a given time. The pulse

oximeter functions by lighting an LED that reflects on the blood flowing in a vessel of a patient

and back on a photodiode. The comparison of the wavelength of the light sent by the LED before

and after reflecting off the patient’s blood is able to measure how fast the blood is flowing, and

thereby the patient’s heart rate. On the arm cast, the pulse oximeter is placed below the wrist of

the patient, attached to the outer front face of the cast. The purpose of using the pulse oximeter is
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to detect when the patient’s arm is in the process of swelling or contracting due to the lack of

blood flowing in the (Huggenberger & Detmar, 2011). When active, the pulse oximeter can

determine the heart rate of the patient, thereby the extent of how expanded the blood vessels in

the arm are. From this data, the Arduino communicates to the servo motor to adjust its

positioning to tighten a patient’s cast at low heart rate states, such as <60 BPM, during a period

of low activity or rest. On the opposite end, if the patient has a high heart rate, such as >120

BPM, during a period of high activity or exercise.

3.3.3 Displaying of Data on Cast

Figure 6: Image of LCD Device

Lastly, with the collection of the sensor data, a Liquid Crystal Display (LCD) is installed

on the upper left face of the outer cast. The LCD takes data from the Arduino and displays text

on a 16x2 digital board. The purpose of installing an LCD to the cast is to give the patient a

window into seeing some of the digital data collected by the sensors. During the initial start-up

of the cast, the LCD shows a series of texts that help explain what the patient can do with the

cast. The text “Press Button to Set Tightness” is displayed at the beginning, signaling the patient

to set their initial tightness value. After the button is pressed, activating the strain gauges, the text

“Servo value set from 0-180” is displayed, helping the patient understand the servo variable data.

After initial startup, the LCD moves to display the two main variables collected by the cast’s

sensors. The first line of the LCD displays the collected average heart rate of the patient, while
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the second line shows the current position set at the servo motor. Allowing the patient to see their

heart rate along with the current servo positioning

3.4: Tightening Mechanism Overview

In order for the cast to tighten and loosen, the cast has a tightening mechanism made up

of a servo motor, a custom-made pulley wheel, and nylon wire fed through holes in the cast. The

tightening process begins with the Arduino Nano R3 sending an electrical signal to the servo

motor, causing its output gear to turn either clockwise or counterclockwise. The custom-made

pulley is attached to the output gear of the servo motor, so it turns with the rotation of the output

gear. The pulley is connected to both ends of the nylon wire that runs through holes in the main

body of the cast so when the pulley turns, the two sides of the cast are pulled together or released

to move apart. This entire tightening process can be triggered by pressing the button, located on

the base of the thumb. When the button is pressed, the Arduino Nano R3 compares the current

sensor readings to the established baseline and sends a signal to the servo to adjust the diameter

of the cast so they match. Then, the baseline measurements are reestablished.
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3.4.1 Servo Motor

Figure 7: Image of Tower Pro SG92R Mini Servo Motor

As previously mentioned, the first part of the tightening mechanism is the servo motor.

The servo motor used in this cast is a Tower Pro SG92R, shown above in Figure X. This servo

motor is a DC motor connected to a potentiometer to keep track of the distance the output shaft

has turned. The servo motor has an operating voltage of 4.8 Volts and rotates at a top speed of

600 degrees/s. The motor was chosen because it has a gearbox so the max output torque of the

motor is 24.517 N-cm. This motor’s max height (from base to top of the drive shaft) is 34.5mm,

which makes it one of the smallest servo motors on the market, and another reason why this

motor was chosen. The last contributing factor to this motor is that it’s low in price, only costing

about six dollars (Tower Pro, 2024).

3.4.2 Pulley Wheel

The second part of the tightening mechanism is the pulley wheel. The pulley wheel was

completely designed and fabricated by the team. The pulley was designed with a base circle

sketch that has a radius of 18 mm and was extruded 6.4 mm in height. These dimensions were

chosen to neatly hide the spooled-up wire and keep the overall pulley low profile. For

determining the hole radius of the pulley wheel, 4 different files of pulley wheels with the exact

same size were created with different hole diameter dimensions to tolerance test fit each one on
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the servo motor. The servo motor shaft diameter was measured at 4.75 millimeters using calipers.

In SolidWorks, the 4 identical pulley wheels had hole diameters of 4.75, 4.85, 4.95, and 5

millimeters.

Figure 8: Tolerance Tested Pulley Wheels in SolidWorks

These files were then printed using PLA filament and press fit on the servo motor shaft to

determine the most optimal wheel. The final pulley wheel has a hole in the middle of it with a

diameter of 4.95 mm. This pulley wheel has a snug fit and the ability to rotate around the output

shaft of the servo motor. The smaller outer radius for the location of spooled wire is 15.5 mm and

the width of the cut is 3 mm. The outer radius dimension was chosen so the wire is brought in at

a rate of approximately 49 millimeters per rotation. The width of the cut was chosen to ensure

that the line spools up easily.
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3.4.3 Nylon Wire

Figure 9: Nylon Wire Fed Through the Splint

The final part of the tightening mechanism is the threaded nylon wire. The wire is

threaded straight across (from the top to the bottom side of Figure X) through the two holes at

the right (near the elbow) of the splint. Then, the wire is threaded back across (bottom to top)

through the two holes to the left of the farthest right two holes. This threading pattern is

continued all the way to the left of the splint (near the wrist) and back to the two holes to the left

of the far right two holes. There are a total of eight holes on each side that have an equal distance

of 15 mm between the edge of each circle. This thread pattern allows for an evenly distributed

force across each section of the wall on each side of the cast. The evenly distributed force on

each wall results in an even and consistent tightening across the entire length of the cast when

the wire is pulled in.

4.0: Assembly & Testing

This section of the report outlines the final results ranging from the assembly created

from the final CAD designs to overall testing of the sensor equipment, tightening mechanism,

code calibration, and performance testing of the assembled smart cast. These tests help indicate
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the functionality of the short arm cast as well as supply analytical data from the culmination of

Arduino code and the sensors used. This data was compiled and analyzed to support claims and

objectives for future work and the longevity of the smart cast.

4.1 Final Cast Model Design (CAD)

The final cast design incorporated adjustments to all slots holding mechanical and

electrical equipment. The slot for the motor was kept with a surrounding 3-millimeter thick

casing added to help keep the device in place. A 4 by 10-millimeter rectangular slot for the

wiring to go through was also incorporated to make a connection with the Arduino. Due to the

design of the cast being made for a patient’s right arm, another case with a width of 33.5

millimeters and length of 78.1 millimeters was created on the back left side of the cast main body

to hold the liquid crystal display (LCD). This will allow the patient to easily view their current

biometric data with the heart rate in beats per minute and overall pressure that the system has

around their arm. This case has a 3-millimeter thick wall and a slot depth of 32 millimeters, thus

being able to fit the wiring underneath and through a 4.5 by 72-millimeter window created on the

side of the casing. The bottom loft also needed to have a size increase to be able to fit the 3

pieces of equipment underneath the cast. The bottom loft at the wrist and elbow have a height of

30 and 45 millimeters respectively. The final iteration of the cast body was changing the

alignment of the holes to be directly across the opposing wall side and the additional hole to

make an equal series of 8 holes on each tightening wall. Once the final main cast structure was

created in SolidWorks, an assembly was made using CAD models of each component used in the

smart cast to show where all pieces of equipment were sitting and create a visual for what the

real-life model would look like as shown in the figures below.
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Figure 10: SolidWorks Assembly of Smart Arm Cast

Figure 11: Labeled Diagram of Each Sensor with the Cast CAD Model

4.2 Combined Arduino Circuitry

To make sure that the wiring was able to be performed correctly, the combination of all

sensors, motors, and wiring accessories to the Arduino was first assembled in Fritzing, a

software that allows for digital Arduino wiring. The following subsections describe the final
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design of the circuitry and what was included in it, along with an explanation of the code used to

perform the sensor collection and servo tightening

Figure 12: Fritzing Digital Diagram of Complete Arduino Circuit

4.2.1 Circuit Assembly

As seen in Figure 12, the circuitry of the Arduino and its accessories were assembled

using a series of color-specific wiring, resistors, and a potentiometer. This was in order to make

sure the circuit would not malfunction or receive enough electricity at one time to short or ruin

the cast assembly. In order to have accurate readings from the strain gauge from the internal cast

pressure, 220-ohm resistors were used to increase the base resistance of that section of the

circuit. Two 1 kOhm resistor was used for the button and supply power for the LCD in order to

not disrupt the digital pin or short the LCD out respectively. Lastly, a 10 kOhm potentiometer

was used to change the light level of the backlight of the LCD. This was the only piece of

circuitry equipment that did not contribute to the casting code that was accessible to the patient,
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allowing them to adjust the brightness of the LCD. The diagram also used specific wiring colors

to classify the purpose of each of the wires. Red and black wiring represented either the 3.3V

supply or ground for each of the pieces of equipment. Yellow wiring was directed to the LCD,

green to the pulse oximeter, blue to the servo motor, orange to the button, and purple to the strain

gauges.

4.2.2 Flow of Code

For an analysis of the code that is used for the tightening and data collection of the cast,

the code was split into three specific phases for an easier form of organization: Initial Phase,

Passive Phase, and Active Phase. During the Initial Phase of the cast code, the sensors are

activated, the servo motor is set at 90 degrees, the midpoint value of the servo positioning that

can also provide the 1.02 N of needed pressure, and the LCD is activated. The patient is told by

the LCD to press the button to assign the tightness value that is wanted to be maintained by the

servo motor. After pressing the button, the arduino records the strain gauge values, takes their

average, and sets the new baseline pressure. Should the pressure of the cast be higher or lower

than the needed 1.02 N pressure, another variable is generated, acting as a cushion variable for

the patient, which is added to the measurements value for the remainder of the code.

After assigning the needed maintain servo positioning and baseline and cushion pressure

variables, the arm cast enters the Passive Phase of the code. This part of the code is planned to

loop indefinitely and is also returned to after the code is performed in the Active Phase. During

this phase, the pulse oximeter takes readings from the patient’s wrist and calculates an average

heart rate. From this value, the arduino calculates whenever or not to adjust the servo motor. If

the heart rate is measured under 60BPM, signifying a low blood flow and contraction of the

arm’s blood vessels, the servo motor is rotated counterclockwise by 5 degrees from the original
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position. This causes the tightening wire to retract, tightening the overall cast pressure on the

patient by about 0.2 N (Tuan et al.). On the other hand, if the patient’s heart rate is over 120

BPM, the servo motor is rotated clockwise by 5 degrees from the original position, tightening the

overall cast pressure on the patient by 0.2 N. These movements of the servo motor do not

interfere with the baseline pressure value, only adding or subtracting from the servo positioning

assignment by it. Should the patient remain in the normal range of 60-120 BPM, the servo will

not adjust and optimally remain at the original pressure. After this heart rate comparison, it and

the current servo positioning is displayed on the LCD.

Lastly, should the tightness of the cast become too tight or too loose, either through

natural creep of the wiring or a hit on the cast itself, the patient can press the button during the

Passive Phase of the code in order to activate the Active Phase of the code. During the Active

Phase, the strain gauges take another reading of the current pressure and compare it to the

original baseline pressure variable with the cushion variable applied. Should the pressure deviate

too far from the 1.02 N baseline pressure from the pressure and cushion variable, the servo motor

will adjust its position so the strain gauge measures the baseline again. Because the servo needs

to be changed for this adjustment, the LCD will update and show the current positioning.

4.3 Final Smart Arm Cast Assembly

The final assembly of the arm cast was created after the main cast body structure was

printed after 1 day and 8 hours. The final model consists of 3 main slots, one for holding the

servo motor in place, one for holding the LCD, and a bulky, shelled-out bottom loft for holding

the battery power source, the Arduino Nano R3, and the mini breadboard. The final cast model

also included adjusted and symmetrical holes on each tightening wall ensuring even tightening

across the top of the cast. The inner layer of cotton sock was applied on the inside of the TPU
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shell using a combination of Gorilla Glue spray and and Gorilla Glue clear moisture adhesive.

The adhesives were applied on the entire inner portion of the TPU cast while being stretched

open and pressed for approximately 1 minute throughout. Excess cotton was trimmed to the

length of the cast and saved to cover up the wiring from the strain gauge pressure sensors. Next,

all wires needed were connected to each device used and fed through their respective slots. The

windows on each case would help each piece of equipment be able to establish a connection to

one another while also being able to comfortably sit in place. After several iterations of

dimensions on the TPU main body, each piece of equipment was able to fit freely in their

respective slots. To reduce excess wire length, the team used a soldering kit to first cut a portion

of the wires and then join the metal portions together through its heating process. Black tape was

used throughout the cast to make sure wiring and specific pieces of equipment did not detach

from the cast. Once this was completed, all the electromechanical equipment was combined with

the TPU cast and cotton layer and testing was ready to be conducted as shown in the figure

below.

Figure 13: Photograph of Assembled Smart Arm Cast with Wires
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4.4 Project Testing

The testing performed on the cast can be broken down into three main parts. The first part

of the testing was the wire tension testing. The wire tension test was done to measure the tension

force on the nylon wire as it was pulled to decrease the diameter of the cast. The second part of

the testing was the pre-code testing. This was performed to ensure the pressure sensors, pulse

oximeter, Arduino Nano R3, and servo motor all work independently of each other. The third,

and final, part of the testing was the code testing. The code testing was done in three phases. The

first phase was testing the code for Arduino Nano R3 to translate the pressure sensor data to

servo motor movements. The second phase of the code testing is the Arduino Nano R3 to

translate the pulse oximetry data into servo motor movements. The final phase was combining

the two previous sets of code when the button was pushed.

4.4.1 Wire Tension Testing

The nylon wire was used to run through the wall of the interchanging holes that were

created to pull the cast together. When measuring the wire tension, we used a device called the

Mecmesin Advanced Force Gauge (AFG). The AFG is a handheld digital force gauge used for

tension and testing. As the team began testing the strength of the wire we first made sure that the

nylon wire was properly fed through the holes built into the cast, and calibrated the sensor with a

250 Newton weight. Secondly, we tied the open end of the nylon wire to the hook that's on the

AFG device and then ensured to zero out the device so that we didn't receive an incorrect

reading. Afterward, we gave a constant even pull on the cast as the wire was attached to the hook

to get a reading of about 8 Newtons. This testing was very important because we were then able

to understand the cast fixation, whether it meets the expectation for functionality, and whether it

can effectively support the injured arm during the healing process.
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4.4.2 Sensor Calibration

After placing strain gauges and Pulse Oximeter on the cast, they needed to be tested in

order to make sure they are able to detect proper measurements. This is started with the force

sensors, where an individual’s arm is placed in the cast and the cast is stretched. The code used in

this test is a piece of the final code, however only using the strain gauges and arduino nano. After

testing the range of the strain gauge sensors, a pressure of 1.2 N and 1.4 N of force. In order to

make sure the pressure sensors are being adjusted, the Arduino Serial Monitor is opened on an

adjacent computer supporting Arduino.ide software. On the Serial Monitor, the expected byte

values are stored around the 790-810 range.

Figure 14: Force Sensor Testing and Calibration shown by Serial Monitor

After calibration of the force sensors, the pulse oximeter needed to be tested separately

from the other sensors. This was done by performing a similar test of the strain gauges, where a

piece of the final code using only the pulse oximeter was isolated and looped. This allowed for

the heart rate to be constantly collected and able to be calibrated in order to determine if the

sensor was capable of working in the final arduino circuit.
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Figure 15: Serial Monitor of the Pulse Oximeter

Lastly, the LCD code from the final casting code was isolated in order to make sure that

the LCD could display text and changing data over time. Because of the lack of sensors for the

LCD, the main concern for the device was to make sure that the output data was not being

changed or disrupted by the wires or LCD itself, and that it was able to fit in the available 16x2

space.

4.4.3 Baseline Tightness Testing
After making sure that the sensors, LCD, and servo motor are able to respond to the

arduino command, the Initial Phase was tested in order to see if the baseline variables were able

to be saved by the arduino and effectively maintain the baseline servo positioning over an

extended period of time. For the duration of 30 minutes after establishing the baseline variable

and cushion variable, the cast is maintained and then tested to see if the value would deviate,

which would be assumed to be from the tightening wire loosening.

4.4.4 Tightness Adjustment from Heart Rate
Following the testing of the Initial Phase, the code used for the Passive Phase was

selected to be used from the final code. Specifically, over the course of an hour, the pulse
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oximeter would measure the heart rate of the test subject in the arm, and the servo motor would

either tighten or loosen if the heart rate was less than 60 BPM or above 120 BPM respectively.

The goal of this testing process is to make sure that the arduino will keep the baseline value of

the tightness after temporarily increasing or decreasing because of their heart rate.

4.4.5 Tightening Recalibration
The final test is to perform the Active Phase of the arduino code. This is performed by

physically shifting the pulley wheel when removed from the servo motor, ensuring the servo

positioning does not change in the process. After this, the button on the arm cast is pressed,

activating the strain gauges and comparing the two values and readjusting so the tightness is

returned to the baseline.

5.0 Results and Findings

This chapter aims to specify all of the observations and analytical results that were found

after testing the smart wearable cast. Specific results found were based on the tension of the

wire-pulley system and the biometric and pressure data associated with it when someone is

wearing the cast. This data proved helpful in the functionality of the smart cast while also giving

insight into what could be improved and added in the future.

5.1 Wire Tension Findings

When measuring the wire tension, the team realized that based on the automatic tension

gauge (ATG) reading the tension peaked at 8 Newtons. As the team measured the diameter of the

servo motor spindle the team then determined what the diameter of the pulley should be which

was 4.95 mm which would give us an accurate range of motion and simulation in the wire

tension. The pulley wheel was then placed on the servo motor, and wrapped with the nylon wire
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to show an accurate effect on the force transmission in the smart arm cast system where it was

determined that because the diameter measurement was a small and reasonable amount of force

was used to pull the wire it allowed for there to be high tension in the arm cast. Therefore, it was

important that the team got the right measurement reading from the ATG because it told us the

minimum diameter that the pulley wheels' maximum radius needed to be in order to understand

the fixation of the arm cast.

5.2 Results from Smart Arm Cast Testing

When the initial calibration of the arduino equipment on the arm cast testing was

performed, both types of sensors were able to work accordingly. While the strain gauges were

able to effectively establish a baseline pressure reading, the communication of signals between

the sensors and Arduino proved to have a long delay, thus affecting the speed the tightening

mechanism is able to perform. The sensors are located at both sides of the wrist and have not

been tested in other locations. Furthermore, in previous studies, an increase in the amount of

strain gauges shown to have an increase in the pressure accuracy (Tuan et. al). When testing the

pulse oximeter, while the initial readings were unable to be determined, after around 30 seconds

of direct placement on the wrist, the pulse oximeter was able to begin collecting and sending

heart rate data to the arduino. Collection of the patient’s heart rate at a specific instance took

around 10-12 seconds to collect and send.

During the testing of the individual phases of the Cast Code, it was shown that the initial

pressure baseline data was able to be recorded during the Initial Phase and be temporarily

modified during the Passive Phase when the heart rate was outside the 60-120 BPM range. One

of the issues presented with the collection of the BPM however was the plateauing of the average
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BPM variable, as overtime the average would become harder to change since readings close to

each other would collect overtime. This however can be adjusted with the code being updated to

clear the cache of old BPM readings after a period of time, keeping only a limited amount of data

readings from the pulse oximeter and deleting the oldest data each time a new reading is

measured. Lastly, while the Active phase was able to return the arduino to the baseline pressure

readings by adjusting the servo’s positioning, the degree of repositioning over the course of an

hour of compression was little. The average amount of change needed by the servo to return the

pressure to baseline was 4 degrees counterclockwise every hour. This amount of change of the

pressure can be amounted to the creep of the pulley wheel and tightening wire.

6.0 Future Works and Improvements

This chapter of the report serves as guidelines for a continuation of this project as well as

improvements based on the analysis and findings based on tests conducted with the smart arm

cast. Changes to the project are encouraged if this project were to be improved later on and serve

to be crucial if the device were to be used on patients in the healthcare industry, These iterations

include design changes and additions to the cast body, further testing on the long-term durability

of the assembled cast and TPU material, overall pressure distribution improvements, coding

improvements to minimize delay between the Arduino and connected devices, as well as the

fabrication of a connected hand portion to the short arm cast to ensure complete fixation of the

wrist.

6.1 Changes to Arm Cast Design

Although the smart cast body is able to securely hold each piece of electromechanical

equipment, additions to this design could be made to improve its quality and cover the devices
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and wiring. An outer coating designed in CAD would ensure the protection of the equipment

used while also protecting the patient through its additional thickness and saving them from the

potential harm from exposed electronics. The first piece of covering that can be added is a

bottom lid that would neatly fit in the slot beneath the cast, sealing off the area holding the

Arduino, battery, and breadboard. The bottom of the cast has a lofted dovetail slot that

symmetrically has an outer length of 6 millimeters, an inner length of 3 millimeters, and an

overall width of 30.32 millimeters. The loft of the slot protrudes into the cast a total of 150

millimeters.

Figure 16: Picture Showing Area To Be Covered and Associated Dovetail Slot

Finally, an outer layer separate from the cast can be created to cover the wires from the

button, LCD, and motor. To do this, an offset of the outer crust of the cast can be taken in

SolidWorks that includes the outline of the elbow, wrist, and all casing from the front and back

view of the cast. Once both profiles are made at both the wrist and elbow locations, the lofted

feature can be used to create an expanding cover of the main cast body. Both the bottom lid and

exterior cover can then be 3D printed using TPU filament.
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6.2 Optimization of Tightness Distribution Around Cast

As mentioned in section 2 of the report, four of the analog lanes on the Arduino Nano R3

are used by the sensors. Of the four lanes in use, two of them are used by the pulse oximeter and

the other two are used by the pressure gauge. Each pressure gauge uses one of the analog pins,

meaning four more sensors could be added to the system. If the project were to continue, more of

these sensors would have been added to better understand where the greatest points of pressure

inside the cast are. This information would be incredibly helpful for understanding how the

pressure at different points along the inside of the wrist and possible hand portions of the cast on

the user’s arm as the cast tightens and loosens.

6.3 Extension of Cast into the Hand

General arm casts and splints cover a portion of the hand up to the knuckle of the patient

in order to adequately fixate the wrist. This is typically done through either the molding of casts

around a patient’s arm or the use of Velcro on splints. A proposed model for the hand portion of

the cast was created in SolidWorks. To do this, an open-source CAD file of a human hand was

utilized to be merged in a layer of extruded circles. Then the two bodies were combined and the

result was one merged body in SolidWorks. Then the hand portion that was once merged could

be subtracted using the “combine” feature in the CAD software to result in a mold that could fit

fingers through it. Extruded cuts were made through the part so that the entire hand including the

thumb could easily fit through it. Lastly, a sketch profile was created using the same

cross-sectional wrist diameter dimensions that were used for the arm cast to create a piece that

would fit perfectly with the printed cast body. This file could not be 3D printed due to the

complex geometry of both the hand and the resulting shape of the model as well as its inability to

be printed in one piece with the arm cast due to the combined height exceeding the limits of the
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printing bed. Overall, the hand portion of the cast was created and can be seen in the figure

below.

Figure 17: Proposed Hand Portion To Be Attached To Cast Body

6.4 Further Testing

For the continuation of the project in the future it is critical to acquire specific data on

long term durability of the cast. One measurement important to consider is the creep factor of the

tightening mechanism on the TPU material. Creep deformation measures the tendency of a solid

material to undergo deformation after a long period of a time due to mechanical stress. The

tightening mechanism constantly puts stress on the material when it engages the motor to achieve

different pressure values within the cast. Steady state creep can be calculated using the equation:

Creep Rate = 𝐴𝜎𝑛exp(−𝑄RT)

This equation shows that “A” is a constant dependent on the material and creep

mechanism, “n” is an exponent dependent on the creep mechanism, “R” is the gas constant, and

“𝑄” is the activation energy of the creep mechanism. Along with creep, further material testing is

needed in order to justify that the TPU is protective and comparable to the use of plaster or

fiberglass for casting protection.
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Alongside further material testing, it is also important to consider long-term functionality

of the smart cast. Testing when wearing the short arm cast typically had a duration of one hour of

wearing before the cast was taken off. An injured patient would need constant fixation of the

wrist for appropriate recovery and wears a cast for about 6-12 weeks. If possible further testing

with patients who can wear the cast for longer periods of time will help provide more analytical

data of the functionality and effectiveness.

Lastly, the smart electromechanical equipment can be further tested for optimal usage.

There is a slight delay when the pressure sensors and Arduino communicate the signals to one

another, which affects the speed that the motor to spin and tighten the cast appropriately.

Changes to the code and sensor placement can improve the delay time making the cast more

efficient to use overall. Additionally, there are unused pins in the Arduino controller used that

allow for up to 4 more strain gauge being able to connect to it. This in turn, can establish a more

appropriate baseline and more accurate pressure data within the cast that will also improve the

effectiveness of the smart arm cast.

7.0 Broader Impacts

This chapter outlines the parameters and motivating elements of the project based on the

impacts of people, culture, the environment, and economics. It is important to consider these

factors which stress the significance of the product created and how it can be critical to the world

we live in today based on the function, manufacturing, distribution, and any other relevant aspect

of our smart wearable cast device.
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7.1 Engineering Ethics

It is critical to consider the engineering code of ethics policy produced by the American

Society of Mechanical Engineers (ASME) during the advancement of the smart wearable device

project. These policies ensure that the work of engineers alike ensures and honors the integrity of

the engineering profession through practices of human safety, knowledge, impartialness, and

innovation. This ensures the betterment of society as a whole where the work of engineers should

only aim to improve and assist the population today. In comparison to the smart wearable cast

project, it was always considered how we can ensure the safety and replication of the

protectiveness of a human arm cast while also expediting the convenience and quality by

incorporating the use of sensors to allow it to work autonomously. Using engineering principles

based on material science and research, electrical and computer engineering, and computer-aided

design, the engineering team of this project was able to use these areas of expertise to create a

functional model of the protective smart cast device. It was made sure to abide by all the policies

of sustainability of material due to the ability to reuse this device, improve the overall quality of

healthcare of patients due to its ability of efficiency in securing the human wrist for fractured

arms, and only worked within reason in areas of competence to get each task done appropriately

and effectively.

7.2 Societal Impact

The smart arm cast will be beneficial to all patients seeking medical attention for

arm-related fractures. This area is significant in the healthcare industry where people of all ages

regardless of age, sex, or lifestyle could be affected. According to journal articles from the

National Library of Medicine, in the United States alone, it was projected that the national

average of fractures was supposed to increase to over 3 million cases by 2025 (Amin et al.,
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2014). Statistics also show that arm-related fractures occur in 1 out of 100 children and are most

common for children ages 5 to 14 years old to account for the highest percentage of arm

fractures at a staggering 34% (Rafi and Tiwari, 2023). This project prioritized the safety of users

by incorporating sensors to monitor the heart rate and blood-oxygen levels during the healing

process and help prevent further movement around the injury by fixation of the wrist. Millions of

people have the potential to be treated with a form of casting making this project incredibly

important for providing efficient protection with new technology.

7.3 Global Impact

Due to the accessibility and ease of use with the Smart Arm Cast, the effectiveness of this

product would not change if used by a patient in a different region of the world . Due to the

minimal interference on the patient’s body, with its primary function of arm compression during

fractures and secondary of recording a patient’s heart rate, the cast is usable by patients across

the spectrum of race, gender, sex, or culture. Along with this, the cast itself is reusable across

patients, allowing healthcare providers in regions of limited access to outside assistance to use

the cast across multiple patients over time. This however, can only be accomplished by the

maintenance of cast and its equipment, bringing the issue of material availability in other regions

of the world into consideration. With the use of the electrical and wiring equipment, damage to

just one of the pieces could render the cast unusable without repairing or replacing the part. This

could become an issue should a region cannot gain access to the base parts used in this project.

Furthermore, the use of electrical equipment and the need to 3D-Print the cast itself could

become an issue if a region does not have access to either a 3D Printer or the TPU filament to

make the cast model.
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7.4 Environmental Impact

During the design process of the cast, a more sustainable approach was taken when

considering the kinds of materials that would be used while also having properties such as

durability, flexibility, and eco-friendliness. According to the ICP DAS- Biomedical Polymers,

the professional provider of medical thermoplastic polyurethane (TPU) stated that TPU is a

recyclable material that can be reprocessed, minimizing environmental impacts with less amount

of waste generated and that it also reduces the carbon footprint and promotes stability (The

Professional Provider of Medical TPU, 2021). Additionally, this project impacts the environment

by requiring a significant amount of energy due to the wiring of the sensors, motor, and Arduino

which can evidently contribute to carbon emissions, but in a more beneficial way having a

well-functioning smart cast, it can limit the number of visits that are taken to a health facility

mitigating the risk of carbon emissions and environmental harm.

7.5 Codes and Standards

Considering various codes and standards held by professional and standardization

organizations is significant in all engineering initiatives, and proved to be utilized and effective

during the development of a smart wearable arm cast. Some of the key references to codes and

standards that have been published are the Code of Ethics from the ASME, the International

Organization for Standardization (ISO), the American Society of Testing and Materials (ASTM),

and the Institute of Electrical and Electronics Engineers (IEEE). Specific standards referenced

were general details explained from the Standard Guide for Evaluation of Thermoplastic

Polyurethane Solids and Solutions for Biomedical Applications published by the ASTM. From

this, there is a standard that approves Thermoplastic Polyurethanes to be designed and molded

into specific shapes that can be used in biomedical applications. This reference serves as a
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standard held by the team for the use of the TPU to be used in the method we intend to. A smart

wearable cast is an appropriate method of using the material to help the healthcare industry and

aid us in the project. Other significant standards that help guide the nature of the smart wearable

device project is the IEEE Standard for Wearable Consumer Electronic Devices--Overview and

Architecture. Standards that proved helpful are “4.1 Medical Devices” and “6.2.4.2 Technical

requirements.” Standard 4.1 provides a brief overview on the implementation of consumer

electronics in medical devices. One of the devices approved for medical applications is sensors

providing biometric data such as blood pressure and heart rate. This provides assurance that the

use of sensor technology such as the MAX30102 pulse oximeter combined with the LCD is free

to use for biomechanical purposes in our wearable device project. Additionally, standard 6.2.4.2

provides general guidelines for the use of wearable devices for mechanical electrical, electronic,

programmable electronics, and software purposes. This guide delves deeper in the protection of

users and patients with safety priorities and precautions (IEEE, 2022). Because the project deals

with the utilization of smart electronic equipment such as sensors and a mechanical motor, it is

important to consider all regulations that involve wearable consumer electronics and how to

implement them safely.

7.6 Economic Factors

The economic impact of the smart arm cast goes beyond the realm of healthcare and

potentially benefits various stakeholders and sectors of the economy. In the midst of this impact

it is important for patient outcomes to improve and for the efficiency in treatment of an arm

injury to enhance which leads to cost saving for insurers and the healthcare systems. The

materials that this product consists of are two flat pressure sensors that costs $6.06 each, an

Arduino costing $23.01, a servo motor that costs $5.95, a pulse oximeter sensor that costs $7, a



47

rechargeable battery power supply costing $12.99, an circuit push button costing $0.10, the

liquid crystal display costing $5, additional breadboard wires that cost $6.98, and the cotton sock

that cost $6.92. By incorporating these products and materials in the smart arm cast it provides

unique advantages with access to new technology and data for patients. According to SainSmart,

a nationally recognized brand who manufactures 3D printers and filaments, the average cost of

TPU filament is $29.99 for 0.8kg, meaning it has a cost of $37.48 per kilogram (SainSmart,

2024). The average specific gravity of TPU is 1.33. With this information given, the following

equation calculating the cost of TPU filament per cubic inch can be used:

𝐶𝑜𝑠𝑡

𝑖𝑛3 =  16. 39 𝑐𝑚3

𝑖𝑛3 · 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐺𝑟𝑎𝑣𝑖𝑡𝑦 · 𝐶𝑜𝑠𝑡
𝐾𝑔 ·  1

1,000 · 𝐾𝑔

𝐶𝑚3

The total cost per cubic inch of TPU filament is $0.817. The overall cast structure volume

measures 20.3235 cubic inches, meaning that to print the short arm cast out of TPU is $16.66.

The totaling cost of equipment and complete assembly of the smart cast is $96.73. According to

a journal article that evaluated research on the cost of materials for immobilization casting on

behalf of the Association of Military Surgeons of the United States (ASMUS), they found that

the cost of casting to treat short arm fractures with plaster of paris was $12.90 and $15.90 when

using fiberglass (Kowalski et al., 2002). Although the average price for treating arm injuries is

currently less than the proposed smart cast model, the overall quality and efficiency of current

casting methods lack value due to the incorporation of new technology that provides biometric

data to the patient and autonomous fixation.
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8.0 Conclusion

The servo and sensor enhanced smart arm cast delves into a new world of opportunities

within the healthcare industry by supplying injured patients with an alternative casting method

that incorporates technology and differing materials not currently being used for optimal and

autonomous immobilization. The effects of this device are endless with an average of millions of

arm-related fractures happening year round in the United States alone. With the use of equipment

such as strain gauge pressure sensors, a pulse oximeter sensor, an Arduino Nano R3, a liquid

crystal display, a servo motor, nylon fisher wire, a PLA fabricated pulley wheel, battery power

source, a miniature breadboard, and additional circuit wires, a functional cast made of

Thermoplastic Polyurethane (TPU), a unique material with qualities making it durable for

protection and flexible to tighten and loosen, can be assembled and function to fixate an injured

patient’s wrist on its own while supplying the user’s heart rate. One generated device was created

and assembled for initial testing that proved possible performance and accurate pressure readings

within the smart cast. Baseline testing consisted of code and sensor calibration, max tension and

torque readings, and short term performance of the entirely assembled cast. These tests provided

data that gave insight on optimal design of the cast body and tightening mechanism, as well as

casting light on future work and recommendation for the continuation of this project. This

project considered the basic needs for an alternative short arm cast and proved the possibility of

creating a smart device accessible to injured patients that could functionally tighten and loosen

based on pressure and heart rate.
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Appendix A: Arduino Code Used in Project

Primary Casting Code:
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Strain Gauge Calibration & Testing
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Pulse Oximeter Calibration & Testing
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LCD Testing
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Servo Motor Range Sweep Testing
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Appendix B: CAD Iterations of Cast Main Body

Original SolidWorks Assembly Model of Smart Cast with Three Layers

2nd Layer Iteration with Dovetail Slots for 3rd Layer Outer Shell
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Original 3rd Layer Outer Shell with Dovetail-Shaped Connections

Second Layer Iteration with Dovetail Slots, Tightening Walls, Bottom Loft, and Motor Slot
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Cast Body Iteration with Removed Dovetails Slots and Updated Motor Case

Cast Body Iteration with Updated Bottom Loft and Added Casing for LCD and Button
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Appendix C: Arduino Equipment Spec & Data Sheets

Arduino Nano
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Tower Pro Servo Motor
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Flexiforce Strain Gauge
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Max 30102 Pulse Oximeter
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16x2 LCD Display
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