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 People with broken bones suffer from symptoms of muscular atrophy as a 

result of a lack of movement, so it was necessary to find effective solutions 

due to the relative pain they cause and the difficulty of movement after 

healing. In this paper, we proposed a smart splint made of nickel-titanium 

shape memory alloys (SMA) wires. These alloys have unique properties 

compared to other materials, the most important of which is maintaining the 

original shape during manufacturing at a certain temperature. Temperature, 

pressure, as well as humidity, were analyzed and monitored while the patient 

wore the splint to reach the best possible results by using a microcontroller. 

The results showed that there was a significant improvement for the muscles 

in a short time when using the proposed splint, as the percentage of qualified 

muscle recovery increased by more than 70% when using the usual splint.  

The wires used had an effective role in rehabilitating these muscles by 

performing a permanent local massage. due to the different diameters of these 

wires, a different response to temperature change was recorded. 
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1. INTRODUCTION 

New industries based on inventions have witnessed tremendous growth due to the reliance on 

industrial progress and artificial intelligence. This led to a revolution in the manufacture of materials and 

outstanding results in terms of the speed of production, low costs, and product quality [1]–[7]. Recently, this 

new concept of manufacturing has been applied in the medical field, or as it is called, medical device 

technologies or bioengineering [8]. Because of these unique properties of the new materials, manufacturing 

technologies have allowed improving the tools and devices used in medicine, especially in the field of 

orthopedic and maxillofacial surgery, in terms of ease of use and the possibility of using the product more than 

once in addition to ease of cleaning and the rest of other biological properties [9]. 

The use of technology in medical devices such as microchips, communication systems, and 

programming has made it easy to monitor important vital parameters [10] of the patient such as temperature 

and pressure [11]–[14]. It is now possible to send these parameters to an application that works using a mobile 

device quickly and quickly and compare the results with the database or send them to the doctor without 

referring the patient to a competent clinic to see the extent of the development of the case. Smart splints can be 

included in the field of medical care using the internet of things (IoT) [15], [16], as it has been proven that the 

use of IoT allows the exchange of data through communication between the network and the devices and 
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sensors [17], which will reduce the cost of materials and the speed of response of the medical staff, in addition, 

to complete satisfaction by the patient [18]. Shape memory alloys (SMAs) are defined as a group of materials 

that can reach a predetermined shape or size once subjected to an appropriate thermal procedure throughout 

the production process of the designed material [19]. This has been proven by many previous literary studies 

that studied the properties of shape memory alloys [7], [20]. The idea of designing an intelligent splint with 

different features has recently attracted many researchers because of its importance in developing methods and 

reducing the treatment period for patients with various fractures [21]–[25]. In the following paragraph, we will 

present some of the essential previous literary studies in which researchers designed new systems on this topic. 

In March 2020, Al-Sawaff et al. [26], designed an electromagnetic field nickel-titanium (Ni-Ti) based 

smart splint. This splint contains three nickel-titanium wires of different diameters, each of these wires is 

connected to a constant current source. They proved through practical experiments that the electric current 

applied to the fracture area was effective in accelerating the healing process of the fractured area. In addition 

to the other unique specifications of the nickel-titanium wires, they were able to use them to reduce post-

fracture symptoms such as atrophy of the surrounding muscles and stiffness of tissues and tendons in the 

fracture area. 

In the same year, Burgo et al.  [27] designed a smart splint using 3D printing techniques and based on 

microcontrollers. This smart splint can monitor vital variables such as pressure, temperature, and humidity in 

the area around the fracture to control them in a short time in case of any emergency. This splint allows readings 

to be taken from the skin immediately after it is placed or the skin comes into contact with the splint. In the 

same context, the authors presented another design for a smart splint based on 3D printing, where their design 

could add any electronic sensor that works by a battery in order to monitor several biological variables in the 

fracture area such as pressure, temperature, and change in the color of the surrounding tissue. They showed 

that it is possible in the future to link this cast with an algorithm that predicts future variables and compares 

them with previously stored data [28]. 

Also, Li et al.  [29] presented a model of a smart splint manufactured using 3D printing techniques 

that can sense the changing pressure in the fracture area in order to detect the area of looseness in the cast and 

display the results on a screen attached to the splint. This splint can also measure the temperature in all cast 

areas through a temperature sensor that connects the cast to the patient's skin. In this paper, we designed a 

smart electronic splint made of a nickel-titanium alloy that can measure and detect vital variables in the fracture 

region such as temperature, pressure, and humidity. In addition, this splint has the ability to make stimulate the 

muscles and tissues of the area under the influence (the leg was taken as a case study) using the shape memory 

property of this alloy. 

 

 

2. MATERIALS AND METHODS  

2.1.  Design of the proposed splint 

In order to obtain the best possible specifications when designing the smart splint, the fiberglass 

material was used to be the basic building block in the manufacture of the smart splint due to the unique 

specifications that distinguish this material from others [30], the most important of which is the lightweight to 

compensate for the weight of other electronic components that we need such as the microcontroller and the rest 

of the other sensors. The splint made of fiber-class material is also considered better than other splints because 

this material is characterized by high permeability and high ventilation specifications [31]. The nickel-titanium 

alloy wires are placed on the splint in a square shape shown in Figure 1. Note that we have used three diameters 

of the alloy wires in order to raise the temperature range affecting the form of the wire when the transformation 

process occurs [32]. The wiring between the sensor and the circuit board is hidden in grooves.  

The transformation is usually known as "martensitic transformation (MT)" while heating the sample 

from the low-temperature martensitic dimension, the transformation of solid solution into primary solid 

solution starts at the given temperature austenite starting point (As) [33]. The transformation is ended at the 

known temperature austenite finishing point (Af) [34]. At this known temperature, the complete sample is made 

over again into the first solid solution phase, in the same way [35], while cooling processes from the high-

temperature austenite dimension, phase transformation austenite into martensite begins at the fixed temperature 

martensite start (Ms) and finishes at martensite finish (Mf) [36]. This is the basis for the work of the nickel-

titanium alloy wire, as it returns to its original shape on which it was manufactured when it reached the 

appropriate temperature. In order to mention, we used three different diameters of wire, as we mentioned 

previously in Figure 1 and Table 1, to ensure that a simple, distinctive movement remains for the splint 

surrounding the fracture area and to give an appropriate massage to it, which helps not to numb the area of 

atrophy in the surrounding muscles. Figure 2 shows the phase transition mechanism of the nickel-titanium 

shape memory alloy (SMAs). 

The fact of the matter is that there are many difficulties in measuring the temperature of the wire due 

to its small diameter and the condition surrounding the wire. Therefore, the heat transfer analysis [37] of the 
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wire was carried out using the heat transfer equation for convection with a mass coefficient and Brinson’s 

model to describe the thermomechanical behavior of the SMAs, as the convection determines the equation of 

the heat transfer model and the average value of heating and cooling [37]. It is worth noting that the main 

parameters in this equation are applicable in engineering calculations and can also be easily determined by 

typical engineering experiments. First, we separate the volume fraction of martensite (𝜉) into components due 

to stress (𝜉𝑠) and temperature (𝜉𝑇) such as (1). 

 

𝜉 = 𝜉𝑠 + 𝜉𝑇 (1) 

 

Also, the unit of elasticity (E) has been assumed as a linear function of the martensitic volume fraction: 

 

𝐸(𝜉) = 𝐸𝐴 + 𝜉(𝐸𝑀 − 𝐸𝐴) (2) 

 

where ME and AE are martensite and austenite phase moduli of elasticity, respectively. The simplified form 

of Brinson's constitutive equation allows using a more compact form: 

 

𝜎 = 𝐸(𝜉)(𝜀 − 𝜀𝐿𝜉𝑠) + 𝜃(𝑇 − 𝑇0) (3) 

 

where σ is the stress, ε is strain, and T is the temperature of the wire. Also, θ is the thermal coefficient of 

expansion, T0 is the initial temperature, and Lε is the maximum recoverable strain. The constitutive model tried 

to find the martensite fraction as a function of stress and temperature [38].  

 

 

 
 

Figure 1. The internal and external shape of the proposed smart splint 

 

 

Table 1. The mechanical parameters for SMAs wires used 
 Diameter 

(mm) 

Tolerances 

(mm) 

UST 

b MPa 

Elongation 

% 

Upper Plateau Stress 

load MPa 

Permanent set after 

6% strain % 

Active Af  

C 

1 2.001.00  0.015 1300  10  480  0.5 0  +20 

2 1.000.35  0.010 1150  10  440  0.5 +10  +24 

3 0.260.35  0.007 1000  10  440  0.5 +20  +30 

 

 

  
  

Figure 2. Temperature–transformation curve for a specimen subjected to one cooling–heating cycle, and 

four characteristic temperatures As, Af, Ms and Mf of the phase transition process 
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2.2.  Monitoring system  

Our goal in this research was to design an electronic splint that can monitor some vital variables 

important to the injured area during the healing process. For this, we used a microcontroller [39] of the Arduino 

nano type because of its unique specifications and qualified at the same time for the proposed splint [31]. We 

also used pressure AMS 5812 AN02 sensor [40], temperature, and humidity DHT11 sensors [41] to monitor 

these important parameters during the healing process. The Arduino nano Figure 3  the new ATMega328 

microcontroller and Arm's Cortex M0+ power-saving processor, which doubles the flash memory size and 

gives the processor a higher speed. Also, this type of Arduino is characterized by containing microchip's core 

independent peripherals (CIP), and its small size characterizes it compared to the rest of the other 

microcontrollers used in this field, which made it more suitable than others in our research project [41]. 

 

 

 
 

Figure 3. Arduino NANO pin out 

 

 

The AMS 5812 pressure sensors (Figure 4) are high-precision sensors with two different outputs, the 

first one is analog, and the second one is 12C digital. The analog supply potentiometer is from 0.5 to 4.5 volts 

and provides pressure measurement data. On the other hand, the digital output can take measurements of 

pressure and measurements of temperature. This output was not used in our research, where we used another 

sensor to measure the temperature.  

 

 

 
 

Figure 4. AMS 5812 pressure sensors 

 

 

The pressure sensors in the AMS 5812 series combine a high-quality piezoresistive silicon sensing 

element with a modern mixed-signal CMOS ASIC for signal-conditioning on a ceramic substrate. This enables 

a low total error band, excellent temperature behavior, and high long-term stability, as in Figure 5. Where 

Figure 5(a) illustrates the functional description for the analog ratio metric voltage output only, it is sufficient 

to connect PIN2 (GND), PIN7 (VCC), and PIN8 (OUT). To read the digital output only, it is enough to connect 

PIN2 (GND), PIN7 (VCC), and Figure 5(b) illustrates the electrical connection of the I2C-bus lines to PIN4 

(SDA) and PIN5 (SCL). 
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(a) (b) 

  

Figure 5. Pressure sensors in the AMS 5812; (a) functional description and (b) electrical connection 

 

 

DHT11, shown in Figure 6 is a temperature and humidity sensor with four pins-VCC, GND, data pin, 

and a not connected pin. DHT11 sensor consists of a capacitive humidity sensing element and a thermistor for 

sensing temperature. The humidity sensing capacitor has two electrodes with a moisture-holding substrate as a 

dielectric between them. Change in the capacitance value occurs with the change in humidity levels. The 

process changed the IC measure’s resistance values into the digital form [42]–[44]. This sensor uses a negative 

temperature coefficient thermistor for measuring temperature, which causes a decrease in its resistance value 

with an increase in temperature. 

 

 

  
  

Figure 6. DHT 11 temperature and humidity sensor 

 

 

3. RESULTS AND DISCUSSION  

After completing the process of manufacturing the smart splint and connecting the nickel-titanium 

alloy wires, programming the microcontroller board, and designing the electronic circuits necessary to connect 

the sensors to the microcontroller begins. Considering that the data obtained from the microcontroller can be 

received by direct connection between the microcontroller and the PC or by using bluetooth and Wi-Fi 

previously connected to the microcontroller. It is crucial to monitor data coming from temperature, pressure, 

and humidity sensors in the area of injury during the period of use of the cast. The circuit structure block 

diagram is shown in Figure 7. A Li-ion battery [45] powers the entire circuit, where the output voltage for other 

circuits is regulated at 3.7 V in the power supply circuit. 

 

 

 
 

Figure 7. The proposed splint’s microcontroller block diagram 
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Figure 8 shows the relationship between the temperature taken from the temperature sensors attached 

inside and outside the splint during a specific period. The results showed that the temperature inside the splint 

was varied, where values were recorded between 33-36.3 C. This discrepancy is because the sensor inside the 

splint was not in direct contact with the skin, as there was an air gap of 4 mm. On the other hand, the second 

sensor placed on the surface of the splint recorded values 3 C lower than the first sensor. After taking the 

average temperatures between the first and second sensors, the change in the temperature of the splint can be 

measured, which is very necessary for the operation of the paper heaters connected to the cast in order to 

maintain a constant temperature throughout the treatment period. 

 

 

 
 

Figure 8. Temperature graph for the inner and the outer sensors 

 

 

It should be noted that the temperature sensors were connected to three different locations (shown in 

Figure 1), each location representing one of the used nickel-titanium alloy wires, but with a different radius. 

The results showed that there is a very slight difference between the percentage of temperature variable 

recorded at each wire when compared with each other which proves that the heat transfer process is not affected 

by the dimensions of the wire used. Knowing the amount of moisture inside the splint is very important, 

especially in cases that have undergone surgery or an injury in addition to a fracture, as humidity plays a 

significant role in the spread of pathogenic bacteria that cause many types of skin infections at the injury site 

[46]. Figure 9 shows the humidity value inside and outside the cast taken from the humidity sensor [47] 

connected inside and outside the splint, the results showed a slight difference in the indoor humidity values 

over time, and these values are known to be changed according to the physiological nature of the human being 

in terms of sweating and other environmental conditions. In our research, it was also necessary to know the 

moisture value inside the cast in order to operate the attached paper heaters to stabilize the moisture value 

throughout the treatment period. 

 

 

 
 

Figure 9. Humidity graph for the inner and the outer sensors 
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The purpose of attaching paper heaters in our project was to control the temperature inside the cast in 

the first place, as the change in temperature inside the cast is necessary to stimulate the nickel-titanium wires 

to carry out the thermal transformation process and thus expand and contract automatically, which helps to put 

some pressure on the muscles and tissues surrounding the fracture area and thus continuous massage of the 

affected area. Also, we used an AMS 5812 pressure sensor with a surface area of 1 cm2. Figure 10 shows the 

average pressure inside the cast, where the graph shows that the value of the pressure applied to the fracture 

area by the cast is 58 gf/cm2, which is the pressure needed to stabilize the bone and joint that suffers from the 

fracture in its usual position without moving. In order to know the effect of pressure inside the cast on  

the affected area, we simulated the presence of swelling in one of the affected areas and under the splint 

excitation. During the period between the 10th and the 16th minutes, we noticed that during the increase in the 

pressure inside the cast by applying an external force, the pressure exerted inside the cast changed to a value 

of 95 gf/cm2. By referring to the actual situation, the specialist can know the presence and location of swelling 

inside the injury area by taking advantage of the change in the internal pressure values inside the designed cast. 

 

 

 
 

Figure 10. Pressure graph for the AMS 5812 pressure sensor 

 

 

4. CONCLUSION 

For more than half a century, research has been ongoing on humans and animals in order to reveal the 

relationship between the change in temperature patterns and medical conditions, as the change in the 

temperature of any area of the body is usually caused by cell metabolism or local blood flow. On the other 

hand, with some disease processes or during the stages of new bone formation or repair of fractures, a 

noticeable decrease in the surface temperature of the affected area may occur. The previous projects focused 

on the manufacturing of various splints for better bone fixation and monitoring the biological changes 

accompanying the healing process. The fundamental difference between our proposed splint and other projects 

is that this splint can detect and monitor all the different vital changes and greater fixation of the fracture in 

addition to maintaining the permanence of the internal movement of the muscles and surrounding tissues 

through the use of the SMA wires, which led to a shortening of the process of rehabilitation for the injured area 

after recovery in a record time, which makes it suitable for optimal use by athletes and people who need quick 

rehabilitation to practice their daily activities. In the case of using a traditional medical splint for any part or 

broken bone, the weight of this splint may lead to severe problems, in addition to the difficulty of washing and 

bathing, which may lead to pathological or physical problems of the skin in the area surrounding the broken 

bone. It is one of the most important daily problems that orthopedic patients suffer from. 

This study presents a design for an intelligent splint that can detect and sense the change in 

temperature, humidity and pressure applied to the affected area for a certain period determined by the doctor 

in order to discover potential problems in the area of injury during the treatment period, where the data taken 

from the sensors can be collected. These data can be stored and then compared with the database to monitor 

the development of the situation. In addition, nickel-titanium alloy wires, which are the backbone of the 

proposed splint, were used to activate and stimulate the tissues and muscles surrounding the broken bone. We 

used three types of these wires with different diameters. The reason for this is that these wires gave results 

different from each other depending on the radius of the cross-section of the wire through the ability of the 

memory of this alloy to restore its original shape after the removal of external influence, in addition to a group 

of paper heaters that are used to balance the temperature or humidity inside the cast according to the patient's 
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need, which will cause local stimulation and massage of the injury area throughout the treatment period and at 

different temperatures. Furthermore, this proposed splint can be developed, and several other sensors added, 

as needed, to draw a thermograph or the like for the area under the splint and more accurate monitoring. 
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