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ABSTRACT 

 

There are currently lack of assistive devices connected to internet-of-things 

(IoT), which enables precise real-time, and remote control and monitoring of 

the patients during finger fine motor rehabilitation. This study aimed to enhance 

existing hand therapy tool by developing a portable, cost-effective (RM 383.29), 

lightweight (500 g) and remotely controllable active assistive hand orthosis 

(AHO) to enhance fine motor training of fingers. The AHO was designed to 

assist in actuating flexion-extension movements of all 4 fingers and thumb in 

the metacarpophalangeal (MCP) joint, and grasping movement. The mechanical 

frame was designed using computer-aided software (CAD) and additive 

manufactured with polylactic acid (PLA) filaments. The functional components 

include inertial measurement units (IMUs) that measure the range of motion of 

the index finger and thumb; servo motors that enable precise linear actuation in 

performing specific finger and thumb movements; a microcontroller as the 

control system; and a simple Internet of Things (IoT) user interface that aid the 

therapists in monitoring rehabilitation progress of individual patient during 

home-based rehabilitation, as well as controlling the exoskeleton remotely. This 

AHO can perform 4 fingers flexion/extension and thumb flexion/extension on 

subjects with various hand sizes (15.5 cm to 18 cm) consistently with a low 

standard deviation (SD < 10), and it can aid on users’ grip strength with a 

percentage increase of 16.86% and 14.09% of index finger and thumb 

respectively. Experimental outcomes showed that the AHO was able to acquire, 

display and store relevant data accurately when assisting participants to perform 

repetitive flexion/extension movement and practice grasping on objects of 

various shapes and sizes. This proof of concept demonstrated the AHO can 

assist and has the potential to improve the effectiveness of fine motor trainings 

in hand and finger rehabilitation, besides providing more convenience to the 

users and therapists. 
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CHAPTER 1 

 

1 INTRODUCTION 

 

1.1 General Introduction 

People with fine motor disability on fingers face difficulties in performing 

precise and coordinated movements such as finger flexion/ extension, finger 

abduction/ adduction, and opposition/ reposition of thumb (Rad, 2023). This can 

impact their activities of daily living (ADL) like writing, drawing, buttoning 

clothes and more. Fine motor skills involve smaller and more precise 

movements using hands and wrists, whereas for gross motor skills, it involves 

coordinated movements of larger muscle groups and the whole body such as 

sitting, standing, walking, jumping, running and more, it involves leg muscles 

like quadriceps, hamstrings, calves and more (EJ Therapy, 2019). Besides that, 

people with fine motor disability hinders gripping, pinching and precision 

movements like flexion and extension of fingers (Enabnit and Warren, 2023). 

Various conditions such as cerebral palsy, traumatic brain injury and 

more can lead to fine motor disability by damaging brain regions responsible in 

coordinating and control finger movements such as motor cortex, posterior 

parietal cortex and cerebellum. This disrupts brain signals which affects the 

brain’s ability to communicate with the muscles involved in finger movement 

and these muscles are unable to contract and relax properly (Levin et al., 2009). 

Muscles involved in fine motor skills on fingers are mainly located on the upper 

limb like forearm extrinsic muscles like flexors, extensors, intrinsic muscles 

hand muscles like thenar and hypothenar muscles, and others like lumbrical 

muscles, palmaris longus and more (Physiopedia, n.d.). Therefore, these 

individuals would experience hand muscle weakness, spasticity, dystonia, loss 

of coordination, loss of dexterity, numbness on hand muscles and tremors as 

those seen in individuals having Parkinson’s disease (Mayo Clinic, n.d.). 

The motor cortex located on both sides of the brain, is responsible for 

planning and coordinating finger movements by sending signals to specific 

muscles to signify them to contract. The left motor cortex controls the right side 

of the body, and the vice versa (Cunnington, 2016). Moreover, people with 

stroke can have hemiparesis (Cleveland Clinic, 2023), that causes fine motor 
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skills disabilities only on one side of the body. This causes coordination problem 

between the movement of left-and right-hand fingers (Cunnington, 2016). This 

is due to stroke often damages the motor cortex on opposite side of the body’s 

movement (Cleveland Clinic, 2023).  

Moreover, people with bone fractures and dislocations have swelling 

on the affected areas and this causes the finger’s bone alignment to be altered 

and joints to be unstable, which affects their finger movements. Furthermore, 

people with soft tissue injury burns and finger infections can cause tissue to be 

damaged, which disrupts finger structure and changes skin integrity that affects 

their finger movements (Tarr, 2022). 

 Therefore, individuals with fine motor disability in their fingers who 

are undergoing post-stroke and trauma injury recovery, having genetic disorders 

and others, require fine motor skills training to regain and improve their fine 

motor control, coordination, strength and dexterity of their fingers, to enable 

them to properly perform daily tasks with their fingers again. There are various 

ways of performing fine motor skills trainings. One way in performing fine 

motor skills rehabilitation is to attend occupational therapy sessions by 

performing hand and finger exercises like ball grip, pinching objects, gripping 

and grasping objects, opposition exercises and more to improve on pinch force 

and grip strength (Enabnit and Warren, 2023). During occupational therapy 

sessions, daily activities involving fine motor skills such as grooming, feeding 

and getting dressed are practiced. Furthermore, home exercise programs are 

developed by the occupational therapist using household items to allow 

participants to practice fine motor skills training independently at their homes. 

Occupational therapy differs from physiotherapy where occupational therapy 

focuses on fine motor skills enhancement and regaining them back, whereas 

physiotherapy focuses on gross motor skills to enhancement and regaining them 

back (Shea, 2021). 

However, occupational therapy has some limitations such as high costs, 

time commitment and varying effectiveness for individuals (Painscale, n.d.). An 

alternative way is to use assistive devices designed to assist in fine motor 

training, which can be beneficial over occupational therapy as it offers precise 

support tailored to suit the user’s individual fine motor skill training 

requirements unlike occupational therapy where it covers too wide range of fine 



3 

motor skills. Besides that, these assistive devices can provide instant assistance 

unlike occupational therapy which require gradual skill development to be 

carried out properly. Furthermore, using these assistive devices ensures 

consistent performance in practicing repetitive tasks unlike doing occupational 

therapy during fine motor skills training (Akyurek, et al., 2017). These assistive 

devices can help people with fine motor disabilities to improve and regain their 

dexterity, coordination and hand muscle strength, for activities requiring precise 

movements. Examples of assistive devices and aiding tools designed for fine 

motor skills training are adaptive utensils, pencil grips and writing aids, button 

hooks, and zipper pulls, adaptive scissors, video gaming tools, adaptive 

computer accessories, exoskeletons and more (Denslow, 2023). Advancements 

of technology can further enhance assistive devices to help individuals to 

perform fine motor trainings more effectively and easily. Examples of these 

technologies are specialised touchscreen apps, devices with brain-computer 

interfaces, virtual reality systems, speech-to-text software, gesture recognition 

technology, electrical simulation, robotics and more (Cowan, et al., 2012). 

This study involves the design and development of an active assistive 

hand orthosis (AHO), actuated by servo motors, to actuate specific and precise 

finger movements such as flexion and extension for the 4 fingers (index, middle, 

ring and small fingers) and thumb, and grasping. It contains sensors such as 

inertial measurement units (IMUs) to provide accurate biomechanical data such 

as the finger range of motion (ROM) and grip strength, and to perform 

assessments on fine motor training progress and the performance of the device. 

This wearable active AHO also integrates with an Internet of Things (IoT) 

platform and facilitated with a simple and user-friendly interface that the 

enhances effectiveness of fine motor training by allowing therapists to monitor 

the patient’s rehabilitation progress remotely and allowing therapist/patients to 

control it anywhere with ease. These two aspects are crucial for providing real-

time feedback and data on the patient's progress, which helps in tailoring 

rehabilitation programs, in particular in a home-based setting. 

 

1.2 Importance of the Study 

The assistive hand orthosis can provide repeatable finger flexion and extension 

movements so that individuals with fine motor disabilities can use it to further 
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enhance their fine motor skills training. Besides that, assistive hand orthosis is 

equipped with sensors that can provide precise and accurate biomechanical data 

to assess on the fine motor training progress. Moreover, the assistive hand 

orthosis is integrated to a user-friendly IoT platform, allowing the patients and 

therapists to control the device with ease, and allowing the data from its sensors 

to be collected remotely, so that therapists can monitor patients’ progression and 

provide targeted and customizable assistance to the patients based on the 

patients’ rehabilitation needs.  

 

1.3 Problem Statement 

People who experienced stroke, hand or finger bone fracture, hand muscles 

damage, brain injury and more often experience fine motor impairments in their 

fingers, impacting activities of daily living and overall hand functionality. 

Current rehabilitation methods for finger motor training may lack the precision 

and adaptability needed for addressing unique needs, and qualitatively track and 

evaluate the performance of individual patient for fine motor skills training 

(Basteris et al., 2014). Therefore, there is a need of an active assistive orthosis, 

that can measure biomechanical assessments accurately and precisely, so that 

therapists can use these data to provide targeted and customizable assistance 

during their fine motor skills training. Moreover, there are a lack of assistive 

devices that has an IoT user interface that allows it to be controlled with ease 

and allow remote control and sensor data visualisation (Maciejasz et al., 2014).  

 

1.4 Aim and Objectives 

The aim of this study is to develop an assistive hand orthosis integrated with 

accurate sensors and have an IoT user interface that helps individuals with fine 

motor impairments to undergo more effective fine motor skills trainings and 

improve in fine motor skills’ effectiveness, and to have remote control and 

sensor data visualisation. 

 

Objectives of this study: 

1. To analyse the current development in hand orthosis and commercial 

hand rehabilitation technology.  
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2. To develop a cost-effective, portable, lightweight and IoT-connected 

assistive hand orthosis with sensors that can measure biomechanical 

assessments accurately. 

3. To conduct performance assessments on this assistive hand orthosis.  

 

1.5 Scope and Limitation of the Study 

The scope of this study is to develop an assistive hand orthosis for actuating 

finger flexion and extension, thumb flexion and extension, and finger grasping 

movements only. Besides that, the prototype developed in this study is only 

suitable for the right hand and not on the left hand. Moreover, the servo motors 

were used as actuator force to drive the prototype. In addition, biomechanical 

parameters of interest in this study are finger ROM and grip strength of right 

index finger and thumb. Furthermore, the sensors on this prototype were only 

placed at the index finger and thumb because the movement of the index, middle, 

ring and small finger are all moved together for the prototype so their ROMs are 

very similar.  

 One of the limitations of this study is that it is unable to assist in other 

fingers like finger opposition, adduction and abduction. Another limitation of 

this study is that individuals with extremely big or extremely small hands may 

not be able to wear and use this prototype effectively. The third limitation of 

this study is that this prototype must be connected to a Wi-Fi network in order 

to be able to control it remotely and visualise the data collected by the sensors 

via its IoT user interface. 

 

1.6 Contribution of the Study  

The assistive hand orthosis (AHO) designed and developed in this study aims 

to assist individuals with fine motor impairments in performing repeatable 

specific finger movements such as 4 fingers flexion/extension, thumb 

flexion/extension and grasping so that they could practice these movement and 

eventually regain their finger mobility to perform ADL again.  

 In addition, the AHO is designed to be lightweight so that it can be 

easily carried around and be used anywhere when needed. Besides that, this 

AHO is cost-effective so that it is affordable for patients or therapists. The AHO 
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is adjustable so that it allows users with various hand sizes, wrist sizes and finger 

diameters to wear this AHO.  

Moreover, this AHO is also integrated with the Blynk IoT platform, 

which allows remote monitoring of sensor readings so that the physiotherapists 

can monitor the progression of the patient’s fine motor trainings anytime and 

anywhere with ease. This allows the therapist to supervise the patients’ 

rehabilitation progression more conveniently and flexibly. It has a user-friendly 

IoT interface on the Blynk IoT mobile app that allows patients to control this 

device easily without the therapists’ assistance. 

 

1.7 Outline of the Report  

Chapter 1 of this report is about the background information on this study and 

stating the problems on current assistive hand orthoses developed as well as the 

aims, objectives, scope, limitations and the contributions of this study. Chapter 

2 reviews on the types of actuators used in previously developed assistive hand 

orthoses, typical sensors, devices and sensors used to collect biomechanical 

parameters, the pros and cons on previously developed assistive hand orthoses, 

and the comparisons between previously developed assistive hand orthoses in 

several aspects. Chapter 3 illustrates on the prototype’s requirements, 

development process, system architecture, mechanical design conceptualisation, 

materials and components selections, circuit designs, IoT system. Chapter 3 of 

this report also delves into the biomechanical parameters to be collected on the 

prototype, the IMU calibration method, libraries used to program the 

prototype’s components and IoT system, and the experimental protocols on the 

performance assessments to be carried out on the prototype with the methods on 

the analysis of the data collected from these tests.  Chapter 4 discusses on the 

final prototype mechanical design, types of finger movements that can be 

actuated by the prototype, the prototype’s IoT user interface design, the 

prototype’s mechanical design changes and enhancements, code used to 

program the components and IoT system, and the results of performance 

assessments done on the prototype. Chapter 5 of this report discusses on the 

conclusions, limitations and future works of this study. 
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CHAPTER 2 

 

2 LITERATURE REVIEW 

 

2.1 Introduction 

This chapter delves into key information needed to know in order to design and 

develop an effective, safe and functional active assistive hand orthosis. Firstly, 

it covers on the various actuators that can be used to drive assistive hand 

orthoses, and the pros and cons of each of these types of actuators. Secondly, it 

discusses on the various sensors, devices or software that can be used to measure 

and collect biomechanical parameters to assess the performance of assistive 

hand orthoses. Thirdly, it explores on the pros and cons of the previously 

developed assistive hand orthoses to learn the positives and shortcomings of 

these assistive hand orthoses before designing and developing one. Lastly, it 

provides insights on the previously developed assistive hand orthoses and they 

were compared in terms of actuators and microcontroller used, the types of 

muscle movements they were involved in, the biomechanical parameters they 

had collected, and the sensors, devices or software used to collect these 

biomechanical parameters. Hence, these give us a better understanding on how 

to design and develop an active assistive hand orthosis. 

 

2.2 Types of Actuators  

In this section, the different types of actuators used to drive developed assistive 

hand orthoses such as electrical motors, pneumatic actuators, cable-driven 

systems, shape memory alloys and hydraulic actuators are discussed and 

compared.  

 

2.2.1 Electrical Motors 

Servo motors are a type of electrical motor that can be used to drive an assistive 

hand orthosis. An assistive hand orthosis called NOHAS developed by 

Mercyshalinie and co-workers (Mercyshalinie, et al., 2023), and a 3D-Printed 

Hand Exoskeleton Based on Force-Myography Control developed by Esposito 

and co-workers (Esposito, et al., 2022), are examples of assistive hand orthoses 

being actuated by servo motors.  
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 Servo motors are a type of electrical motor that converts electrical 

energy to mechanical energy to produce rotational torque and velocity based on 

the current or voltage supplied to them. They consist of a DC or AC motor to 

rotate the output shaft, a sensor (such as potentiometers and encoder) to measure 

the position, speed or torque of the output shaft, a gear assembly to adjust the 

revolution per minute and increase the motor’s torque, and a controller that 

provides feedback on the motor shaft’s position. A servo motor has 3 pins, one 

is the Vcc pin (the red wire) for current and voltage supply, ground pin (the 

brown wire) to ground for connection grounding and control pin (the orange 

wire) for motor control. The servo motor is controlled using Pulse with 

Modulation (PWM) signals, where input electrical pulses from the 

microcontroller are sent to the control wire. These pulses should occur every 20 

ms, with the electrical pulse width determining the degree of rotation of the shaft. 

For example, when the width of the pulse increases by 0.5 ms, the servo motor’s 

shaft rotates clockwise by 90 degrees. Servo motors can usually rotate between 

0 to 180 degrees. This is how servo motors are controlled (Apoorve, 2015). 

Based on research, servo motors are highly used as actuators for 

developed assistive hand orthosis. There are several reasons for this. Firstly, due 

to servo motors employ PWM control, this allows them to be controlled 

precisely which is ideal for actuating assistive hand orthoses that assist in fine 

motor skills that requires highly precise movements. Another reason is because 

they are small and lightweight, with a weight of 55 grams only (Cytron 

Technologies, n.d.b), so it minimizes the added weight to the assistive hand 

orthoses and this which easier actuation compared to other heavier electrical 

motors as lesser force is required for actuation. Its small size also makes them 

easy to attach to assistive hand orthoses, enhancing their suitability for actuating 

assistive hand orthosis (Heason, 2020). 

Linear motors, as shown in Figure 2.1, are also a type of electrical 

motor that can be used to actuate assistive hand orthoses. Examples of 

developed assistive hand orthoses that uses linear motors to drive them are an 

underactuated finger exoskeleton (Li et al., 2021), and Assistive Robotic Hand 

Orthosis (ARHO) (Farinha, et al., 2019).    

Linear motors are a type of electrical motor that produces linear motion 

by generating linear force along their length. They consist of a stator that 
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generates a magnetic field, and a slider with a coil that moves along its field, so 

when there are alternating current directions flowing through the coil, this 

allows the slider to move back and forth along the stator. The speed of linear 

motors’ movement can be controlled by the magnitude of the current flow 

through the coils (Electricity-Magnetism, n.d.b). Based on research, linear 

motors are also commonly used as an actuator for developed assistive hand 

orthoses. This is due to their ability to provide precise motion control, making 

them suitable in actuating assistive hand orthoses that assists in fine motor skills 

requiring highly precise movements (Electricity-Magnetism, n.d.b).  

 

 

Figure 2.1: A Linear Motor. 

 

In another report, an extra robotic thumb and exoskeleton robotic 

fingers (Ismail, et al., 2017), uses both linear motors and servo motors to actuate 

it. The linear motors on this device, actuates the linear motion of the four fingers 

of the exoskeleton and the servo motors on it actuates the rotative motion of its 

extra robotic thumb (Ismail, et al., 2017). 

 

2.2.2 Pneumatical Actuators 

A soft exoskeletal glove utilised pneumatic artificial muscles (PAMs), which is 

a type of pneumatic actuator, to drive their assistive hand orthosis (Skaramagkas, 

Andrikopoulos and Manesis, 2020).  

Pneumatic artificial muscles, also known as McKibben air muscles, as 

shown in Figure 2.2, consist of an inflatable inner bladder made with materials 

such as latex rubber, silicone rubber and more, enclosed in a braided mesh with 

clamps at each end. The inflatable inner bladder has to be thin for it to be more 

efficient as it requires less energy to stretch it, but excessive thinness of it can 
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cause it to be easily damaged during PAM contraction. The PAM’s braided 

mesh helps to convert radial expansion into linear contraction, while the end 

clamps hold the whole PAM together so that the mesh and the inner bladder 

would not slip during PAM contraction and relaxation and provides attachment 

points to attach the PAMs. A standard McKibben air muscle can contract 

linearly to approximately 25 percent, which is around 75 percent of its relaxed 

length (Soft Robotics Toolkit, n.d.).  

The change in the PAMs’ size, bladder stiffness and more can affect 

the performance of the PAM in its force exertion. Larger PAMs with greater 

diameters generate larger forces but requires more air, while increasing its 

original length can raise the contraction limit. Based on isometric testing of the 

PAMs, the force-pressure relationship of the PAMs is unaffected by its stiffness, 

with stiffer PAMs taking a longer time to reach a certain force. Plus, at the same 

air pressure, the less stiff PAMs can achieve higher contraction amounts and 

exert greater contraction force (Soft Robotics ToolKit, n.d.). 

 

 

Figure 2.2: A McKibben Air Muscle. 

 

PneuNets Bending Actuators are also a type of pneumatic actuator that 

can be used to drive assistive hand orthosis. A wrist rehabilitation exoskeleton 

(Fahaam, Davis and Meziani, 2016), and the ExoGlove (Yap, et al., 2015), are 

examples of developed assistive hand orthoses that are actuated by PneuNets 

bending actuators.  

PneuNets bending actuators are soft actuators developed by a research 

group at Havard University. It consists of a series of channels and chambers 
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inside a single and homogenous elastomer, typically made with materials such 

as latex rubber, silicone rubber and more, similar to those used in McKibben air 

muscles. When PneuNets bending actuators are pressurised, they inflate, which 

generates motion, with expansion happens in the least stiff areas of it and mainly 

on its thinnest structures. Designers can control their behaviour by adjusting the 

geometry of the embedded chambers, material properties of chamber walls and 

wall thicknesses to achieve the desired motion types (Soft Robotics Kit, n.d.). 

Based on research, pneumatic artificial muscles and PneuNets bending 

actuator are more commonly used to actuate assistive hand orthoses compared 

to pneumatic cylinders. This is due to PAMs and PneuNets actuator having 

much lighter weight and smaller size than pneumatic cylinder, with the PAM 

having a weight of 27 g per meter (Baiju, 2022), compared to a pneumatic 

cylinder which has a weight of 647 g per meter (RS Malaysia, n.d.), and this 

makes them easier to incorporate into devices without adding extra weight or 

requiring excessive contraction force. Moreover, PAMs and PneuNets actuators 

provide smoother operation compared to pneumatic cylinders because they lack 

sliding parts such as pistons (Baiju, 2022). However, PAMs and PneuNets 

bending actuators are more susceptible to being damaged especially when 

PAMs’ inner bladder and PneuNets’ elastomer material are too thin, unlike 

pneumatic cylinders, which are more robust (Soft Robotics ToolKit, n.d.). 

 

2.2.3 Cable-Driven Systems 

Cable-Driven systems use cables to transmit forces from other types of actuators 

such as linear motors, servo motors and more. Examples of developed assistive 

hand orthosis that were driven by cable-driven systems are a hand exoskeleton 

(Nycz, et al., 2016), and an electrooculogram-activated Wearable Soft Hand 

Exoskeleton (Shahid, et al., 2021).  

 For the hand exoskeleton developed by Nycz and co-workers, they 

used Bowden cables driven by the linear motors to actuate it. They chose to use 

Bowden cables for its actuation because of its cheap components, ease of 

construction and ease of compatibility with the linear motors. The push-pull 

Bowden cable transmission with linear motors as the actuator for the hand 

exoskeleton allows it to exert both tensile and compressive forces that allow 

finger flexion and extension.  
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 For the electrooculogram-activated Wearable Soft Hand Exoskeleton 

developed by Shahid and co-workers, they utilise a cable-pulley mechanism 

actuated by 2 servo motors. The cables are used to transmit the power of the 

servo motors to the fingers to drive finger flexion and extension. One servo 

motor is used to drive the pulley for finger flexion, while other one is used to 

drive the pulley for finger extension. In the soft hand exoskeleton developed by 

Shahid, et al., 2021, the cables are routed around the glove, and the pulley was 

3D printed with polylactic (PLA) material which is fixed at the end of the motor 

shaft.  

 

2.2.4 Shape Memory Alloys 

Shape memory alloys (SMA) are a type of actuator that can be used to actuate 

assistive hand orthoses. An example of assistive hand orthosis that uses SMA to 

actuate it is a SMA based wrist exoskeleton developed by Serrano, et al., 2018. 

The SMAs in the SMA based wrist exoskeleton developed by Serrano, et al., 

2018 are used to actuate it to perform wrist extension, wrist radial deviation and 

wrist ulnar deviation movements.  

 SMA is a metallic alloy known for its shape memory effect it can 

recover to its original shape after it has been deformed when heated beyond the 

transformation temperature, which is between a low and high temperature phase, 

this transformation is known as the reversible phase transformation. The 

geometrical change during this transformation allows the SMA to perform 

mechanical work, causing it to exert force. During heating, it causes the SMA 

to return to its original shape, while cooling induces deformation which 

transitions the SMA to a low-temperature phase. This allows force, motion and 

displacement of the SMA, to be precisely controlled by controlling the 

temperature applied to it. The SMA has several advantages such as having high 

force to weight ratios and low energy consumption during phase transitions, and 

having precise force control, which makes it suitable to be used as an actuator 

for assistive hand orthoses. The SMA alloy used in the SMA based wrist 

exoskeleton developed by Serrano, et al., 2018, is Nitinol (Motzki and Rizzello, 

2023).  
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2.2.5 Hydraulic Actuators 

Hydraulic cylinder is a type of hydraulic actuator that converts hydraulic energy 

into mechanical energy to provide linear motion. Its key components include a 

piston dividing the cylinder into two chambers, a rod transmitting force to the 

external load, seals to prevents fluid leakage and maintain pressure in the 

cylinder, ports connected to hydraulic values controlling fluid flow, and a 

hydraulic pump. For the hydraulic cylinder to work, the hydraulic fluid 

pressurised from the pump enters the cylinder, pushing the piston to generates 

linear force, which is then transmitted to the external load by the piston rod (IQS 

Directory, n.d.). 

 Based on research, recent developments of assistive hand orthoses do 

not use hydraulic actuation for several reasons. Firstly, hydraulic actuators have 

limited motion control capabilities, particularly for assistive hand orthoses, as 

they require many stops and changes in velocity. Another reason is because 

basic hydraulic actuators lack programmability, leading to imprecision in 

manual adjustments of force and velocity, while servo-hydraulic actuation 

system can be programmed but it requires a lot of components add complexity, 

space requirements and costs. In addition, hydraulic actuators are less energy 

efficient compared to electrical actuation as they require continuous energy 

input to operate the hydraulic pump and the pressure in the system has to be 

maintained. Moreover, hydraulic actuators include hydraulic pumps, hydraulic 

fluids and more, that adds significant weight to devices, and this restricts its 

mobility (Tolomatic, 2016). These factors contribute to why recent 

developments of assistive hand orthoses do not use hydraulic actuation.  

 

2.3 Typical Sensors and Devices Used to Collect Biomechanical 

Parameters 

This section discusses the typical sensors and devices used to measure and 

collect the data of various biomechanical parameters to assess the performance 

of assistive hand orthoses.  
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2.3.1 Sensors, Motion Capture Systems and Software used to Measure 

Joint ROM and Joint Kinematics 

Inertial measurement units (IMUs), potentiometers, flex sensor, Hall-effect 

sensors and more are the sensors that can be used to measure joint range of 

motion (ROM). Motion capture systems can also be used to measure joint ROM. 

IMUs and motion capture systems can be used to measure joint kinematics like 

joint angular velocity and acceleration.  

An IMU is a sensor that can be used to obtain a joint ROM and joint 

kinematics. It is made up of 3 components, gyroscope, accelerometer and 

magnetometer. Gyroscope measures the angular velocity or rotational rate along 

one or more axes. Accelerometer detects linear acceleration along one or more 

axes by detecting changes in velocity, and magnetometer measures the strength 

and direction of the Earth’s magnetic field which can be used to determine the 

IMU’s orientation relative to the Earth's magnetic field, this provides a reference 

for orientation (Vectornav Technologies, n.d.). The Exofinger, a finger 

exoskeleton developed by Ceccarelli and Cruz, 2021, uses IMU to measure the 

angle displacements, angular velocities, and linear acceleration at the 

metacarpophalangeal (MCP) and DIP (distal interphalangeal) joints on the 

fingers.  

Potentiometers are a device that can be used to obtain a joint ROM. 

Potentiometers consists of a circular track with a wiper attached to a central 

shaft. When the shaft rotates, the resistance between its fixed terminal and wiper 

changes. As a result, the output voltage across the potentiometer changes. This 

voltage change is proportional to the shaft rotational angle (Positek, n.d.). By 

performing calibration of the potentiometer, it involves correlating various 

output voltages with the corresponding shaft rotational angles. This calibration 

process allows the joint ROM to be determined (Othman, et al., 2017). 

Examples of assistive hand orthoses that uses potentiometers to obtain joint 

angle/ROM and position of the thumb is an extra robotic thumb and exoskeleton 

robotic fingers developed by Ismail, et al., 2017 and an SMA based wrist 

exoskeleton developed by Serrano, et al., 2018.  

Flex sensors can also be used to obtain a joint ROM. Flex sensors 

function as variable resistors with its resistance altering when flexed. The degree 

of bending of flex sensors directly correlates with the change in resistance across 
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the flex sensor. By measuring the change in resistance across the flex sensor 

using an ohmmeter, the bending degree can be determined, and this makes it 

useful for angle measurement and movement detection (Butt, n.d.). An 

electrooculogram-activated wearable soft hand exoskeleton developed by 

Shahid, et al., 2021 uses flex sensor to obtain the MCP joint angle. Hall-effect 

sensors are also another type of sensor that can be used to obtain a joint ROM. 

The Hall-effect sensors rely on the change in voltage induced by change in 

magnetic field to determine angular position. Hall-effect sensors consist of a 

magnet, Hall element and rotating axis. Hall-effect sensors detect shift in 

angular position by monitoring the changes in the magnetic field and the output 

voltage changes accordingly. Through calibration on the Hall-effect sensors, it 

establishes the correlation between the angle changes and voltage shifts, this 

allows joint ROM to be obtained (Positek, n.d.). An underactuated finger 

exoskeleton developed by Li et al., 2021 uses Hall-effect sensors to obtain the 

joint ROM on it.  

 Motion capture systems can be also used to obtain the joint ROM and 

joint kinematics. In these motion capture systems, it typically uses reflective 

markers being placed at the joints, and there are multiple cameras capturing the 

markers’ movement in 3-dimensional space so the motion capture system can 

track the movement and orientation of the body segments relative to each other. 

The motion capture system will then analyse the markers’ position data and 

calculate the angles between the segments and joint kinematics using techniques 

such as inverse kinematics or rigid body transformation (Motion Analysis, 

2023).  Examples of assistive hand orthoses that uses motion capture systems to 

obtain joint ROM and joint kinematics are the ExoGlove developed by Yap, et 

al., 2015, and hand exoskeleton developed by Nycz, et al., 2016. Based on 

research, motion capture systems are not frequently used to obtain joint ROM 

and joint kinematics on assistive hand orthoses. This is because it is very costly 

to set up as it requires a combination of software and equipment like high-

resolution cameras and there are way cheaper alternatives to obtain joint ROM 

and joint kinematics, although it can provide high precision and accuracy of 

joint ROM and joint kinematics (Meta Motion, n.d.). 
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 There is also software such as Matlab and Kinovea that can be used to 

obtain joint ROM and joint kinematics. Matlab is a simulation software that can 

be used to obtain joint ROM and joint kinematics by using a combination of 

mathematical equations (Yuan, et al., 2023). An exoskeleton finger 

rehabilitation training robot developed by Yuan, et al., 2023 uses the Matlab 

simulation software to obtain the change in angle, angular displacement, angular 

velocity and angular acceleration of the finger joints. The Kinovea software has 

tools that can measure the joint ROM and joint kinematics. The 3D-Printed 

Hand Exoskeleton Based on Force-Myography Control developed by Esposito, 

et al., 2022 uses Kinovea software to compute the trajectories of each phalanx 

of index finger and time required by the exoskeleton for closing and opening of 

the hand.  

 

2.3.2 Sensors and Devices Used to Measure Forces Exerted by Fingers  

Force sensitive resistors, dynamometer, load cells and more are sensors and 

devices that can be used to measure the forces exerted by the fingers and the 

arm while using assistive hand orthoses. Dynamometer is a device that can be 

used to measure forces exerted by the fingers. It works by squeezing it and the 

force on the finger tips is applied on it, and its digital screen shows the value of 

the force exerted by the fingers on the dynamometer (Basaraba, 2024). An 

underactuated finger exoskeleton developed by uses a dynamometer developed 

by Li et al., 2021 uses a dynamometer to measure the maximum finger-tip force.  

Force sensitive resistors (FSRs) can be used to measure the force 

exerted by the finger when using assistive hand orthoses. Force sensitive 

resistors work by changing its resistance when a force or pressure is applied on 

them (Electricity-Magnetism, n.d.a). Examples of assistive hand orthoses that 

uses FSRs to measure force exerted on the fingers are the ExoGlove developed 

by Yap, et al., 2015, the Novel Orthotic Hand Actuated by Servo Motors 

(NOHAS) exoskeleton developed by Mercyshalinie, et al., 2023 and a soft 

exoskeleton glove developed by Skaramagkas, Andrikopoulos and Manesis., 

2020. Based on research, FSRs are commonly used in measuring the force 

exerted by the fingers. The reasons are because FSRs are much cheaper than 

dynamometers, FSRs are simpler to use compared to load cells, and they are 

thin and flexible which makes them easy to be integrated into assistive hand 
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orthoses, even though it has lower precision, limited force detection range, 

prone to damage and can exhibit drift over time (Electricity-Magnetism, n.d.a). 

Load cells can also be used to measure force exerted by fingers. Load 

cells are force transducers that convert applied force into electrical signals. Load 

cells work based on the piezo-resistivity principle, the resistance changes with 

the applied force and this changes the output voltage. By calibrating the load 

cell, it establishes the relationship between electrical output signal from the load 

cell and the force exerted on it, which can accurately obtain the force exerted by 

the fingers (Park, et al., 2020). A 3D-printed hand exoskeleton based on force-

myography control developed by Esposito, et al., 2022, uses a load cell attached 

to a rigid cylindrical handlebar to measure the grip strength while using this 

device.  

 

2.3.3 Use of Electromyography (EMG) sensors with EMG Electrodes 

Electromyography (EMG) sensors with EMG electrodes can be used to capture 

muscle activities during finger or arm movements facilitated by the assistive 

hand. EMG sensors with EMG electrodes consists of surface electrodes placed 

on skin over targeted muscle areas and these electrodes can detect the electrical 

signals generated by muscle fibres during the contraction and relaxation of these 

muscles. The EMG signals are then amplified, processed and filtered, and can 

be visualised on a software for analysis of muscle activity (Harrison, 2023). 

Examples of assistive hand orthoses that uses EMG sensors with EMG 

electrodes to measure the arm or finger muscle activities while using these 

devices are assistive robotic hand orthosis developed by Farinha, et al., 2019, 

extra robotic thumb and exoskeleton robotic fingers developed by Ismail, et al., 

2017 and the ExoFinger developed by Ceccarelli and Cruz, 2021 
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Figure 2.3: EMG Board with Electrodes. 

 

2.4 Pros and Cons on Previously Developed Assistive Hand Orthoses 

There were various different kinds of previously developed assistive hand 

orthoses which were actuated by different types of actuators for different 

objectives, and they all focus on assisting the user in specific movements on the 

wrist or fingers. They all also used different types of microcontrollers and 

control systems for controlling the actuators and processing data from the 

sensors. Each of them carried out different biomechanical assessments on the 

users. In this section, the pros and cons on the previously developed assistive 

hand orthoses will be analysed and discussed on. 

 

2.4.1 Electrically Actuated Assistive Hand Orthoses 

An underactuated finger exoskeleton developed by Li et al. (2021), is an 

electrically actuated assistive hand orthosis aimed to assists elderly with weak 

muscle strength on grasping tasks. An advantage of this device is that it is 

lightweight and portable as it has an overall weight of only 476 g, so this allows 

the user to use this exoskeleton to assist in ADL. Another advantage of this 

device is that it can carry out many biomechanical assessments such as man-

robot interaction forces, finger joint angles, without the need of an external 

device to assess the performance of this device as it has force sensor, dc motor 

encoder and Hall-effect sensor with magnets embedded to it. Another advantage 

of this device is that it can achieve finger reshaping and can adapt to the object’s 

shape and size while grasping using this device, according to this study, it 

mentioned that it is the first exoskeleton developed to achieve it. A disadvantage 
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of this device is that it requires an external device such as the dynamometer to 

measure the maximum fingertip force (Li et al., 2021). 

A Novel Orthotic Hand Actuated by Servo Motors (NOHAS) 

developed by Mercyshalinie et al. (2023), is an electrically actuated assistive 

hand orthosis aimed to assist in stroke rehabilitation. An advantage of this 

device is that it is portable and lightweight, as it weighs less than 500 g, so it 

can be carried around and used anytime and anywhere. Another advantage of 

this device is that its glove has Velcro straps which allows the glove of this 

device to be adjusted according to the user’s hand and finger size, so this makes 

it comfortable for the user to wear it. Moreover, another advantage of this device 

is that it can connect to an Internet of Things (IoT) app called Blynk, that allows 

the user to control the device remotely, not a lot of assistive hand orthoses can 

do so. A disadvantage of this device is that the servo motors on this device 

produces sharp noises by its gear vibrations that has a noise level of 

approximately 40 dB, and this can cause discomfort to the user (Mercyshalinie, 

et al., 2023). Another disadvantage of this device is that it relies on video 

tracking software, external to this device, to obtain the bending angles of each 

finger joint, which can be inaccurate and imprecise as the angle of the camera, 

and the lack of quality and clarity of the footage can also affect the data accuracy 

obtained from this software (Gutierrez and Biswas, 2023). 

A 3D-printed hand exoskeleton based on force-myography (FMG) 

control developed by Esposito et al. (2022), is an electrically actuated assistive 

hand orthosis that use an FMG to control it and its aim is to provide assistance 

and motor rehabilitation for stroke survivors who have impaired voluntary hand 

movements. An advantage of this device is that it has Velcro straps that allows 

this device to be adjustable according to the user’s finger shape so the user will 

feel comfortable when wearing it. Another advantage of this device is that its 

frame on its fingers, wrist and arm are 3D printed with polylactic acid (PLA), 

so this makes it lightweight and portable, which makes it easy for the user to 

carry it around. A disadvantage of this device is that it relies on a video tracking 

software, external to this device, to compute the trajectories each phalanx of 

index finger and time required by the exoskeleton for closing and opening of 

the hand. This can lead to data inaccuracy and imprecision due to camera angle, 

and footage quality and clarity concerns (Gutierrez and Biswas, 2023). Another 
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disadvantage of this device is that the forearm and finger muscles electrical 

activity, and the finger joints ROM cannot be measured without the use of 

external devices, software or motion capture system. The third disadvantage of 

this device is that the thumb support of this device can only be fixed in adduction 

or abduction position, and the four fingers and thumb of this device cannot be 

moved together, so more actuators are needed which increases the complexity 

of the mechanics and controller of this device (Esposito, et al., 2022). 

 

An Assistive Robotic Hand Orthosis (ARHO) developed by Farinha et 

al. (2019), is an electrically actuated assistive hand orthosis controlled with 

muscle electrical activity in the forearm for object grasping. An advantage of 

this device is that it has Velcro straps which makes it adjustable according to 

the user’s finger shape, so this makes it comfortable for users while wearing it. 

Another advantage of this device is that its frame on its fingers, wrist and arm 

is 3D printed with PLA, so this makes it lightweight and easy to carry around. 

A disadvantage of this device is that it can only measure one biomechanical 

assessment, which is the muscular activity in the forearm, to assess the 

performance of this device as it only as sEMG sensors as the only type of sensor 

embedded to this device (Farinha, et al., 2019).  

 

 

Figure 2.4: An Assistive Robotic Hand Orthosis (Farinha, et al., 2019). 

Reprinted with permission from Copyright 2019 IEEE. 

 

A disadvantage of electrically actuated assistive hand orthoses is that 

they pose a risk of electric shocks as they are powered by electrical power 

sources, so they require safety features such as emergency stop buttons to stop 

the operation of the device in case of emergencies. 
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2.4.2 Pneumatically Actuated Assistive Hand Orthoses 

The ExoGlove developed by Yap et al. (2015), is a pneumatically actuated 

assistive hand orthosis for assistance in hand motions and hand rehabilitation. 

An advantage of this device is that it is lightweight and easy to wear because it 

is actuated by soft pneumatic actuators, which are much lighter compared to 

hydraulic cylinders and electrical motors, and it consists of a glove that can be 

worn easily and it has very few components, which makes it light. Another 

advantage of this device is that at different localities of this device, the stiffness 

of the soft pneumatic actuators can be changed, which allows it to be customised 

for different hand sizes and this allows different hand therapy exercise to be 

conducted while using this device. A disadvantage of this device is that it uses 

gloves which could be difficult for people with deformed fingers due to the post-

effects of stroke and more, to wear it comfortably and fit it properly. Another 

disadvantage of this device is that there is no emergency stop button which 

makes it dangerous to use if the pressure regulator connected to pneumatic air 

source fails. This is because it could cause explosion and failure of the soft 

actuators of this device (Yap, et al., 2015). 

 

 

Figure 2.5: The ExoGlove (Yap, et al., 2015). Reprinted with permission from 

Copyright 2015 IEEE. 

 

A wrist rehabilitation exoskeleton developed by Fahaam, Davis and 

Meziani (2016), is a pneumatically actuated assistive hand orthosis for wrist 

joint rehabilitation. An advantage of this device is that it has a lightweight 

design with a weight of only 150 g, due to it having very few components. Plus, 
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it uses soft pneumatic soft actuators, which are lightweight compared to 

electrical motors and hydraulic cylinders. Besides that, it involves the use of a 

glove that makes it easy to wear. Moreover, this device is made up low-cost 

materials, which makes it affordable. Another advantage of this device is that it 

can provide universal fit because it is made up of stretchy materials. A 

disadvantage of this device is that there are no sensors embedded to it to carry 

out biomechanical assessments to assess the performance of the device. 

(Fahaam, Davis and Meziani, 2016). 

A soft exoskeletal glove developed by Skaramagkas, Andrikopoulos 

and Manesis (2020), is a pneumatically actuated assistive hand orthosis with the 

purpose of Reducing hand tremors in patients with essential tremor condition. 

An advantage of this device is that it is lightweight as it consists of lightweight 

components such as McKibben air muscles and a soft glove. Another advantage 

of this device is that it can conduct many biomechanical assessments such as 

exerted resistive force on index finger and metacarpal, and the acceleration of 

the distal phalanges of the index and thumb, along with the metacarpal and 

forearm regions, to assess the performance of this device without the need of an 

external device. A disadvantage of this device is that there is no emergency stop 

button if the pressure regulator connected to the pneumatic air source fails, 

which can cause danger to the user as the McKibben air muscles will fail and 

may explode.  

A disadvantage of these two developed pneumatically actuated 

assistive hand orthoses is that they require a tube connection to a pneumatic air 

compressor to supply air to the PAMs and PneuNets bending actuators, so this 

makes them not portable. 

 

2.4.3 Cable-Actuated Assistive Hand Orthosis 

An electrooculogram-activated wearable soft hand exoskeleton developed by 

Shahid et al. (2021), is a cable-actuated assistive hand orthosis that can be 

controlled by eye electrical signals to assist patients with hand paralysis to 

improve their quality of life. An advantage of this device is that it is lightweight 

weighing only 110g as it consists of a lightweight PLA 3D printed pulley, fabric 

glove, lightweight cables and lightweight servo motors. A disadvantage of this 

device is that this device cannot assist in abduction and adduction movements. 
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Another disadvantage of this device is that it can only conduct one 

biomechanical assessment, which is the MCP joint angle due to the fact that it 

is only embedded with a flex sensor at the MCP joint.   

 

2.4.4 Shape Memory Alloy-Actuated Assistive Hand Orthosis 

A SMA based wrist exoskeleton developed by Serrano et al. (2018), is a shape 

memory alloy actuated assistive hand orthosis for rehabilitation therapy. An 

advantage of this device is that it is very lightweight, and it is noiseless while it 

is used. This is because the shape memory alloys used to drive this device are 

small sized, lightweight and do not generate noise. Another advantage of this 

device is that it is symmetrical which means it can be used for both left and right 

wrist by changing the glove to the hand. A disadvantage of this device is that it 

can only conduct one biomechanical assessment which is the position of wrist 

exoskeleton during flexion-extension and radial-ulnar deviation as it only has 

potentiometers embedded to it (Serrano, et al., 2018). 

 

 

Figure 2.6: A SMA Based Wrist Exoskeleton (Serrano, et al., 2018). Reprinted 

with permission from Copyright 2018 IEEE.



24 

Table 2.1: Comparison of Developed Assistive Hand Orthoses. 

Assistive Hand 

Orthosis Name 

Actuator Microcontroller Sensors/Software/Devices Movements 

Involved 

Biomechanical 

Parameters 

Reference 

ExoGlove PneuNets 

bending 

actuators 

Arduino Mega 

microcontroller 

Motion Capture System, 

Flexible force sensitive 

resistors 

Finger extension 

and flexion 

Range of Motion and 

maximum force output for 

hand grasping and pinching 

Yap et al. 

(2015) 

Underactuated 

Finger 

Exoskeleton 

Linear 

motor 

Microcontroller, 

model not 

specified 

Force sensor, 

Dynamometer  

Hall-effect sensor with, 

magnets , Dc motor 

encoder 

Finger extension 

and flexion 

Man-robot interaction 

forces, maximum finger-tip 

force, passive back 

driveability force, finger 

joints angle 

Li et al. (2021) 

Wrist 

Rehabilitation 

Exoskeleton 

PneuNets 

bending 

actuators 

Arduino Mega 

microcontroller 

Pressure sensor Wrist 

extension/flexion, 

wrist radial /ulnar 

deviation 

None Fahaam, Davis 

and Meziani 

(2016) 

NOHAS Servo motor ESP8266 

microcontroller 

Video tracker software, 

force-sensing resistors 

Finger extension 

and flexion 

Bending angles of each 

finger joint, force output 

Mercyshalinie 

et al. (2023) 

Exoskeleton 

Finger 

Rehabilitation 

Training Robot 

Pneumatic 

tendon 

actuator 

Mitsubishi PLA 

control system 

Matlab Simulation 

Software 

Finger extension 

and flexion 

Change in angle, angular 

displacement, angular 

velocity and angular 

acceleration of the 

connecting rods 

Yuan et al. 

(2023) 
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3D-Printed Hand 

Exoskeleton 

Based on Force-

Myography 

Control 

Servo motor Arduino Uno R3 

microcontroller 

FSR on FMG armband, 

Kinovea software, 

Rigid cylindrical 

handlebar containing a 

single axis load cell 

Finger extension 

and flexion 

Force output on flexor carpi 

ulnaris and the extensor 

digitorum muscles, 

trajectories of each 

phalanges of index finger 

and time required by the 

exoskeleton for closing and 

opening of the hand,  

grasping force output 

Esposito et al. 

(2022) 

SMA Based Wrist 

Exoskeleton 

Shape 

Memory 

Alloy 

STM32F407VG 

microcontroller 

Potentiometer Wrist 

extension/flexion 

and wrist 

radial/ulnar 

deviation 

Position of wrist 

exoskeleton during flexion-

extension and radial-ulnar 

deviation 

Serrano et al. 

(2018) 

Soft Exoskeletal 

Glove 

McKibben 

Pneumatic 

Artificial 

Muscle 

National 

Instruments 

USB-6215 and 

Arduino Mega 

microcontrollers 

Accelerometer, 

Force sensitive resistor 

Finger extension 

and flexion 

Exerted Resistive force on 

index finger and 

metacarpal, Acceleration of 

the distal phalanges of the 

index and thumb, along 

with metacarpal and 

forearm regions 

Skaramagkas, 

Andrikopoulos 

and Manesis 

(2020) 

Assistive Robotic 

Hand Orthosis 

(ARHO) 

Linear 

motor 

Arduino Mega 

2560 

microcontroller 

Surface Electromyography 

sensor 

Finger extension 

and flexion 

Muscular activity in the 

forearm 

Farinha et al. 

(2019) 
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Hand Exoskeleton Bowden 

Cable driven 

by linear 

motors 

Arduino Mega 

2560 

microcontroller 

Motion capture system, 

Force sensor 

Finger extension 

and flexion 

Angular change in finger 

flexion, corresponding 

positional change of the 

exoskeleton fingertip 

caused by bending the 

Bowden cable 

Nycz et al. 

(2016) 

Extra Robotic 

Thumb and 

Exoskeleton 

Robotic Fingers 

Linear 

motor and 

servo motor 

Arduino Nano 

microcontroller 

Potentiometer, Myo 

Armband 

electromyography 

Finger 

extension/flexion, 

and thumb 

circumduction 

and 

flexion/extension 

Position of stroke, muscle 

activity 

Ismail et al. 

(2017) 

Electrooculogram-

Activated 

Wearable Soft 

Hand Exoskeleton 

Cables 

driven by 

servo motor 

Arduino Mega 

microcontroller 

Flex sensor Finger extension 

and flexion 

MCP Joint angle Shahid et al. 

(2021) 

Exofinger Servo motor Arduino Nano 

and Arduino 

Mega 

microcontrollers 

IMU, EMG sensors Finger extension 

and flexion 

Angle displacements, 

angular velocities, and 

linear acceleration on the 

MCP and DIP joints, Finger 

electrical activity 

Ceccarelli and 

Cruz (2021) 
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2.5 Comparisons of  Assistive Hand Orthoses 

In this section, different developed assistive hand orthoses developed are 

compared in terms of their actuators, microcontroller/control system, types of 

muscle involved when using them and the biomechanical assessments done, and 

the sensors, software or Systems used to assess the performance of them.  

 

2.5.1 In Terms of Actuators Used 

For the developed assistive hand orthoses, different types of actuators are used 

to actuate them such as electrical motors, pneumatic actuators, cable-driven 

systems and shape memory alloys. 

 The underactuated finger exoskeleton developed by Li et al. (2021), 

the NOHAS developed by Mercyshalinie et al. (2023), the 3D-printed hand 

exoskeleton based on force-myography control developed by Esposito et al. 

(2022), and the ARHO developed by Farinha et al. (2019), are all driven by 

electrical motors. However, not all of them are driven by the same type of 

electrical motors. The underactuated finger exoskeleton and the ARHO are 

driven by linear motors, whereas the NOHAS and 3D-printed hand exoskeleton 

based on force-myography control are driven by servo motors. Besides that, the 

ExoGlove developed by Yap et al. (2015), the wrist rehabilitation exoskeleton 

developed by Fahaam, Davis and Meziani (2016), and the soft exoskeletal glove 

developed by Skaramagkas, Andrikopoulos and Manesis (2020), are driven by 

pneumatic actuators. The ExoGlove and the wrist rehabilitation exoskeleton are 

driven by PneuNets bending actuators, whereas the soft exoskeletal glove is 

driven by McKibben PAMs. Moreover, the SMA based wrist exoskeleton 

developed by Serrano et al. (2018), and electrooculogram-activated wearable 

soft hand exoskeleton developed by Shahid et al. (2021), are driven by SMA 

and a cable-driven system respectively, which are different types of actuators 

compared to the other actuators discussed here. 

 

2.5.2 In Terms of Microcontroller Used and Types of Muscle 

Movements Involved 

Different assistive hand orthoses use different microcontrollers. Most of the 

assistive hand orthoses discussed here used the Arduino Mega microcontroller 

to control them. This is mainly because Arduino Mega microcontroller has 54 
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digital input/output (I/O) pins and 16 analogue input pins (Arduino, n.d.), so this 

allow a lot of devices and sensors that output analogue signals can be connected 

to this microcontroller. Besides that, it has a larger memory and processing 

power compared to other microcontroller models. allowing these exoskeletons 

to work effectively (Arduino, n.d.). Only the NOHAS, the 3D-printed hand 

exoskeleton based on force-myography control, the SMA based wrist 

exoskeleton, and the soft exoskeletal glove use the ESP8266, Arduino Uno R3, 

STM32F407VG and National Instruments USB-6215 microcontroller 

respectively. 

For the types of muscle movements involved, most of the assistive 

hand orthoses discussed here are involved in finger extension and flexion. Only 

the wrist rehabilitation exoskeleton, and the SMA based wrist exoskeleton are 

involved in muscle movements at the wrist joint such as wrist extension/flexion 

and wrist radial /ulnar deviation.  

 

2.5.3 In Terms of Biomechanical Parameters Collected, and Sensors, 

Devices or Software Used to Collect Them 

Different assistive hand orthoses collected different biomechanical parameters 

to assess the performance of them, and they used different sensors, devices or 

software to collect these biomechanical parameters.   

Most of the assistive hand orthoses mentioned here have measured the 

finger ROMs/finger joint angles, and finger joint kinematics, but with different 

sensors, devices and software such as the motion capture system, Hall-effect 

sensors, video tracker software, Kinovea software, potentiometer, 

accelerometer, IMUs, flex sensors and more. For the forces exerted by the 

fingers, a few assistive hand orthoses such as the ExoGlove, the underactuated 

finger exoskeleton, the NOHAS, the 3D-printed hand exoskeleton based on 

force-myography control and the soft exoskeletal glove measured them, with 

the use of mainly FSRs, load cell and dynamometer. For the muscle electrical 

activity, only the ARHO measured it using sEMG sensors.  

 

2.6 Summary 

In the literature review on previously developed assistive hand orthoses, it was 

found that the recent developments of these devices were mostly actuated by 
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electric motors such as servo motors and linear motors. For  assistive hand 

orthoses developed a while back, they are usually actuated by hydraulic 

cylinders, pneumatic actuators and cable-driven systems. Besides that, it was 

found that most previously developed assistive hand orthoses used the Arduino 

Mega microcontroller, although some of them used other microcontroller 

models and control systems. Moreover, it was discovered that most of the 

previously developed assistive hand orthoses were involved in actuating finger 

flexion and extension movements, and some of them were also involved in 

actuating movements at the wrist joint. Furthermore, it was found that most of 

the previously developed assistive hand orthoses collected angles at the fingers’ 

joints, fingers’ joints kinematics using sensors, systems and software such as 

IMUs, motion capture systems, Kinovea software, Hall-effect sensors, 

potentiometers, flex sensors and more to assess their performance. Lastly, it was 

also found that some of previously developed assistive hand orthoses have 

measured forces exerted on foot using sensors such as FSRs, load cell and 

dynamometer, and some of them collected muscles activity using EMG sensors 

with electrodes, to assess their performance. 
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CHAPTER 3 

 

3 METHODOLOGY AND WORK PLAN 

 

3.1 Introduction  

This chapter outlines the technical processes and procedures employed in the 

design and development of an assistive hand orthosis, which includes the 

requirements of the prototype, the prototype development process, the prototype 

mechanical design conceptualisation, the prototype system architecture and the 

biomechanical assessments to be conducted to assess the performance of the 

prototype. It also discusses on the choice of materials and electrical components 

to be used on developing the prototype, the IMUs calibration and validation 

methods and  the circuit design of the prototype with breadboard and stripboard. 

Additionally, it delves into the prototype IoT system’s platform choice, 

architecture and program flowchart. Moreover, the libraries used to program the 

prototype components and IoT system, and the experimental protocols for the 

three tests (finger ROM test, grip strength test and objects grasping tests) to 

evaluate the functionality and effectiveness of the prototype in improving fine 

motor training outcomes are also discussed here. The methodology section 

provides insights into the project's technical framework and the rationale behind 

key decisions made throughout its execution. 

 

3.2 Prototype Requirements 

The requirements of the prototype are that it has to be lightweight, fully portable, 

durable, cost-effective, adjustable according to the user’s finger diameter and 

shape to enhance comfortability to the user, able to obtain highly accurate data 

from the sensors and devices used and have IoT connectivity.  

It is focused on being lightweight and fully portable so that it can be 

carried around easily and it can be used anywhere. Besides that, it has to be 

durable, so that it can be used for a long period of time as fine motor skills 

training typically takes long duration to complete (Lelong, et al., 2021), and it 

should be able to last until the fine motor skills training ends, which is when the 

patient can perform ADL again without any assistance. Moreover, it is also 

focused on being cost-effective as assistive hand orthoses on the market are 
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generally quite expensive to develop (Ison and Artemiadis, 2014). Lastly, this 

prototype needs to be able to connect to an IoT platform, so that it can be 

controlled remotely, and enabling sensor data visualisation for data analysis of 

sensor data, so that the therapists can monitor patients’ progressions during fine 

motor trainings more conveniently and control the device with ease.  

 

3.3 Prototype Development Process 

Figure 3.1 shows the methodology flowchart for the development of the 

prototype. It started with a literature review and mechanical design 

conceptualization, where research and initial design ideas were formed. After 

this, SOLIDWORKS drawings of the first prototype were created. The first                                                        

prototype was then 3D-printed and assembled and went through functionality 

testing to identify the shortcomings and limitations of the mechanical design. 

After that, necessary modifications on mechanical design were made to improve 

the movement of the joints on the mechanical frame. At the same time, software 

development for the prototype such as the program to control the rotational 

angle of the servo motor, enabling the two IMUs to output their angle readings 

and to integrate them together into a single program. Then, the Blynk IoT user 

interface design and its program were developed. Once the changes to its 

mechanical design were implemented, the final prototype was 3D-printed and 

assembled. Finally, the final prototype was tested to gather data and analyze its 

performance, ensuring that it meets the desired requirements and objectives. 

This iterative process ensures continuous refinement and improvement of both 

the mechanical design and software. The Gantt charts for part 1 and 2 of this 

project are shown in Figure 3.2 and 3.3.  

 

 

Figure 3.1: Methodology Flowchart for the Prototype Development. 
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Figure 3.2: Gantt Chart for Part 1 of the Project. 

 

 

Figure 3.3: Gantt Chart for Part 2 of the Project. 

 

3.4 Biomechanical Assessments  

Finger range of motion (ROM), and grip strength are the biomechanical 

assessments to be conducted on this prototype to evaluate the performance of it 

and to show that the prototype can provide repeatable finger flexion/extension 

movements and assist in the user fingers’ grip strength.  

 

3.4.1 Finger Range of Motion (ROM) 

The finger range of motion (ROM) on the distal interphalangeal (DIP) joint of 

the index finger and the interphalangeal (IP) joint of the thumb on the right hand 

were measured by two inertial measurement units (IMUs) attached at the side 

of the distal phalanx of the index finger of the 4 fingers part and the thumb part 

of this prototype.  
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 In Figure 3.4, it shows the MCP, DIP and PIP joints’ angle/ROM for 

the index finger labelled as θM, θP and θD respectively. The same method is 

used to measure the MCP and IP joint angle/ROM of the thumb.  

 

Figure 3.4: Finger ROM Measurements Diagram. 

 

The MPU6050 accelerometer was utilised to measure the finger ROM. It first 

measures the gravitational acceleration along the 3 axes. The angular data was 

then derived using trigonometry. The index finger DIP and thumb IP joint angles 

changes along the Z-axis due to the orientation attachment of the IMUs on the 

exoskeleton, and the angle along the Z-axis were determined using Equation 3.1:  

 

𝜃𝑧 = tan−1 (
√𝑎𝑦

2+𝑎𝑥
2

𝑎𝑧
 ) ×  𝜋                         (3.1) 

 

where 

𝜃𝑧 = angle along the z-axis, ° 

𝑎𝑥= acceleration in the x-axis, m/s2 

𝑎𝑦= acceleration in the y-axis, m/s2 

𝑎𝑧 = acceleration in the z-axis, m/s2 

 

The absolute angle of the thumb IP and index finger DIP joints along the Z-axis, 

were then calculated using Equation 3.2: 

 

𝜃𝑡ℎ𝑢𝑚𝑏𝐼𝑃,𝑖𝑛𝑑𝑒𝑥𝐷𝐼𝑃 =  𝜃𝑧 − 90°                        (3.2) 
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where 

𝜃𝑡ℎ𝑢𝑚𝑏𝐼𝑃,𝑖𝑛𝑑𝑒𝑥𝐷𝐼𝑃 = Absolute angle of thumb IP and index finger DIP joint, ° 

𝜃𝑧 = angle along the z-axis, ° 

 

3.4.2 Grip Strength 

Grip strength refers to the maximum force exerted by the fingertip with 

contraction of the person’s forearm muscles. Grip strength is used in ADL such 

as opening jars, carrying objects, turning door knobs and more (Physiopedia, 

n.d.). Thus, it will be useful for users with fine motor disability to use this 

assistive device to regain grip strength. The grip strength exerted on the index 

finger and thumb on the right hand by the prototype were measured with the use 

of a digital force gauge.  

 

3.5 System Architecture of the Prototype 

The system architecture depicted in this Figure 3.5 revolves around a control 

unit (microcontroller) that manages the inputs and outputs of the system. The 

IMU sensors provide real-time data regarding the finger ROMs, which is sent 

to the microcontroller for processing. The microcontroller is powered by a 

portable power supply, ensuring that the system can operate independently 

without a constant external power source. Based on the sensor data, the 

microcontroller controls the actuation system, which consists of servo motors. 

These motors drive the mechanical frame responsible for finger flexion, 

extension, and grasping movements, enabling precise mechanical control of 

finger motions. The system includes a user interface developed using Blynk IoT, 

allowing the user to interact with the system remotely. Through this interface, 

the user can monitor the system's status, control the actuators, and observe the 

movements of the mechanical structure. The integration of IMU sensors, servo 

motors, and an IoT interface ensures that the system can operate efficiently and 

be controlled and monitored by the user in real-time. 
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Figure 3.5: System Architecture of the Prototype 

 

3.6 Mechanical Design Conceptualisation 

Figure 3.6 shows the overall mechanical design conceptualisation of various 

parts of the prototype drawn using the SOLIDWORKS software . It consists of 

a wrist brace, two lithium-ion rechargeable batteries with a 2-slot battery holder, 

a 3D-printed 4 fingers part for the 4 fingers (index finger, middle finger, ring 

finger and small finger), 3D-printed thumb part for the thumb. The prototype’s 

mechanical design planned to have 3 servo motors on it with 2 connected to the 

4 fingers part to actuate the 4 fingers’ MCP and DIP joints, and 1 connected to 

the thumb part to actuate the thumb IP joint. It was also planned to have a 3D-

printed junction box that houses an ESP32 microcontroller and a multiplexer. It 

was planned to have Velcro straps placed in between the rigid supports on each 

phalanx of the thumb and the index finger, and two IMUs attached at the side 

of the index finger’s the proximal and distal phalanges of the 4 fingers part to 

measure the index finger MCP and DIP joint ROM, and two IMUs attached at 

the side of the thumb’s proximal and distal phalanges of the thumb part to 

measure the thumb MCP and IP joint ROM.  
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Figure 3.6: Overall Prototype Mechanical Design Conceptualisation. 

 

 Figures 3.7, 3.8 and 3.9 shows the conceptualisation of the 3D-printed 

4 fingers part, thumb part and junction box in isometric view respectively 

created using SOLIDWORKS. Additionally, the technical drawings of the 

conceptualised 4 fingers part, thumb part and junction box with their dimensions 

in multiple views drawn in the SOLIDWORKS software are shown in 

Appendices A, B and C respectively. 

 

Figure 3.7: Conceptualisation of 4 Fingers Part in Isometric View. 
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Figure 3.8: Conceptualisation of Thumb Part in Isometric View. 

 

  

Figure 3.9: Conceptualisation of Junction Box in Isometric View. 

 

3.7 Materials and Electrical Components Selection 

3.7.1 3D Printing Material 

The mechanical frame of the 4 fingers and thumb parts, and the junction box of 

this prototype were 3D printed with polylactic acid (PLA) filaments. This is 

because PLA filament was easy to print, did not produce fumes and  not 

expensive, even though it has a low melting point at high temperatures, they can 

get soft or deform at high temperatures and it is quite brittle as it can break quite 

easily (Barrett, 2020) This prototype is mainly used in indoor areas, so these 

limitations of PLA do not affect the functionality of this device. 
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3.7.2 Metal Gear Servo Motors 

Three MG946R micro servo motors (Cytron Technologies, n.d.b) shown in 

Figure 3.10, was used to actuate this prototype. This servo motor operates at 4.8 

to 6 VDC and can provide a torque of 13 kg.cm or 1.274 N.m (Cytron 

Technologies, n.d.b), which is sufficient to actuate finger movements as the 

hands are very light, with an average weight of 0.46 kg (What Things Weigh, 

n.d.). It is also able to provide a 180 degree rotation angle, which is sufficient 

for the operation of this assistive device.  

There are several reasons why this metal gear servo motors were 

chosen to drive this prototype instead of other electrical motors and other types 

of actuators. Firstly, this is because metal gear servo motors are relatively 

lightweight, with a weight of only 55 g (Cytron Technologies, n.d.b). Besides 

that, the torque of the micro servo motors can be precisely controlled through 

PWM principles which aligns well with the need for precise movement in 

assisting fine motor skills, which are highly precise movements. Moreover, 

metal gear servo motors are small which enables them to be easily attached to 

this prototype (Heason, 2020).  

Other actuators like hydraulic cylinders are so heavy as it requires fluid 

and other metallic components (Tolomatic, 2016), and pneumatic actuators are 

noisy, require a pneumatic air compressor to work, which makes them not 

portable, and they are difficult to be controlled precisely due to the difficulty of 

keeping the compressed air under constant pressure and flow rate (Hankun, 

2023), which makes them not suitable to be used to actuate this prototype.  

 

 

Figure 3.10: MG946R Metal Gear Servo Motor (Cytron Technologies, n.d.b). 
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3.7.3 Portable Power Supply 

A power supply was used to power the servo motors, microcontroller and the 

IMUs of the prototype. It is also portable which allows the prototype to be 

carried around easily and to be used anywhere. It has a regulated 5V output 

which prevents excessive voltage or current being supplied to the electrical 

components, this ensures that this assistive device is safe for users to use it and 

the electrical components on the prototype will be protected at all times.  

 

3.7.4 ESP32 Microcontroller 

A microcontroller was used to control the torque generated by the servo motors, 

and process the data received from the IMUs to obtain the finger ROMs. The 

Wemos D1 R32 microcontroller (Cytron Technologies, n.d.c) shown in Figure 

3.11, is the ESP32 microcontroller model chosen to be used in this prototype 

due to its ability to connect to the Wi-Fi and internet wirelessly without 

requiring the use of a Wi-Fi Module, unlike some Arduino Uno R3 and Arduino 

Nano microcontrollers. This enables the prototype to connect to an IoT platform. 

Besides that, it also contains sufficient analogue and digital input/output pins 

(Last Minute Engineers, n.d.) to connect all the electrical components used on 

this prototype. 

 

 

Figure 3.11: Wemos D1 R32 Microcontroller (Cytron Technologies, n.d.c). 

 

3.7.5 Inertial Measurement Units 

Two Inertial measurement units (IMU) were used to obtain the finger ROM on 

the DIP joint of the right index finger and the IP joint of the right thumb. The 

MPU-6050 (Cytron Technologies, n.d.a) shown in Figure 3.12, is the IMU 

model chosen to be used on this assistive device. The MPU-6050 IMU has 6 

degrees of freedom, and it is a combination of 3-axis gyroscope and 
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accelerometer with a digital motion processor (Electronic Wings, n.d.), which 

allows it to be able to measure angular velocity through the gyroscope and 

acceleration through the accelerometer (Vectornav Technologies, n.d.). The 

main reason why IMUs are chosen to obtain the finger ROMs, is because IMU 

can provide continuous and real-time data, facilitating dynamic joint angle 

tracking during movement (Inertial Labs, 2023). Furthermore, IMUs are small 

and lightweight, which makes it easy to be attached on this assistive device. An 

IMU will be placed at the side of the distal phalanx of the index finger of the 4 

fingers part and the thumb part of the prototype.  

 

Figure 3.12: An Inertial Measurement Unit. 

 

3.7.6 Multiplexer 

A Multiplexer is a device which allows devices with the same I2C addresses to 

be connected to one microcontroller (Mybotic, n.d.). TCA9548A 12C 

Multiplexer Module (Mybotic, n.d.) shown in Figure 3.13 was the multiplexer 

model used in this prototype. A multiplexer was used in this prototype due to 

the limitation of the microcontroller, which cannot handle simultaneous reading 

and writing of multiple devices with identical I2C addresses. Therefore, with 

two IMUs needed to be used on this prototype, the TCA9548A I2C multiplexer 

I2C module solves this issue by facilitating individual control of the IMUs via 

the microcontroller, which allows effective communication between them on 

the same bus (Mybotic, n.d.).  

 

 

Figure 3.13: A TCA9548A I2C multiplexer module. 
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3.7.7 Velcro Straps 

Velcro straps were used to enable the attachment of the 3D-printed 4 fingers and 

thumb parts of the prototype to the fingers of the user to be adjustable according 

to user’s finger diameter and shape to enhance its comfortability to the use while 

wearing it. This also allows patients with deformed finger shape after suffering 

from stroke, neurological damage, finger bone fractures and more, to wear it 

comfortably.  

 

3.7.8 Wrist Brace 

A wrist brace was used to house the prototype’s 4 fingers part, thumb part 

junction box and servo motors, so that it is easy for this prototype to be worn by 

the user, making it user-friendly. Besides that, the wrist brace can fix the 

position of the wrist while wearing this assistive device, so that the wrist can be 

stabilized and stay in position to prevent the results of the finger ROMs to be 

affected. It has straps to enable adjustments according to the size of the user’s 

wrist size, which enhances the comfortability of the user while wearing it.  

 

3.7.9 Digital Force Gauge 

A digital force gauge shown in Figure 3.14 was used to measure the grip strength 

on the index finger and thumb exerted by the prototype. This is due to its ability 

to provide accurate and precise grip strength readings (Tkachuk and Horn, 2020). 

It has a zero button to prevent zero error during the grasping force measurements.  

 

 

Figure 3.14: A Digital Force Gauge. 
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3.7.10 Digital Goniometer 

A digital goniometer shown in Figure 3.15 was used to validate the IMU’s angle 

readings. This is to ensure that the IMU’s angle readings are correct and accurate. 

It also has a zero button to prevent zero error during the angle measurements,  

 

 

Figure 3.15: A Digital Goniometer. 

 

3.7.11 Stripboard (Printed Circuit Board) 

A stripboard which is a type of printed circuit board (PCB) shown in Figure 

3.16, was used to connect the circuit for the final developed prototype so that 

the connections of the components’ pins are secured and not loose when the 

prototype is running. stripboard was chosen instead of donut board (perfboard) 

to connect the circuit for the final developed prototype is because it’s easier to 

construct complex circuits due to it having pre-connected strips, this reduces the 

need for using excessive jumper wires to manually connect each point which is 

needed for a donut board. Besides that, a stripboard allows more compact circuit 

design compared to a donut board due to its ability to make multiple connections 

of the same pin on the same strip, which is suitable for my prototype as the 3D-

printed junction box can be designed with a smaller size. (RAYPCB, n.d.). 

 

 

Figure 3.16: A Stripboard. 
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3.8 Calibration of IMU Sensors 

The methods to perform calibration on the IMUs to ensure accurate and reliable 

data output from these sensors are discussed here.  

 

The IMUs need to be calibrated to ensure their angle readings are accurate so 

that the finger ROMs collected will be accurate and reliable. The calibration of 

the IMUs were done by applying Equation 3.3 (Chillibasket, 2015): 

 

        True Angle Reading = IMU Measured Angle Reading – Offset       (3.3) 

 

to remove the offsets on the IMU angle readings. The IMU angle readings are 

only considered accurate when the IMU angle readings in 30 degree intervals 

between 0 and 90 degrees are close to the actual angle measured using a digital 

goniometer. (with their percentage differences lesser than 10%). The method 

used to validate the IMU angle readings with the actual angle measured using a 

digital goniometer is shown in Figure 3.17. 

 

 

Figure 3.17: Method Used to Validate the IMU Angle Readings. 

 

3.9 Circuit Design 

The pins connected to the components in the circuit design with the breadboard 

and stripboard will be discussed in detail here. 

 

3.9.1 Circuit Design with Breadboard 

Figure 3.18 shows the overall circuit design for the prototype with a breadboard, 

it consists of an ESP32 microcontroller, three servo motors, two IMUs, a 5V 

power supply and a multiplexer. Figure 3.18 shows an Arduino Uno 
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microcontroller which has similar design with ESP32 microcontroller used in 

this prototype, to visualise roughly where the pin connections would be placed. 

 

 The three servo motors’ signal pins were  connected to the IO27 

(actuates the 4 fingers’ proximal phalanges), IO25 (actuates the 4 fingers’ distal 

phalanges) AND IO26 (actuates the thumb’s distal phalanx) digital input/output 

pins of the ESP32 microcontroller. The input voltage (Vcc) pins of the servo 

motors were connected in series with the Vcc wire of the power supply via the 

breadboard for it to supply electricity for the servo motors to work. The ground 

(GND) pins of the servo motors were connected in series with the GND wire of 

the power supply via the breadboard to create a complete circuit between the 

servo motors, microcontroller and power supply.  

 

 

Figure 3.18: Overall Circuit Design for the Prototype. 

 

Figure 3.19 shows the detailed circuit design involving the IMUs and 

multiplexer. The multiplexer and IMUs’ Vcc pins are connected in series with 

the Vcc wire of the power supply via the breadboard, The multiplexer and IMUs’ 

GND pins are also connected in series with the GND wire of the power supply 

via the breadboard to complete the circuit. The SCL and SDA pins of the 
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multiplexer is connected to the SCL and SDA pins of the ESP32 microcontroller. 

The SCL and SDA pins of the first IMU (measures the thumb IP joint ROM) 

are connected to the SC2 and SD2 pins of the multiplexer respectively, and the 

SCL and SDA pins of the second IMU (measures the index finger DIP joint 

ROM) is connected to the SC6 and SD6 pins of the multiplexer respectively.  

 

 

Figure 3.19: Detailed Circuit Design involving IMUs and Multiplexer. 

 

3.9.2 Circuit Design with Stripboard 

Figure 3.20 shows the detailed circuit design with stripboard for all the 

prototype’s components. The stripboard of the prototype has many female head 

pin connectors soldered on the board that allows the wires to be connected onto 

the stripboard. Grey coloured boxes signify ground (GND) pins, peach coloured 

boxes mean input voltage (Vcc) pins, yellow coloured boxes are SDA pins and 

white coloured boxes are SCL pins to be connected onto the stripboard. Blue, 

orange and green coloured boxes are each of the three servo motors’ signal (Sig) 

pins to be connected onto the stripboard. The two black lines signifies that the 

parts of the stripboard where the copper on the stripboard will be scratched off 

to prevent the pins of the same row to be connected to each other as they are 

different types of pins, which may cause short circuits that can potentially 

damage the components if the copper on the board are not scratched off properly. 
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Figure 3.20: Detailed Circuit Design with Stripboard. 

 

3.10 Internet of Things (IoT) System 

Blynk was the IoT platform chosen to be connected to this prototype for several 

reasons. Firstly, it is because it is designed for IoT projects to be created easily 

due to its user-friendly interface. Besides that, it has custom dashboards that can 

be built to display the data collected by the sensors connected to this prototype 

in the form of graphs and charts. Moreover, it supports a wide range of devices 

such as ESP32, Arduino Uno, ESP8266 and other popular microcontrollers 

(Indian Institute of Embedded Systems, n.d.). 

 

3.10.1 IoT Architecture 

The Prototype’s IoT architecture shown in Figure 3.21 consists of 4 main layers, 

which are the physical layer, network layer, middleware layer and application 

layer. The first layer, the sensing layer, involves sensors and devices like the 

IMUs for collecting data, servo motors used to drive this prototype, and the 

ESP32 microcontroller to process and send input control signals to input devices 

connected to it, and sending information to the cloud server. The next layer, the 

network layer, involves the integrated Wi-Fi component on the ESP32 

microcontroller which establishes communication and Wi-Fi network 

connections between the microcontroller and the cloud server. The third layer, 

middleware layer, involves the Blynk Cloud which is responsible for managing 

and storing data (Dychen, 2023), in its cloud server so that it can be connected 

to the application layer. The last layer, the application layer, involves the Blynk 
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IoT mobile app which allows this prototype to be controlled remotely and real-

time data to be visualised on its user interface. 

   

 

Figure 3.21: IoT Architecture of the Prototype. 

 

3.10.2 IoT System Program Flowchart 

 

Figure 3.22: Program Flowchart for the Prototype IoT System. 

 

Figure 3.22 shows the program flowchart for the prototype IoT system. It starts 

when the power supply is turned on. After that, the system would include all the 

libraries and declare all the variables in its program. Then, the prototype’s 

microcontroller would try to connect to the Blynk IoT Cloud via Wi-Fi, if cannot 
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then it would try to reconnect to the Blynk IoT Cloud, usually this happens when 

there is no connection established with the Wi-Fi network. If the microcontroller 

could connect to the Blynk IoT Cloud, the system would start to collect both 

IMUs angle readings and updates their angle readings every 15 ms which would 

be displayed on the graphs in the Blynk IoT user interface. Then, the system 

checks whether the reset button is pressed, if it’s pressed, the arm of Servo 

Motors 1, 2 and 3 would be all at 90 degrees or else the system checks whether 

the grasping button is pressed. If the grasping button is clicked, the arm at Servo 

Motor 1 would be at 135 degrees, and the arm of Servo Motors 2 and 3 would 

be at 30 degrees. The system then checks whether the 4Fingers flexion button 

is pressed, if its pressed, the arm of Servo Motor 1 would be at 180 degrees, the 

arm of Servo Motor 2 would be at 0 degrees and arm of Servo Motor 3 would 

not change from its current position, or else the system checks whether the 4 

fingers extension button is pressed. If its pressed, the arm of Servo Motor 1 

would be at 45 degrees, the arm of Servo Motor 2 would be at 90 degrees, and 

the arm of Servo Motor 3 do not change.  

Followed by this, the system checks whether the thumb flexion button 

is pressed, if its pressed, the arm of Servo Motor 1 and 2 do not change, whereas 

the arm of Servo Motor 3 would be at 30 degrees, or else the system checks 

whether the thumb extension button is pressed. If its pressed, the arm of Servo 

Motors 1 and 2 do not change and the arm of Servo Motor 3 would be at 90 

degrees. Then, the system checks whether the power supply is still on, if it’s still 

on, the system loops back to updating both IMUs angle readings and display 

them on the graphs in the Blynk IoT interface, and it rechecks whether all the 

buttons on the Blynk IoT user interface have been pressed or not. If the power 

supply is turned off, the system disconnects from the Blynk IoT cloud, and both 

IMUs would stop collecting data. This signals the end of the program for the 

system. 

 

3.11 Libraries Used to Program the Components and IoT System 

There were 10 types of libraries used to program and components and IoT 

system for them to work. The WiFi.h library was used to provide the 

functionality for the ESP32 microcontroller to connect to a Wi-Fi network, so 

that the microcontroller can connect to the Blynk IoT Cloud for the Blynk IoT 
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user interface to work. The BlynkSimpleESP32.h library was used to enable the 

integration and interaction of the ESP32 microcontroller with the Blynk IoT 

platform that enable remote control of the prototype and data visualisation of 

the IMU angle readings on the Blynk IoT mobile app. The ESP32Servo.h library 

was used to control the servo motors with the ESP32 microcontroller to perform 

the specific finger movements. It helps in the generation of pulse width 

modulation (PWM) signals that are necessary to control the servo motors’ 

positions.  

 The Adafruit_Sensor.h library was used to provide the standardisation 

of the sensor data format when reading from IMUs, it helps to handle the IMUs 

data in a consistent and reliable manner. The Adafruit_BusIO_Register.h library 

was used to aid in low-level communication with the IMUs, allowing the ESP32 

microcontroller to interact with the IMUs’ registers to read or configure their 

settings. The Adafruit_I2CDevice.h enables the communication between the 

ESP32 and the IMUs via the I2C interface, which is used to gather acceleration 

data that will be converted to angular data. The Adafruit_I2CRegister.h library 

was used to interact with specific register on the IMUs, allowing the ESP32 to 

configure and extract their data. The Adafruit_MPU6050.h was used to provide 

easy access to the IMUs’ acceleration data. Lastly, the Wire.h library was used 

for the ESP32 to communicate with the IMUs via the I2C protocol.  

 

3.12 Experimental Protocols and Data Analysis Methods 

The objectives, procedures and method of data collection and data analysis, 

potential risks for the three tests on the assistive hand orthosis namely the finger 

ROM test, grip strength test and objects grasping test are described here. Six 

healthy individuals (3 male and 3 female) with a mean age of 24 were recruited 

for this study. Inclusion criteria required participants to be between the ages of 

20 to 29 years old. Individuals who were suffering from neurological disorders 

and injuries on finger joint or the upper extremities were excluded from the 

study. Ethical approval was obtained from UTAR Scientific and Ethical Review 

Committee (U/SERC/28/2023), and written informed consent was obtained 

from all participants prior to enrolment in the study. During all these tests, 

subjects were closely monitored during the experiment to ensure their safety. 

The device would be stopped immediately if there is any discomfort or adverse 



50 

reactions. All subjects’ data were protected through private storage and 

restricted access.  

 

3.12.1 Finger ROM Test 

The objectives of this test were to assess whether this assistive hand orthosis 

was able to perform flexion, extension and grasping movements on the thumb 

and the other four fingers close to the typical Finger ROMs and compare the 

finger ROMs during 4 fingers flexion and 4 finger extension movements 

between male and female subjects. The equipment and software used in this test 

are the assistive hand orthosis, inertial measurement units, Blynk IoT and 

Microsoft Excel. Each movement was repeated 5 times for each subject. 

The procedure for the finger ROM test began with the subject wearing the 

assistive hand orthosis. The subject was then instructed to align their fingers 

horizontally and place their wrist on an object shown in Figure 3.23. The 

experimenter used the Blynk IoT app, first clicking the ‘Reset’ button, followed 

by the ‘4 Fingers Flexion’ button, and data for the range of motion (ROM) at 

the index finger's DIP joint was recorded for 15 seconds. The experimenter then 

clicked the ‘4 Fingers Extension’ button, recording the ROM data for another 

15 seconds. This process was repeated four more times. Next, the subject 

aligned their thumb horizontally and placed the side of their wrist on an object. 

The experimenter once again clicked the ‘Reset’ button on the app, followed by 

the ‘Thumb Flexion’ and ‘Thumb Extension’ buttons, recording the ROM data 

at the thumb's IP joint for 15 seconds each. This process was repeated four more 

times for the thumb. Finally, after the test is done, the subject was instructed to 

remove the assistive hand orthosis. 

The data to be collected in this test were the index finger DIP joint and 

thumb IP joint ROMs with the assistive hand orthosis for finger 

flexion/extension and thumb flexion/extension movements. These data could be 

obtained from the data streamed in Microsoft Excel and analysed by calculating 

the mean and standard deviation. Besides that, the percentage error was 

calculated between the index DIP joint ROM of this assistive hand orthosis and 

another developed hand orthosis during finger flexion and extension. 

Additionally, the percentage error for the thumb IP joint ROM was compared 

with typical ROMs during finger flexion and extension. The standard error and 
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mean squared error for the index DIP joint ROM were also analysed during four 

fingers' flexion and extension between male and female subjects. 

 

 

Figure 3.23: Finger ROM Test Performed When Wearing Prototype. 

 

3.12.2 Grip Strength Test 

The objectives of this test are to assess the amount grip strength that can be 

produced on the index finger and thumb by the actuation of the assistive hand 

orthosis during grasping movements and compared the value of grip strength 

that could be produced on the index finger and thumb with and without the 

assistive hand orthosis for all subjects and in terms of gender. The equipment 

and software used in this test are the assistive hand orthosis, digital hand gauge, 

Blynk IoT and Microsoft Excel. Index finger and thumb grip strengths with and 

without the assistive hand orthosis were performed 3 times for each subject. 

The procedure for the grip strength test began by turning on the digital 

force gauge and setting it to zero. The subject was instructed to place their palm 

above an object and align their index finger on the digital force gauge’s 

measuring head. They were then instructed to perform a grasping movement, 

pressing their index finger on the measuring head with maximum force for 5 

seconds. The reading of the index finger's grip strength was recorded, and the 

process was repeated two more times for each subject. After setting the gauge 

to zero and peak, the subject placed the side of their palm above the object and 

aligned their thumb on the measuring head. They performed the same grasping 
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movement for the thumb, and the grip strength was recorded, repeating the 

process two more times. 

Next, the subject was instructed to wear the assistive hand orthosis, and the 

experimenter clicked the ‘Reset’ button on the Blynk IoT app. After setting the 

gauge to zero and peak, the subject aligned their index finger on the gauge as 

shown in Figure 3.24, and the experimenter clicked the ‘grasping’ button on the 

app. After 5 seconds, the grip strength was recorded. This process was repeated 

two more times. The gauge was again set to zero and peak, and the subject 

aligned their thumb on the measuring head as shown in Figure 3.25. The 

experimenter clicked the ‘grasping’ button, and after 5 seconds, the thumb grip 

strength was recorded. The process was repeated two more times for each 

subject, with the experimenter resetting the device back to default (fingers kept 

straight) after each trial. Finally, after the test is done, subject was instructed to 

remove the assistive hand orthosis. 

The data to be collected with and without the assistive hand orthosis are the 

index finger and thumb grip strength with the assistive hand orthosis for 

grasping movements, using a digital force gauge, and they were recorded in 

Microsoft Excel. These data collected were analysed by calculating the mean 

and standard deviation of the index finger and thumb grip strength with and 

without assistive hand orthosis and the percentage differences between the index 

finger and thumb grip strengths with and without the assistive hand orthosis for 

all subject and on each gender separately.  

 

 

Figure 3.24: Grip Strength Test on Index Finger When Wearing Prototype.  
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Figure 3.25: Grip Strength Test on Thumb When Wearing Prototype. 

 

3.12.3 Objects Grasping Test 

The objective of this test is to assess the the ability of the assistive hand orthosis 

to grasp on and pick up objects of different shapes and sizes. The equipment and 

software used in this test are the assistive hand orthosis, objects with different 

shapes (sphere, cube and cylinder), spherical objects with sizes between 3 to 8 

cm, Blynk IoT and Microsoft Excel. This experiment would determine the range 

of object sizes that could be grasped by the subject when wearing the prototype. 

The procedure for the objects grasping test began with the subject 

wearing the assistive hand orthosis and keeping their fingers horizontally. The 

experimenter then clicked the ‘Reset’ button on the Blynk IoT app. The subject 

was instructed to move their fingers above the object that needed to be picked 

up. The experimenter clicked the ‘grasping’ button on the app, and whether or 

not the object could be grasped and picked up with the assistive hand orthosis 

was recorded. If the object was successfully picked up, the subject placed the 

device near the table, and the experimenter clicked the ‘Reset’ button to release 

the object. This process was repeated for objects of different shapes and sizes. 

Lastly, after this test is done, the subject was instructed to remove the assistive 

hand orthosis. 

 

3.13 Costs of Materials Used on the Prototype 

Table 3.1 shows the costs of all the materials used on the prototype, which has 

a total of RM 383.29, indicating its cost-effectiveness. 
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Table 3.1: Costs of Materials Used on the Prototype. 

No. Item Name Quantity 

Total Cost 

(RM) 

1 Adjustable Wrist Guard 1 17.08 

2 Stripboard 1 2.25 

3 Velcro Tapes 1 5.90 

4 PLA Filament, 1 kg 1 50.00 

5 Breadboard 2 5.40 

6 MPU6050 Inertial Measurement Unit 2 21.00 

7 Portable Power Supply 1 77.93 

8 Cable Ties, 100 pcs 1 0.74 

9 40 Ways Male to Male Jumper Wire 1 2.50 

10 40 Ways Male to Female Jumper Wire 1 2.50 

11 40 Ways Female to Female Jumper Wire 1 2.50 

12 Wemos D1 R32 ESP32 Microcontroller 1 29.00 

13 USB Micro B Cable 1 4.00 

14 MG946R Metal Gear Servo 3 87.00 

15 Digital Goniometer 1 27.49 

16 Extra 3D Printing Costs  1 48.00 

  Grand Total Cost (RM) 383.29 

 

3.14 Summary 

The prototype requirements include lightweight, portable, comfortable, cost-

effective, able to collect accurate biomechanical assessments, IoT connected 

and adjustable making it suitable to be used on users with different finger shape 

and diameter, and wrist sizes. The mechanical design conceptualisation of the 

prototype involves the 3D-printed 4 fingers part, thumb part and junction box, 

and the IMUs and servo motors placement locations on the prototype. The 

development process of the prototype starts from research and the mechanical 

conceptualisation of the prototype, then proceeds to SOLIDWORKS drawings, 

3D printing and assembly of the first prototype design, followed by 

modifications on the mechanical design, software development, development of 

IoT user interface, and ends with 3D printing, assembly, and testing of final 

prototype with data analysis of the testings’ results. The system architecture of 

the prototype involves a power supply, a microcontroller for control, Blynk IoT 

user interface for interaction with prototype, servo motors for actuation, IMUs 

to collect finger ROMs and specific finger movements by servo motors 

actuation.  
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The materials and electrical components will be used on this prototype 

are PLA, micro servo motors, ESP32 microcontroller, IMUs, digital force gauge 

and more. The IMUs were calibrated to ensure the data collection by them are 

accurate and reliable and their angle readings are validated by a digital 

goniometer. The prototype will be connected to the Blynk Cloud for storing and 

managing its data, remote controlled, and visualisation of real-time data on its 

IoT user interface in the Blynk IoT mobile app. Various libraries were used to 

program the components, and the IoT system followed a structured flowchart 

for data collection, control, and monitoring. Experimental protocols involving 

tests to assess finger ROM, grip strength, and object grasping capability, and 

these tests’ data analysis methods were discussed. These three tests provided the 

data to analyse the prototype’s performance.  The total costs of all the materials 

used on the prototype is RM 383.29, which indicates its cost-effectiveness.
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CHAPTER 4 

 

4 RESULTS AND DISCUSSION 

 

4.1 Introduction 

The current chapter discusses on the final prototype developed such as its 

mechanical design on SOLIDWORKS, actual mechanical design, the actual 

circuit built for the final prototype and its IoT user interface design. The 

mechanical design changes and enhancement done from the first to the final 

prototype; the code used to program and integrate the components and IoT 

system. Furthermore, it discusses on the results of the four tests (inertial 

measurement unit angle accuracy test, finger ROM test, grip strength test and 

objects grasping test) carried out on the prototype to evaluate the final 

prototype’s performance on all subjects and also on each gender.  

 

4.2 Final Prototype Mechanical Design 

The final prototype comprised of 3D-printed parts such as the final iterative of 

the 4 fingers part, thumb part, servo holder for 4 fingers part and junction box 

were designed and drawn separately using the SOLDIWORKS software. They 

were then 3D-printed and assembled along with three servo motors, two IMUs, 

a microcontroller, a PCB, a wrist guard, cable ties, cables, a portable power 

supply and Velcro straps to develop the final prototype.  

  

4.2.1 Technical Drawings of Mechanical Design  

Figure  4.1 shows the drawing of the finalised 4 fingers part which consists of 

rigid attachments to attach the frame to the 4 fingers proximal and distal 

phalanges, and there are holes at them to allow Velcro straps to be placed 

through them. Besides that, there are mechanical joints at the attachments to the 

4 fingers distal phalanges to increase the flexibility at the distal end of the frame. 

Moreover, there is a platform at the attachment to the distal phalanx of the index 

finger to attach an IMU on it. Furthermore, there are mechanical joints at the 

middle of the frame that mimics the MCP, PIP and DIP joints for the index, 

middle, ring and small fingers. Additionally, there are holes at the proximal ends 
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of the frame to fit the slots which are used to attach the ends of the servo motors 

to the frame allowing the servo motors to move the proximal and distal ends of 

the 4 fingers part frame. Lastly, there is a platform at the left proximal end of 

the frame to place the servo motor which actuates the distal parts of the 4 fingers 

part frame. The technical drawing of the final prototype 4 fingers part with its 

dimensions in multiple views is shown in Appendix D. 

 

 

Figure 4.1: Drawing of Finalised 4 Fingers Part in Isometric View. 

 

 Figure 4.2 shows the drawing of the servo motor holder for the 4 

fingers part on the final prototype. This servo motor holder holds the servo 

motor that is responsible for actuating the proximal ends of the 4 fingers part 

frame. The servo motor holder is designed to hold the servo motor in place 

according to its shape and size, and to attach the servo motor onto the wrist 

guard. The technical drawing of the final prototype servo motor holder for 4 

fingers part with its dimensions in multiple views is shown in Appendix E. 
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Figure 4.2: Drawing of Final Prototype Servo Motor Holder for 4 Fingers Part 

in Isometric View. 

 

 Figure 4.3 shows the drawing of finalised thumb part. It consists of 

rigid attachments to attach the frame to the thumb proximal and distal phalanx, 

and there are holes at them to allow the Velcro straps to pass through it. In 

addition, there is a platform at the attachment to the thumb distal phalanx to 

attach an IMU on it. Besides that, there are mechanical joints at the middle of 

the frame that mimic the thumb joints. At the proximal end of the frame, there 

is a platform to place the servo motor onto the wrist guard and there are 

attachments designed to hold the servo motor according to its shape and size. 

There is a hole at the proximal end of the frame to fit the slot which attaches the 

end of the servo motor allowing the servo motor to move the thumb part frame. 

The technical drawing of the final prototype thumb part with its dimensions in 

multiple views is shown in Appendix F. 
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Figure 4.3: Drawing of Finalised Thumb Part in Isometric View. 

 

 The junction box for the final prototype is designed with a lid to allow 

the microcontroller and PCB to be covered up. It has a hinge designed to move 

the lid up and down, and there are ends designed to hold the lid when it’s closed. 

Moreover, it is designed to have the PCB attached underneath the lid, and there 

are small gaps shown in Figure 4.4 to fit the microcontroller in place inside the 

junction box. The technical drawing of the final prototype junction box with its 

dimensions in multiple views is shown in Appendix G. 
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Figure 4.4: Drawing of Finalised Junction Box in Isometric View. 

 

4.2.2 Fabrication of Final Prototype 

Figure 4.5 shows the final prototype developed based on the final drawings. It 

consists of a portable power supply used to power up the microcontroller, IMUs 

and servo motors. For the 3D-printed mechanical frame of the prototype, it 

consists of two main parts: the 4 fingers part and thumb part. The 4 fingers part 

was designed to be attached to the 4 fingers (index finger, middle finger, ring 

finger and small finger) and able to move the 4 fingers simultaneously when 

actuated by the servo motors. The 4 fingers part have two servo motors attached 

to the left and right proximal ends of the frame with one actuating the proximal 

end of the 4 fingers part, and another one actuating the distal end of the 4 fingers 

part. The thumb part is designed to be attached to the thumb only and there is a 

servo motor attached to it to actuate the distal end of the thumb part.  

Besides that, it consists of a microcontroller that act as the 

communication, processing and control unit for the prototype to control which 

servo motor will move and the degree of their rotation to actuate a specific finger 

movement, to process the data collected by the IMUs and to connect the 

prototype to the Blynk IoT platform via Wi-Fi. Moreover, there are two IMUs 

with one attached at the rigid attachment to the index finger to measure the index 
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finger DIP joint ROM and another one attached at the rigid attachment to the 

thumb to measure the thumb IP joint ROM. Additionally, there are Velcro straps 

at all the rigid attachments of the 4 fingers and thumb part to attach the 

mechanical frames to the fingers of the user, and Velcro Straps provides 

adjustability that allows users with various finger diameters and users with 

deformed fingers to wear it. Furthermore, it has a wrist guard which houses all 

of the prototype’s electrical components, the junction box and the 3D-printed 

mechanical frames, so that the user can easily wear it. The wrist guard also 

contains straps that allows users with various wrist sizes to wear it. Lastly, it 

consists of a 3D-printed junction box that houses the microcontroller, PCB and 

circuit of the prototype. The total weight of the final prototype is 500 g, which 

proves that it is lightweight. The total cost of the materials of the final prototype 

is RM 383.29, which indicates its cost-effectiveness.  

 

 

Figure 4.5: Mechanical Design of the Final Prototype. 

 

4.2.3 Circuit Design of Final Prototype 

Figure 4.6 shows the circuit design of the final prototype. It consists of a printed-

circuit board (stripboard) which was soldered with female pin header connectors 
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to allow cables to connect to it. It was used instead of a breadboard to ensure 

that the circuit connections are secured and more compact for it to be able to fit 

inside the junction box. Additionally, the PCB houses the circuit of the 

prototype with cables connected to it that were also connected to the pins of the 

microcontroller, servo motors, IMU and multiplexer. The multiplexer was 

soldered to the PCB to ensure more organised circuit connections and to ensure 

the circuit connections relating to the multiplexer were more secured. It also 

consists of a power jack which is connected the Vcc and ground pins on the 

printed circuit board which connects to the power supply so that the power 

supply can power the all the prototype’s components. Cables ties were used to 

tie the cables together especially for those connecting to the two IMUs and the 

three servo motors to ensure that the cables are well managed, not messy and 

would not hinder the movement of the frames during the servo motors’ actuation.  

 

 

Figure 4.6: Circuit Design of Final Prototype. 
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4.3 Types of Finger Movements Actuated  

Figure 4.7 shows the various finger movements that could be actuated by the 

final prototype such as 4 fingers flexion (a), 4 fingers extension (b), thumb 

flexion (c), and thumb extension (d). Grasping movement can also be actuated 

by the final prototype and the results of the objects able to be grasped when 

using it will be discussed later on in this chapter. 

 

 

Figure 4.7: Finger Movements Actuated by the Final Prototype a) 4 fingers 

Flexion; b) 4 fingers Extension; c) Thumb Flexion; d) Thumb Extension. 

 

4.4 IoT User Interface Design  

The IoT user interface for the final prototype shown in Figure 4.8 featured Blynk 

IoT Cloud as the backend platform. Enables compatibility to the user interface 

on the Blynk IoT mobile app. The IoT user interface have push buttons to signal 

the prototype to perform the actuation of specific fingers and thumb movements 

such as finger flexion/extension, thumb flexion/extension and grasping, in a 

remote manner through Blynk IoT mobile app. It also consists of graphs 

displaying the real-time index finger DIP joint and thumb IP joint ROMs 
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measured by the two IMUs. The Blynk IoT cloud platform enables real-time 

acquisition of joint ROM by the IMUs, visualisation of biomechanical data, 

cloud data storage and retrieval. Lastly, it also has a reset push button to reset 

the prototype to its default state for the safety of the user in the event if there is 

discomfort felt by the user or uncommon bugs in the servo motor control during 

its actuation.  

 

 

Figure 4.8: IoT User Interface Design for Final Prototype. 

 

4.5 Prototype Mechanical Design Changes and Enhancements 

The changes and enhancements in the mechanical design for the 3D-printed 

parts, which are the 4 fingers part, thumb part and junction box, after carrying 

out functional tests on them are discussed here. The technical drawings of the 4 

fingers part, thumb part and junction box iterative designs with its dimensions 

in multiple views are shown in Appendix H to J. 
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4.5.1 4 Fingers Part Design Changes and Enhancements 

After performing performance testing of the conceptualised 4 fingers part, all of 

its frames’ height were shorten by half as shown in Figure 4.9, to reduce its 

bulkiness. Besides that, the thinner frame parts of the 3D-printed conceptualised 

4 fingers part frame were broken as shown in Figure 4.10, during the removal 

of the 3D-printing supports and functionality testing on it. It was identified that 

this was caused by some of its frames being too thin. Hence, most of the thinner 

frames on the conceptualised 4 fingers part were modified to be twice thicker as 

shown in Figure 4.9. This ensures that the frames would not break when the 

servo motors actuate the frames.  

 

 

Figure 4.9: 2nd Iterative 4 Fingers Part Drawing in Isometric View. 

 

 

Figure 4.10: Broken Frames of the Conceptualised 4 Fingers Part. 
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After performing functionality testing on the second iterative 4 fingers 

part, it was found that the rigid attachments that attaches the frame to the 4 

fingers’ distal phalanges were too rigid. Hence, the mechanical joints were 

added at them as shown in Figure 4.11 to increase flexibility at the distal end of 

the frame so that a higher finger ROM can be achieved when the device 

performs 4 finger flexion movements. Besides that, the proximal ends to the 

frame were modified to be thicker and bigger in size, and the mechanical joints 

between the proximal and distal ends of the frame were redesigned so that they 

would not break when the servo motors actuate the frame.  

 

 

Figure 4.11: 3rd Iterative 4 Fingers Part Drawing in Isometric View. 

 

After performing functionality testing on the third iterative 4 fingers 

part, it was found that the mechanical joints in between the proximal and distal 

ends of the second iterative 4 fingers part were not smooth enough.  It was 

discovered that it is mainly due to the rotational axes for all the 4 fingers weren’t 

aligned with each other as shown in Figure 4.12. The coloured dots refer to the 

estimated centre points of rotation for the mechanical joints on each of the 4 

fingers and the coloured dotted lines corresponds to the rotational axis for each 

of the 4 fingers, which are the same colour as the dots. Misaligned rotation axes 

can cause inconsistent force transmission on the mechanical joints for each of 

the 4 fingers by the servo motors’ actuation (Rincon et al., 2013), making the 

mechanical joint movements to be rough.  
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Figure 4.12: Misalignment of Rotational Axes for the Mechanical Joints of 

Each Finger for the Second Iterative 4 Fingers Part Frame 

 

Hence, the mechanical joints in between the proximal and distal end of 

the 4 fingers part were modified to only have a single centre point of rotation 

and rotational axis shown in Figure 4.13. Besides that, holes were added at the 

proximal end of the third iterative 4 fingers frame to allow the slots to be fitted 

on it so that the servo motors ‘ end can attach to the frame of the 4 fingers part 

more securely, without it falling off while providing actuation to the frame.  

 

 

Figure 4.13: Single Centre Point of Rotation and Rotational Axis at the 

Mechanical Joints in Between the Proximal and Distal Ends of the Final 

Prototype 4 Fingers Part. 
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4.5.2 Thumb Part Design Changes and Enhancements 

After performing functionality testing on the conceptualised thumb part, it was 

found that the proximal end of it is too thin, which may break when the servo 

motor actuates the thumb part. Therefore, the proximal end of the thumb part 

was redesigned to be larger and thicker as shown in Figure 4.14, to prevent it 

from breaking during servo motor actuation.  

 

 

Figure 4.14: 2nd Iterative Thumb Part Drawing in Isometric View. 

  

After performing functionality testing on the second iterative thumb 

part, it was discovered that the thumb flexion is insufficient. The results shown 

in Table 4.1 shows the mean thumb IP joint ROM achieved after redesigning 

the thumb part is greater for thumb flexion and lower for thumb extension. This 

signifies improvement in the thumb IP joint ROM for both thumb flexion and 

extension because the thumb IP joint ROM after redesigning the thumb part for 

both thumb flexion and thumb extension have a much lower percentage 

difference of 41.04% and 17.8% respectively shown in Table 4.2, when 

comparing them to their typical thumb IP joint ROM values. The typical thumb 

IP joint ROM for thumb flexion is 85° and for thumb extension is 5° 

(Physiotutors, n.d.).  
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Table 4.1: Thumb IP Joint ROM Before and After Redesigning Thumb Part. 

Type of Movement 
Thumb IP Joint ROM (°) 

Before After 

Thumb Flexion 20.45 ± 0.88 50.11 ± 1.42 

Thumb Extension 10.69 ± 0.57 4.11 ± 0.47 

 

Table 4.2: Percentage Difference Between Thumb IP Joint ROM Achieved 

and Its Typical Value. 

Type of Movement 
Percentage Difference (%) 

Before After 

Thumb Flexion 75.94 41.04 

Thumb Extension 113.80 17.80 

 

4.5.3 Junction Box Design Changes and Enhancements 

Several changes were made on the junction box between the conceptualised 

junction box and the final prototype’s one. Firstly, it was found that the PCB 

and microcontroller in the conceptualised junction box will move around inside 

it when the prototype was moving, which could result in loose circuit 

connections that can affect the circuit of the prototype. Therefore, there are 

small gaps added to the final prototype junction box to enable the 

microcontroller and PCB to fit into the junction box nicely so that both of them 

will stay in position while the prototype is moving. Besides that, the 

conceptualised prototype junction box was found to not have a lid which means 

the PCB and microcontroller may fall off if drastic movements were made by 

the user, which can result in loose circuit connections. Hence, the final prototype 

junction box was designed to have a hinge to enable the opening and closing of 

the junction box, and ends to hold the lid while its closed, so that the PCB and 

microcontroller would not fall off easily. Moreover, it was found that there are 

not enough room for the wires exit the junction box to connect to the IMUs and 

servo motors, so the final prototype junction box was designed to have a big gap 

at the side of it to allow space for the wires to exit the junction box.  
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4.6 Code Used to Program the Components and IoT System 

Code used to program the components such as the servo motors, multiplexer 

and IMUs, with the Blynk IoT system used for this prototype are discussed here.  

 

4.6.1 Servo Motor With IoT system Code 

Figure 4.15 shows the code used to define the three servo motors that was used 

to actuate the prototype to perform specific finger movements as a variable for 

each. Servo1 (first servo motor) is the servo motor attached to the right proximal 

end of the 4 fingers part, servo2 (second servo motor) is the servo motor attached 

to the left proximal end of the 4 fingers part and servo3 (third servo motor) is 

the servo motor attached to the proximal end of the thumb part.  

 

 

Figure 4.15: Variables For the Servo Motors Used on the Prototype. 

 

Figure 4.16 illustrates the pins that the three servo motors signal pins 

would be connected to the microcontroller in order for them to receive the 

signals from the microcontroller to control them. According to Figure 4.16, the 

first, second and third servo motor signal pin would attach to the GPIO27, 

GPIO17 and GPIO26 pins on the microcontroller respectively.  

 

Figure 4.16: Code to Define the Pins on the Microcontroller to Be Connected 

With the Three Servo Motors’ Signal Pins. 

 

Figure 4.17 shows the code used to set and control the rotational angle 

of the three servo motors for 4 fingers flexion, 4 finger extension and grasping 

movements depending on the button being pressed on the prototype IoT user 

interface via the Blynk IoT mobile app. When the 4 fingers flexion button was 

pressed on the Blynk IoT mobile app, the first and second servo motor would 
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be at 180 degrees and 0 degrees respectively, and the third servo motor would 

not change its position. When the 4 fingers extension button was pressed on the 

Blynk IoT mobile app, the first and second servo motor would be at 45 degrees 

and 90 degrees respectively, and the third servo motor would not change its 

position. Whereas, when the grasping button is pressed on the Blynk IoT mobile 

app, the first servo motor would be at 135 degrees, and the second and third 

servo motor would be at 30 degrees.  

 

 

Figure 4.17: Code to Set Rotational Angle of the Servo Motors When a 4 

Fingers Flexion/Extension or Grasping Button Selected on the Blynk IoT 

Mobile App. 

 

Figure 4.18 shows the code used to control the rotational angle of the 

three servo motors when thumb flexion, thumb extension or reset button was 

being pressed on the prototype IoT user interface via the Blynk IoT mobile app. 

When the reset flexion button was pressed on the Blynk IoT mobile app, all 

three servo motors would be at 90 degrees to return it to its default state, which 

was presumed to be keeping the fingers straight. When the thumb flexion button 

is pressed on the Blynk IoT mobile app, only the third servo motor would be at 

30 degrees, the first and second servo motor would not change their positions. 
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Furthermore, when the thumb extension button is pressed on the Blynk IoT 

mobile app, only the third servo motor would be at 90 degrees, the first and 

second servo motor would not change their positions. 

 

 

Figure 4.18: Code to Set Rotational Angle of Servo Motors When a Thumb 

Flexion/Extension or Reset Button Selected on the Blynk IoT Mobile App. 

 

4.6.2 Inertial Measurement Units with Multiplexer Code 

The first two lines in the code shown in Figure 4.19 are the variables that defined 

the first IMU (mpu1) which measured the thumb IP joint ROM and the second 

IMU (mpu3) which measured the index finger DIP joint ROM. The float 

variables in the code are the variables that were used for the derivation of the 

finger ROMs from the data collected by the IMUs’ accelerometers with the use 

of trigonometry. TCAADDR 0x70 sets the default I2C address of the 

multiplexer. MOX1 was defined as 2, which indicated that first IMU was 

connected to multiplexer’s third I2C channel (slot 2). MOX2 was defined as 6, 

which indicated the second IMU was connected to the multiplexer’s seventh 

I2C channel (slot 6). The tcaselect(uint8_t i) function was responsible to check 

which of the multiplexer’s I2C channel (slot 0 to 7) was selected in this program.  
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Figure 4.19: Code to Define the Variables Used for the Two IMUs and the I2C 

Channels to be Selected on the Multiplexer. 

 

Before the IMUs could run with the program, they needed to be 

initialised first. The tcaselect(MOX1) and tcaselect(MOX3) functions shown in 

Figure 4.20 were responsible for initialising the first and second IMUs via the 

multiplexer. If any of the IMUs couldn’t be initialised by the microcontroller, it 

would print out a message on the serial monitor in the Arduino integrated 

development environment (IDE) software showing that the IMU couldn’t be 

found.  

 

 

Figure 4.20: Code to Initialise Both IMUs via the Multiplexer. 
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 Figure 4.21 shows the code used to program the IMUs to collect its 

accelerometer readings for every 100 milliseconds. The Blynk.run() function 

instructs the Blynk IoT to start collecting the IMUs accelerometer readings. In 

Figure 4.21, tcaselect(MOX1) function and tcaselect(MOX3) function select the 

first and third IMU respectively to collect its accelerometer data in the x, y and 

z axis.  

 

 

Figure 4.21: Code to Program the IMUs to Collect its Accelerometer Readings. 

 

 The code shown in Figure 4.22, contain the variables that represents 

the angular data in x, y and z axis derived from both IMU’s accelerometer’s 

readings with the use of trigonometry for every 100 milliseconds. 

 

 

Figure 4.22: Code to Derive the IMU’s Acceleration Data to Angular Data. 
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 The code shown in Figure 4.23 shows the adjustments made due to the 

orientation placement of the IMUs being attached on the prototype and to 

remove the offsets of both IMUs angle readings, in order to make their angle 

readings more accurate. 

 

 

Figure 4.23: Code Showing the Adjustments Made to IMUs’ Angle Readings. 

 

4.6.3 Blynk IoT System Code 

Function 4.24 shows the function used to connect the microcontroller to the 

Blynk IoT via Wi-Fi connection.  The code used to display the real-time index 

finger DIP joint and thumb IP joint ROM readings by both IMUs on the graphs 

in the prototype IoT user interface via the Blynk IoT mobile app every 100 

milliseconds is shown in Figure 4.25. 

 

 

Figure 4.24: Function Used to Connect Microcontroller to Blynk IoT. 
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Figure 4.25: Function Used to Display Both IMUs Real-Time Angle Readings 

in Blynk IoT User Interface. 

 

4.7 Results of Performance Assessments of the Prototype 

This section displays the results of the various assessments done on the 

prototype to evaluate the performance of it in carrying out various finger 

movements and to test the accuracy of the IMUs finger ROM readings.  

 Subjects of various right hand sizes shown in Table 4.3, were involved 

in the performance assessments being carried out on the prototype. The data in 

Table 4.3 indicates that the prototype was able to be worn and used on subjects 

with various right hand sizes, hence this proven its adjustability to various right 

hand sizes. 

 

Table 4.3: Subjects of Various Right Hand Sizes Involved in the Testing on 

the Prototype. 

Right Hand Sizes Range Length (cm) 

Middle Finger to Wrist 15.5 - 18.0 

Across the Palm 7.0 - 8.5 

Thumb to Wrist 10.0 - 12.0 

 

4.7.1 Inertial Measurement Unit Angle Accuracy Test 

Table 4.4 illustrates the index finger DIP and thumb IP joint ROM measured by 

each of the two IMUs being attached on the final prototype and their 

corresponding actual angles measured by a digital goniometer in 30 degree 

intervals. The results indicated that after the calibration of both IMUs, they have 

quite consistent finger ROM readings with low variability as their finger ROM 

readings have low standard deviations of less than 2.  
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Table 4.4: Comparison of Angle Measurements on Prototype. 

Actual Angle 

(Degree) 

Mean ± SD (Degree) 

Index DIP Thumb IP 

0 0.59 ± 0.23 0.43 ± 0.42  

30 30.53 ± 0.43 29.34 ± 0.70   

60 60.08 ± 0.75  61.11 ± 0.67  

90 85.99 ± 1.35 88.86 ± 0.51 

 

The results in Table 4.5 proved the finger ROM readings of both IMUs 

being attached on the final prototype are quite accurate after calibrating them as 

they have very low percentage differences of less than 5% when comparing their 

finger ROM readings with their corresponding actual angles measured by a 

digital goniometer in 30-degree intervals.  

 

Table 4.5: Percentage Differences in Angle Between Two Measurement Tools. 

Actual Angle 

(Degree) 

Percentage Difference in Angle (%) 

Index DIP Thumb IP 

30 1.77 2.20 

60 0.13 1.85 

90 4.46 1.27 

 

4.7.2 Finger Range of Motion Test 

The results in Table 4.6 shows that the Finger ROM readings for both index 

finger DIP joint and thumb IP joint are quite consistent during 4 fingers 

flexion/extension and thumb flexion/extension movements, with them having 

low standard deviations of less than 8 between all participants.  

The results also indicates that the mean index finger DIP joint ROM 

achieved by the final prototype for finger flexion is close to the typical ROM at 

the DIP joint for finger flexion with a low percentage difference of 10.1% when 

comparing it to its typical DIP joint ROM. Furthermore, the mean index DIP 

joint ROM for finger extension achieved by  the final prototype is 23.78°, which 

is lower than that measured by the finger exoskeleton developed by Ceccarelli 

and Cruz, 2021 (36.81°). This indicates that this prototype can perform finger 
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extension better than the finger exoskeleton developed by Ceccarelli and Cruz, 

2021, as it can produce a mean index finger DIP joint ROM with a lower 

percentage difference of 18.9% when comparing it to its typical DIP joint ROM. 

This means the prototype can perform finger extension closer to its typical DIP 

joint ROM than the finger exoskeleton developed by Ceccarelli and Cruz, 2021. 

The typical finger DIP joint ROM for finger flexion is 85° and for finger 

extension is 20° (Physiotutors, n.d.). 

Based on the results shown in Table 4.6, the mean IP joint ROM for 

thumb flexion achieved by the final prototype was also close to its typical IP 

joint ROM for thumb flexion with a small percentage difference of around 20%. 

However, the mean IP joint ROM for thumb extension achieved by the final 

prototype was far below its typical ROM of 85 degrees (Physiotutors, n.d.), with 

a percentage error of 41.18%. The reason for the disparity is most likely due to 

the design limitation of the servo motor’s arm, therefore it is recommended to 

use a linear actuator instead for future work. 

 

Table 4.6: Finger Range of Motion for All Subjects. 

Movement Range of Motion Mean ± SD (Degree) 

4 Fingers Flexion Index DIP 80.29 ± 3.91 

4 Fingers Extension Index DIP 23.78 ± 7.70 

Thumb Flexion Thumb IP 50.11 ± 1.42 

Thumb Extension Thumb IP 4.11 ± 0.47 

 

Figure 4.26 shows the finger ROMs response of a participant in 

flexion-extension directions during 5 repeated movements, with green line 

indicating the index finger DIP joint ROM and red line indicating the thumb IP 

joint ROM. This graph shows that the prototype can actuate repeatable 4 fingers 

flexion/extension and thumb flexion/extension, which is beneficial for people 

with fine motor trainings as repeatable finger movements can help improve 

finger muscle strengths, finger flexibility (Husam and Husi, 2021), and help 

stimulate neuroplasticity (Singh et al., 2021). This means it can help improve 
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fine motor trainings’ effectiveness when this prototype is used to practice on 

these finger movements during these sessions.  

 

 

Figure 4.26: Finger ROMs against Time During 5 Repeated Movements of a 

Participant in Flexion-Extension Directions. 

 

4.7.3 Grip Strength Test 

The results of the grip strength test carried out with and without the final 

prototype (assistive hand orthosis, AHO) on all the participants’ index finger 

and thumb after the grasping movement being actuated by the AHO are shown 

in Table 4.7. The results in Table 4.7, Figures 4.27 and 4.28 shows that the 

average grip strength for both index finger and thumb were found to be higher 

when wearing the AHO when compared to without wearing it, with a 14% and 

16% increase, for the index finger and thumb respectively. This indicates that 

the AHO is able to improve on grip strength for both the index finger and thumb 

when grasping movement is being actuated by the AHO.  

 

Table 4.7: Grip Strength With and Without the AHO. 

Finger 
Mean ± SD (°) 

% Increase 
Without AHO With AHO 

Index  28.76 ± 9.15 33.61 ± 12.37 16.86 

Thumb 33.93 ± 9.67 38.71 ± 13.74 14.09 
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Figure 4.27: Average grip strength of the Index Finger for All Participants 

With and Without Wearing the AHO. 

 

 

Figure 4.28: Average grip strength of the Thumb for All Participants With and 

Without Wearing the AHO. 

 

4.7.4 Object Grasping Test 

Object Grasping Test was performed to test the AHO ability in grasping objects 

with various sizes and shapes. Figure 4.29 shows the AHO (final prototype) 

grasping a ball of 3 cm (a), 6 cm (b), 7 cm (c) and 8 cm (d) when the AHO 

actuates grasping movement.  This indicates the AHO’s ability to grasp objects 

of various sizes.  

 



81 

 

 

Figure 4.29: The AHO Grasping Balls of Various Sizes, a) D = 3 cm; b) D = 6 

cm; c) D = 7 cm; d) D = 8 cm. 

 

 Figure 4.30 shows a cube (a), cylinder (b) and sphere (c) -shaped object 

being grasped when the AHO actuated grasping movement. This demonstrates 

the AHO’s ability to grasp objects of various shapes. The AHO’s grasping 

ability is useful for users with finger mobility issues and require practice on 

grasping objects, which is required in ADL, in order to regain back their fingers’ 

grasping movement. 

 

 

Figure 4.30: The AHO Grasping Objects of Different Shapes, a) Cube ; b) 

Cylinder ; c) Sphere. 
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4.7.5 Finger Range of Motion and Grip Strength Tests Based on Gender 

 Results of subject testing revealed that the standard error for finger extension 

was higher than flexion among all participants as shown in Table 4.8. This 

indicates that the exoskeleton can perform fingers flexion with more consistent 

index finger DIP joint ROMs as compared to extension. This could be due to 

the rotational angle of the servo motors responsible for actuating 4 fingers 

extension being insufficient. This difference can be reduced by increasing the 

rotational angle of the servo motor’s arm so that it can pull the fingers upwards 

to a greater extent. 

 

Table 4.8: Differences in Index Finger DIP joint ROM Between Male and 

Female Participants. 

 

The results in Table 4.9 shows that there are differences in the amount 

of grip strength exhibited by both the male and female participants when 

wearing the AHO and without wearing it. A marked increase of 15 to 22% and 

9 to 12% was observed in male and female cohort which proved that the 

exoskeleton could improve the grip strength for both male and female index 

finger and thumb. 

 

Table 4.9: Differences in Grip Strength Without AHO and With AHO for 

Male and Female Participants.   

Gender Finger 
Mean ± SD (°) % 

Increase Without AHO With AHO 

Male Index 32.17 ± 10.68 39.48 ± 13.86 22.72 

Thumb 38.32 ± 10.64 44.17 ±15.71 15.27 

Female Index 25.35 ± 5.49 27.74 ± 6.71 9.43 

Thumb 29.55 ± 5.93 33.25 ± 8.45 12.52 

Movement 
Mean ± SD (°) Standard 

Error 

Mean 

Square 

Error Male Female 

4 Fingers 

Flexion 
80.91 ± 3.67 79.35 ± 4.09 0.06 1.33 

4 Fingers 

Extension 
27.48 ± 4.34 20.07 ± 8.50 0.13 15.05 
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4.8 Summary 

The final prototype 4 fingers part, thumb part, and junction box were designed 

using SOLIDWORKS. The final prototype consists of three servo motors for 

precise actuation of specific finger movements such as 4 fingers 

flexion/extension, thumb flexion/extension and grasping. It has two IMUs for 

collecting the index finger DIP and thumb IP joint ROMs, a portable power 

supply to power the electrical components, a junction box to house the 

microcontroller and PCB, Velcro straps providing adjustability to users of 

various finger diameters, and a wrist guard to house all the components together 

and ease of wear. It is lightweight (500 g) and cost-effective (RM 283.29). Initial 

designs on the mechanical frames encountered challenges, including 

mechanical joint rigidity and insufficient flexibility, which were addressed 

through multiple iterations. After redesigning on the thumb part, it showed 

significant improvement, with the thumb IP joint ROM increasing from 20.45° 

to 50.11° for thumb flexion and decreasing from 10.69° to 4.11° for thumb 

extension, making them close to their typical IP joint ROMs of 85° and 5°. 

The prototype also demonstrated effective control over the index finger 

DIP joint ROM, achieving a mean flexion of 80.29°, with only a 10.1% 

deviation from its typical ROM, highlighting its accuracy. During finger ROM 

tests on the final prototype, it was found that the prototype produced quite 

consistent ROMs with a low standard deviation of less than 8 between all 

participants. Grip strength tests on the final prototype showed a marked increase 

when participants used the AHO. For the index finger, there was a 16% 

improvement in grip strength, and for the thumb, a 14% increase. This highlights 

the AHO's ability to improve in grip strength, an important feature for users with 

impaired motor skills. Additionally, the prototype was tested for its ability to 

grasp objects of varying sizes and shapes, successfully grasping balls between 

3 cm and 8 cm in diameter, as well as cube, cylinder, and sphere-shaped objects. 

This flexibility demonstrates the AHO’s potential for real-world applications 

where users need to handle a range of objects. The prototype’s integration with 

its user-friendly Blynk IoT user interface which provides real-time finger ROMs 

data to be visualised and easy control over the device on actuating specific finger 

movements.  
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CHAPTER 5 

 

5 CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

The project successfully demonstrated the proof-of-concept of the design and 

development of an assistive hand orthosis (AHO). This AHO was equipped with 

three servo motors that enables precise actuation on the users’ fingers perform 

precise and specific finger movements such as 4 fingers flexion/extension, 

thumb flexion/extension and grasping. It was also equipped with IMUs for 

measuring finger ROMs. The angle readings on the IMUs proven to be accurate 

as the percentage differences between the IMU and digital goniometer readings 

are very low (< 5%).  The AHO is lightweight (500 g) and cost-effective (RM 

283.29). 

The prototype is integrated with a user friendly IoT user interface, 

which enables the users’ rehabilitation data to be accessed and visualised 

remotely, and to be controlled easily using the Blynk IoT mobile app. This eases 

both the user and therapist in providing targeted and customisable assistance 

during fine motor trainings. The prototype’s mechanical frames were made up 

of PLA and its electrical components were powered by a portable power source 

making it lightweight and portable. This enables the prototype to be easily 

carried around and used anywhere, allowing easy access to it. It’s adjustability 

is proven as it was tested on subjects with a range of hand sizes.  

After performing subject testing on this AHO, it shows that it can 

perform 4 fingers flexion/extension and thumb flexion/extension consistently 

with a low standard deviation of less than 10, and it can aid on users’ grip 

strength with a percentage increase of 16.86% and 14.09% of the index finger 

and thumb respectively. The AHO also demonstrated the ability to grasp objects 

on different shapes and sizes. This is useful for users who have finger mobility 

issues and require practice on grasping objects, which is required in ADL, in 

order to regain back their fingers’ grasping movement. This work is expected to 

serve as a foundation for the development of similar systems that will enhance 
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the accessibility, availability, affordability, and acceptability of exoskeleton 

rehabilitation systems in Malaysia. 

 

5.2 Limitations  

A limitation of this study is that the thumb part of the prototype cannot achieve 

a mean thumb IP joint ROM close to its typical ROM for thumb flexion, with a 

percentage error of 41.18%. Besides that, another limitation of this study is that 

fingers cannot be actuated and controlled individually when wearing the AHO, 

so it cannot perform finger movements such as finger pinching. Moreover, a 

limitation of this study is that the rigid attachments at the proximal end of the 4 

fingers part are too rigid and contains no mechanical joints on it, so it can’t 

produce ROM at the index finger MCP joint during 4 fingers flexion. 

Furthermore, the ROM for the other fingers such as middle, ring and small 

fingers can be collected on the prototype due to no IMUs being attached to these 

fingers. Additionally, the speed of the servo motors’ actuation on the 

prototype’s finger movements cannot be controlled, so some patients may feel 

uncomfortable when using the AHO. Lastly, the hinge at the junction box on 

the AHO broke due to it being too thin.  

 

5.3 Recommendations for Future Work  

A future work for this study is to use linear actuator instead of a servo motor to 

actuate the thumb part in order to produce a much greater thumb IP joint ROM 

during thumb flexion and so that it can get much closer to its typical ROM of 

85°. Besides that, more servo motors can be added onto the AHO to allow 

individual actuation of the fingers so that the AHO can perform finger pinching. 

Moreover, mechanical joints can be added at the rigid attachments at the 

proximal end of the 4 fingers part, to increase flexibility at the proximal end  

and allow bending of the fingers at their MCP joint.   

Furthermore,  more IMUs can be added to the middle, ring and small 

fingers so that their ROMs can be tracked individually so that the therapist can 

carry out more specific targeted or customisable assistance on the patient’s 

rehabilitation progress. Additionally, the AHO will need to have widgets on its 

IoT user interface which allows the servo motors’ actuation speed  to be 
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controlled  on each of the servo motors, so that the user can feel more 

comfortable when using the AHO.  Lastly, the hinge at the junction box on the 

AHO needs to be redesigned and to make it thicker so that it would not break in 

the future. 
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APPENDICES 

 

 

Appendix A: Technical Drawings of the Conceptualised 4 Fingers Part with 

Dimensions in Multiple Views. 

 

 

Appendix B: Technical Drawings of the Conceptualised Thumb Part with 

Dimensions in Multiple Views.  
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Appendix C: Technical Drawings of the Conceptualised Junction Box with 

Dimensions in Multiple Views. 

 

 

Appendix D: Technical Drawings of the Final Prototype 4 Fingers Part with 

Dimensions in Multiple Views. 
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Appendix E: Technical Drawings of the Final Prototype Servo Motor Holder 

for 4 Fingers Part with Dimensions in Multiple Views. 

 

 

Appendix F: Technical Drawings of the Final Prototype Thumb Part with 

Dimensions in Multiple Views. 
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Appendix G: Technical Drawings of the Final Prototype Junction Box with 

Dimensions in Multiple Views. 

 

 

Appendix H: Technical Drawings of the Second Iterative 4 Fingers Part with 

Dimensions in Multiple Views. 
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Appendix I: Technical Drawings of the Third Iterative 4 Fingers Part with 

Dimensions in Multiple Views. 

 

 

Appendix J: Technical Drawings of the Second Iterative Thumb Part with 

Dimensions in Multiple Views. 
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Appendix K: Conference Manuscript Based on This Project Accepted to be 

Presented at the IECBES 2024 Conference. 

 

 

 

 

 

 

 



100 

 

 

Appendix L: An Assistive Robotic Hand Orthosis (Farinha, et al., 2019). 

Reprinted with permission from Copyright 2019 IEEE. 

 

 

Appendix M: The ExoGlove (Yap, et al., 2015). Reprinted with permission 

from Copyright 2022 IEEE. 

 

 

Appendix N: A SMA Based Wrist Exoskeleton (Serrano, et al., 2018). 

Reprinted with permission from Copyright 2018 IEEE. 

 

 


