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 i 

Abstract 

This paper presents the design and optimisation of compliant nonlinear torsional springs by 

parametric finite element analysis. The springs are created based on a single B-spline curve, 

which exhibits a compact, lightweight, and simpler design than existing works.  The spring is 

created by a combination of computational finite element analysis methods and optimisation 

algorithms that analyse and optimise spring designs. The models and methodology of spring 

creation are presented with results. The constant-torque spring was able to outperform the 

generic constant spring design in some aspects as well as cosine-torque spring which perform 

an outstanding output in term of output accuracy. This thesis explores a new type of nonlinear 

torsional spring with advantages above generic nonlinear torsional spring as well as difficulties, 

limitations and recommendations of the spring design method used. 
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Chapter 1: Introduction 

Torsion springs are categorised under compliant design. Compliance is a material property that 

represents the flexibility of the material and structure. The tool that utilises the flexibility of 

the material to accomplish a specific task is categorized in the complaint mechanism[1]. A 

compliant mechanism can be difficult to design compared to rigid parts with joints and hinges. 

However, with more advanced technology and knowledge in the past decades, a compliant 

mechanism can be designed with ease by the development of new materials and higher 

computational capabilities. Moreover, the compliant mechanism is required in some 

applications in which traditional mechanisms are not applicable. Compliant mechanisms are 

created as one-piece and jointless. Such a design can minimize the lubricant requirements, 

wear, and backlash, which can be disadvantages of the generic design mechanism design[2]. 

The design of a compliant mechanism can help minimise production costs by assembly costs 

reduction, storage space reduction (reducing parts and connections) and manufacturing process 

simplification, such as injection moulding and metal casting. However, the disadvantages of 

compliant mechanisms include a limited range of motion and stress relaxation, which increase 

the design complexity. The compliant mechanism can be challenging to design in some 

applications with complex requirements and some of the trade-offs due to its nature. Compliant 

mechanism motions utilise the elasticity of the design and material, which is generally used in 

repetitive motions. The repetitive movement can result in high-stress concentration at the 

bending locations and can lead to fatigue failure of the mechanism in long-term usage. This 

makes fatigue tests and computational analysis necessary for compliant mechanism design.  

 
Figure 1: Structural Nonlinearities[3] 
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Nonlinear torsional spring is categorised under the compliant mechanism class. The spring 

provides nonlinear output functions such as nonlinear load displacement and nonlinear torque 

displacement. Nonlinear output occurs when the input energy of the nonlinear spring is 

partially absorbed by the compliant mechanism as strain energy, which can be called 

‘Structural Nonlinearity’. The nonlinear output of the design can be achieved by three methods 

which are 1. Geometric nonlinearities, 2. Material nonlinearities, and 3. Change-in-status 

nonlinearities as Figure 1.  Material nonlinearities occurred according to the material properties 

such as increasing temperature, material yielding, and special material synthesis such as 

psudoelastic material[4]. Change-in-status nonlinearities occurred due to the contact of the 

geometry, which provides a change in stiffness to the compliant mechanism [5]. Nonlinear 

torsional springs only adopt geometric nonlinearities to achieve a nonlinear result of the spring 

design. Nonlinear spring is generally used in many applications, such as 

microelectromechanical systems, constant force output, and human interface devices, but not 

in some other applications, such as gravity compensation. The output of the nonlinear spring 

can be different in each application based on the design criteria, for example, constant force 

nonlinear spring and S curve nonlinear spring. The output of the spring can be manipulated by 

changes in design geometry, which results in changes in strain energy absorption of the spring, 

which is one of the structural nonlinearities properties.  

 

The term ‘Finite element analysis (FEA)” in engineering can be traced back to the 1950s 

through aerospace engineering application, having its first commercial computer program 

introduced in the 1960s [6]. Finite element analysis is the simulation of physical phenomena 

calculated by the finite element method (FEM). The partial differential equations (PDEs) are 

calculated to compute a simulation structure behaviour with specific material properties such 

as stress and strains. FEA can be used to find an approximate solution to the physical 

phenomenon, and it is commonly used to reduce the resources required for repetitive 

experiments for design optimisation and testing. According to [7], FEA was used to perform a 

design optimisation by changing the design structure based on the results until the design 

criteria were satisfied. FEA is a powerful simulation program that can be used to perform 

design optimisation without conducting practical experiments to identify the design viability, 

which can reduce the number of resources used in the experiment and shorten the optimisation 

duration. 
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1.1 State of the Art 

Compliant design is one of the methods commonly used to create springs for a specific 

application, such as a human-robot interaction device, gripping device, electrical contact, and 

a series actuator. The type of spring used in the applications can be categorised into two major 

spring types based on the type of input motion, which are torsional spring and tension-

compression spring. The springs can also be categorised based on the spring output, which are 

linear and nonlinear output. Thus, compliant design is used in both linear and nonlinear spring 

designs, as well as in torsional and compression springs. The majority of torsional spring 

designs use a design methodology that includes design optimisation and compliant mechanism 

design. Similarly, nonlinear tension-compression springs used a compliant design with an 

optimisation algorithm to achieve the desired goal as in torsional spring design studies. This 

method has been commonly used in many studies to create a complex torsion spring design. 

The spring design of the nonlinear torsional spring in each study also introduces a similar 

structural pattern, which represents a circular torsional spring with three main components, 

which are shaft, ring, and compliant links.  However, this thesis aims to achieve the result in a 

different way. A single b-spline based-compliant nonlinear torsion spring has never been made 

before in constant-torque application. The spring is constructed based on a single b-spline 

geometry. Furthermore, the spring also has compliant mechanism property. The spring design 

can lower the complexity of the spring shape while maintaining its performance. Moreover, at 

the present, the gravity compensator is created by using a complex approach that requires a 

bulky design with multiple components that are not suitable for mass production. The cosine-

torque spring can be used to replace some of the complex gravity compensators for lightweight, 

simple, and compact designs. This thesis presents a new spring design approach with lower 

production cost, lower design complexity, compact and high performance.  

1.2 The Problems  

The generic torsion spring has a limited design possibility and comes with multiple 

disadvantages. Generic torsion springs require multiple assembly parts, leading to a heavy and 

bulky system. The additional parts lead to additional manufacturing, assembly, and 

maintenance costs. The torsion spring with a basic design is still being used due to the lack of 

an alternative spring design.  



 4 

This study explores the research question, ‘Is a single b-spline based-compliant torsional spring 

created by using parametric finite element analysis suitable for providing output in constant-

torque function and cosine-torque function?’.  

1.3 Aims and Objectives 

The aim of this thesis is to create nonlinear torsional springs using compliant mechanisms, 

finite element analysis and optimisation algorithms to design a b-spline based-compliant 

nonlinear torsion spring for achieving constant and cosine-torque springs. Designing compliant 

mechanisms for nonlinear torsional springs can be challenging due to the complexity of the 

design. This study introduces an optimisation algorithm to assist with the compliant design 

methodology. Optimisation algorithms are generally used to solve complex mathematical 

problems, which can be expressed as a mathematical expression. By combining the 

optimisation method with parametric finite element analysis, geometric optimisation is created. 

Geometric optimisations optimise the design geometry to fulfil the set of criteria that can help 

overcome the complexity in the design of a compliant mechanism.  

 

The objectives of this thesis are to conduct a literature survey on nonlinear spring designs and 

methodology used; to determine nonlinear spring design criteria; to create nonlinear springs; 

to perform experiment to verify the spring performance in practical; to determine the reliability 

of b-spline base compliant springs by the performance of compliant spring; to compare the 

performance of between each specific spring and with existing design solutions.  

1.4 Thesis Organization 

This chapter introduced background knowledge of compliant nonlinear springs and research 

aims and objectives. The next chapter reviews the relevant work related to compliant nonlinear 

spring design. Chapter 3 sets up the nonlinear spring problems and criteria as well as the 

methodology used to achieve optimal results. Chapter 4 presents the optimal design of 3 

different spring types with two different materials in each spring type with computational 

analysis results. Chapter 5 verifies the torsion springs' performance in practice by conducting 

a torsional test experiment. Chapter 6 compares the performance of spring designs in this study 

as well as existing studies. Chapter 7 summarises the conclusion, recommendation, and future 

work of this thesis.  
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Chapter 2: Literature Review 

The focus of this research is to create nonlinear torsion springs with prescribed output torque. 

This literature review will explore related research on the design methodology of compliant 

torsion springs and nonlinear design. The nonlinear design literature review topic is divided 

into two main sections, which are nonlinear reaction torque design and nonlinear reaction force 

design. 

2.1 Linear-Compliant Torsional Spring Design 

Linear-compliant torsional spring is commonly used in soft-robotic and physical Human-Robot 

Interaction applications. The spring is designed to transfer the input torque of the actuator to 

the output structure for improving safety and dynamical adaptability in general.  In detail, 

compliant torsional springs can reduce peak force transmissibility to prevent rigid movement 

during force transmission, which can cause damage to the human body and device. The spring 

also improves the maximum storable energy capacity of the device and provides large elastic 

deflection of the spring. 

 

In physical human-robot interaction applications, the major criterion of the mechanism is to 

transfer the movement input to the human body without any rigid movement. Moreover, the 

output movements from the mechanism must follow the prescribed kinematic pattern to ensure 

that the device can provide safety as well as high performance. According to [7], the research 

aim is to create a compact torsional spring as a series of elastic actuators for assistive wearable 

robots. The design goal of the elastic modulus (torsion spring) is to create a compact compliant 

torsion spring with a suitable amount of stiffness, maximum torque, deflection, thickness, 

diameter, and weight of the spring, as in Table 1.  
Table 1: Design requirements(left) and Design results(right) of Compliant Element [7] 
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The spring is designed by using geometric optimisation with 17 design parameters while 1 of 

the parameters is the amount of topology, and the rest are the geometric parameters of each 

topology. The spring design is optimized by using FEM simulation in COMSOL to evaluate 

the design. After the evaluation, the design topology and parameters will be adjusted according 

to the result until the optimal result is obtained. After 12 simulations, the optimal design of the 

torsional spring in Figure 3 was obtained. The spring can achieve a safety factor of 1.5 for the 

yield stress of the material and can store 11.69J/kg of energy. The experiment is conducted to 

verify the computational output of FEM, which illustrates that the design can satisfy most of 

the criteria with slight errors, as in Table 1.  

 
Figure 2: Design Optimisation Parameter Diagram [7] 

 
Figure 3: von Mises stress and Spring deformation [7] 
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In another research conducted by Accoto [8], The torsional spring was created for a series of 

elastic actuators for lower limb robotic orthosis. The methodology of this research is similar to 

the previous research conducted by Carpino [7] but for a different application. The design goal 

of this study is to create a series elastic actuator that can achieve high energy-storing capacity, 

torsional control stability and minimizing spring weight. The criteria of the design are based 

on the application, which includes spring stiffness, maximum torque and storable elastic energy 

while having spring diameter and spring thickness as design constraints.  
Table 2: Design Criteria vs Design Result Comparisons [8] 

Parameters Design Criteria Design Result 
Stiffness N.M.rad-1 250 235 

Maximum torque (N.m.) 60 60 
Storable elastic energy(J) 7.5 7.64 

 
Figure 4: Design Optimisation Parameters Diagram [8] 

This research methodology includes a design geometry optimisation method to achieve the 

optimal spring design. The spring design is based on a monolithic disc shape to minimise spring 

weight and footprint. However, the original spring design cannot achieve the expected storable 

energy level. The worm-shaped elastic elements are added and optimised to help increase the 

storable elastic energy of the spring. The optimisation parameters include 17 adjustable 

parameters for the design geometry. COMSOL program is used for FEM to evaluate each 

design input. The result of the optimal spring design is shown in Figure 4. After the optimal 

design was obtained, the experiment was conducted to verify the performance of the spring 

pack in real situations. The spring experimental results were acceptable and can achieve some 

of the criteria with minor errors, as in Table 2. Moreover, The stiffness value of the FEA result 

is 15.5% different from the actual experiment, which is expected due to the experiences from 

previous studies. The spring was able to perform correctly in terms of stiffness control for all 

testing frequencies. 



 8 

A similar study by Negrello [9] focused on creating a high-compliance spring for robots with 

soft joints. The study focused on designing and comparing four different types of springs 

created from beam-based calculation and geometrical parameters optimisation. The initial 

spring design is based on a spring with a pinned end with spring parameters included N and Ns 

as in Figure 5, while The design constraints include an inner and outer diameter of the pinned 

end elastic module. The main advantages of pinned end design are the increasing spring 

deformation and spring modularity due to the high level of stress and stiffness of the design, 

which is normally obtained by increasing the axial length. The spring designs were tested using 

FEA, as in Figure 6; four types of spring geometries were created with Aluminium (Al 7075-

T6) for practical tests. As a result, the designs have a linear behaviour, while the design with a 

hinged end constraint has higher compliance of 75%. Moreover, the hinged end constraint can 

lower the stiffness by about 11% in a higher spoke number. 

 
Figure 5: Spring Design Parameters' Diagram [9] 

 
Figure 6: Spring FEA Results in 4 Different Designs [9] 



 9 

 

The spring design methodologies of the three studies [7-9] are similar in some aspects. The 

design geometry optimisation was introduced in both compliance torsional spring design 

studies. Moreover, the optimisation parameters are similar in both studies [7] and [8]. Even 

though the design constraints of Accoto [8] is less flexible than the study from Carpino [7] in 

term of design thickness and size. On the other hand, the spring design of [9] introduced a 

different approach from [7] and [8]. In detail, the spring design optimisation was created based 

on the beam deflection and bending moment calculation, which makes the study contain a 

lower amount of optimisation parameters. The results of the three studies are acceptable and 

usable in their design application, and the methodology of each spring design can be used in 

the different studies.  
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2.2 Nonlinear spring design methods 

A nonlinear spring is one of the spring types with a unique nonlinearity of load-displacement 

relationship function. In general, the nonlinearity of the spring is considered an error or design 

flaw which can provide a drawback in control of the device. However, at the same time, such 

nonlinearity can be used in some applications to improve the performance and overall design 

configuration. The nonlinear spring is intentionally designed for many applications, such as 

microelectromechanical systems, robotic joints, vibration absorption systems and balance 

mechanisms. The nonlinear spring used in each application requires a unique nonlinear load-

displacement relationship and other constraints. In this literature review, nonlinear spring 

design methodologies are introduced and categorised into two aspects by types of output and 

nonlinear spring design technique. The types of output include force-displacement output and 

torque-displacement output. Meanwhile, the nonlinear spring design technique includes a 

compliant mechanism and structure, magnet, cam, gear combination, and a combination of 

techniques. This literature review only focuses on compliant mechanisms and structures that 

are directly related to the research. 

 

2.2.1 Nonlinear Force-displacement output 

In this sub-section, the overall design goal of the studies is to achieve a unique nonlinear force-

displacement relationship of the designed spring. In each study, the nonlinearity criteria can be 

different for each design and application. 

2.2.1.1 Constant Force by Compliance & Structure 

The majority of the nonlinear force-displacement spring introduces a compliant mechanism 

and structure as a technique to achieve the spring design. One of the nonlinear force-

displacement spring types is constant force spring. Constant force compliance spring design is 

suitable for applications that require a limited amount of output force in their application.  

 

The study by Meaders [10] created a near-constant force spring for electrical contacts. The 

electrical contacts are small-scale compliant spring that connects the electrical component. The 

methodology used for creating the spring in this study includes non-linear finite element 

analysis and optimisation. The design of the compliant constant force electrical contact can be 

illustrated in Figure 7.  
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Figure 7: Compliant Constant Force Electrical Contact Model [10] 

The design criteria of the constant force spring were to create a small-scale spring six by 6 mm. 

with constant out-of-plant depth. This study introduced two objective functions and design 

constraints to compare the performance of each objective function. The difference between the 

two objective functions was the assumption that the spring and cam contacts. The assumption 

can affect the performance of the optimal spring design and optimisation constraints. As a 

result, the optimisation results of the robust design optimisation method (Cam is not always in 

contact.) had a higher average percentage of constant force value than the deterministic design 

optimisation method (Cam is always in contact). However, the deterministic method illustrates 

a lower error of constant force after the preload compared to the robust objective function. The 

optimal design can achieve linear reaction force at 0.6 mm with a linearity of 98.2%, while the 

optimal design area size is 36 mm2. The optimal design and computational test are illustrated 

in Figure 8. However, the study did not mention the comparison of the computational time of 

both objective functions, which can help determine the performance.  

 
Figure 8: Constant Force Spring Control Points Before and After Deflection (Left) 

Constant Force Spring Reaction Force Function (Right) [10] 
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Another study by Pedersen [11] created a compliant spring with constant force output for 

microsystem application. The spring design criteria were based on electrostatic microactuators, 

which are widely used in the applications. The mechanism diagram included actuator input and 

nonlinear spring to generate a constant force-displacement relationship of the output force, as 

in Figure 9.  

 
Figure 9: Spring Mechanism [11] 

The methodology of spring design includes a double optimisation method for achieving 

optimal compliant constant force spring design. The optimisations included topology 

optimisation routine and size optimisation routine for achieving optimal shape and size of the 

compliant spring components. The topology optimisation included outer and inner iterative 

loops to optimise the material distribution of the geometry and to ensure that the output force 

is constant. The size optimisation was based on two types of beam modelling, which are slender 

beam idealization and stiff triangulated unit. After the optimisation, three optimal spring 

designs were created, as in Figure 10. However, only design B was able to fulfil the criteria of 

a constant force-compliant spring. Design B can achieve the most linear constant force result 

with a maximum input of 0.008 𝜇N, which has an output displacement range of 10 

micrometres. The footprint of the optimal design was 200*100 𝜇mm2. In this study, fatigue 

tests and practical tests can be conducted to ensure the performance of the compliant spring. 

 
Figure 10: Compliant Constant Force Spring Geometries [11] 
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Figure 11: Compliant Constant Force Spring Output for a, b, and c designs (left, middle, right) [11] 

A similar study by Liu [12] created a constant-force mechanism for a passive force regulation 

device that can be used in robotic automation, precision manipulation, and overload protection 

applications. The mechanism of the compliant constant-force mechanism is shown in Figure 

12. The methodology of the study was similar to the study [11] in the aspect of double 

optimisation. However, the optimisations used in this study include topology and geometry 

optimisation methods to achieve the optimal constant-force mechanism design. The topology 

optimization goal is to minimize the error of output and objective forces, which results in 

constant output. The optimization process also includes sensitivity analysis, filter scheme, 

update scheme and projection scheme, which are calculated as expressions to increase the 

performance of the optimization method. For example, the sensitivity analysis can illustrate the 

gradient value of the objective function, which helps identify the direction of the next 

optimization loop. Moreover, this design also introduces a spring as a component in the 

mechanism to help achieve the constant force output.  

 
Figure 12: Constant Force Mechanism Design Diagram [12] 
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Figure 13: Constant Force Mechanism Specimen in Experimental Setup (a)  

Constant Force Mechanism Results (b) [12] 

After the optimisation process, the optimal design can achieve a constant-force displacement 

relationship. Figure 13 illustrates both the force-displacement relationship of the prototype and 

simulation as well as the prototype testing experiment setup. The prototype was made for 

testing with the electric gripper device to create a constant-force gripper. As a result, the gripper 

with a constant-force compliant mechanism was able to pass the gripping test in multiple object 

samples, as in Figures 14 and 15. The constant force mechanism can achieve 6.5 mm of 

constant force output, while the footprint of the optimal design was 30*60 mm. 

 

 
Figure 14: Constant Force Mechanism Experiments with Different Objects [12] 

 
Figure 15: Experimental Object Under Compression General Setup (a)  

Constant Force Mechanism (b)[12] 
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Wei [13] created a constant-force compliant mechanism for robot polishing devices. The 

mechanism can help increase the quality of the workpiece by reducing the variation and 

overshoot of the device. The constant-force compliant mechanism was created by using a 

combination of negative-stiffness and positive-stiffness beams to achieve the constant-force 

mechanism. The beam parameters were optimised by using an optimisation algorithm to 

achieve the optimal design of the constant-force mechanism. The optimization objective is to 

maximise the constant-force motion stroke while having the safety factor and the constant force 

value (7 N) as design constraints. The optimal design was tested in practical experiments and 

FEA analysis. Al 7075 was selected as a material for this study due to its high durability and 

elasticity and its creep performance. The mechanism can achieve constant-force output and 

reduce the vibration of the polishing device. The vibration of the polishing machine is negated 

by the mechanism under 900 rpm, and the performance decreases after the rotational speed 

exceeds 900 rpm, which is caused by the machine itself. The issue can be resolved by using a 

force transmission structure and separating the mechanism from the machine. The results are 

shown in Figure 17. 

 
Figure 16: Comparison between polishing devices with and without constant force mechanism [13] 

 

 

Figure 17: Experimental result of constant-force mechanism [13] 
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Bilancia [14] presents the compliant constant force mechanism for the manipulation system. 

The mechanism of this study is a beam-based monolithic long-stroke design. The beam 

includes a different section of thickness, which acts as a rotational joint, as in Figure 18.  The 

study uses a combination of ANSYS and MATLAB software for FEA analysis and Genetic 

algorithm analysis. The genetic algorithm setting includes 100 generations with a population 

size of 30 candidates. The algorithm stops when the iteration exceeds 3000, or the difference 

in the average value of the generations is less than 10-2. The feasible design from the 

optimisation was created by using a 3D printer with ABS material with a layer height of 0.100 

mm. The constant force mechanism was able to provide a nearly constant output force without 

any plastic deformation in computational analysis and practical experiments. The output 

includes all three different configurations, as in Figure 19. As a result, the spline segment 

configuration provided the largest displacement, while the small-length configuration achieved 

the most stable constant force function. The experimental results and computational analysis 

results of all configurations were similar overall. However, some minor errors occurred due to 

manufacturing errors, technical limits of the 3D printer and friction from the experimental 

settings. The optimal designs can achieve up to 25mm displacement at 1.5 N maximum reaction 

force. The footprint of the optimal design is 100*60 mm. 

 
Figure 18: Constant force mechanism design [14] 
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Figure 19: Design configurations and experimental results [14] 

Another research by Jutte [15] created a constant-force compliant mechanism by using an 

optimisation process. The design approach of this study was based on the branch network of 9 

compliant beams, as in Figure 20. The position of the control point on the beam was adjustable 

by the optimisation algorithm to generate a spline curve that can provide a constant-force 

output. The study requires a double optimisation method to achieve the optimal design of the 

spring. The first optimisation aimed to optimise the shape of the spline by adjusting the control 

points of the branch and subbranch until the constant-force output was achieved. The 2nd 

optimisation is the size and out-of-plane thickness optimisation to adjust the value of maximum 

torque and maximum stress until the criteria are satisfied. The algorithm used for the 

optimization in this study is Genetic Algorithm. After the optimisation process, the optimal 

design and the output result are illustrated in Figure 21. The constant force spring can achieve 

around 100mm of constant reaction force with a maximum load at 150 N. The footprint of the 

spring design is 736*685mm. In addition, prototype testing can be included to ensure the 

performance of the constant-force spring. The methodology of this study was also used to 

create other types of compliant springs, which are the J-curve and S-curve springs. The details 

will be discussed in the next section. 

 
Figure 20: Branch network design topology [15] 
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Figure 21: Final constant force geometry and result [15] 

2.2.1.2 Nonlinear Force by Compliant Design  

Different approaches to achieve nonlinear-force output were introduced in this literature review 

including compliant mechanism spring, origami-inspired constant-force mechanism design, 

contact pairs and helical spring.  

 

As mentioned previously, a study by Jutte [15] presents not only constant force springs but also 

other types of nonlinear springs. The other type includes the J-curve spring and the S-curve 

spring. The spring design methods are almost identical to the constant force spring design, 

while the objective function of the optimisation of each other spring type was changed 

accordingly to the design goal while other aspects of the design optimisation setting remained 

unchanged. The optimal design of the S-curve spring and J-curve spring, as well as load-

displacement analysis results are respectively presented in Figures 22 and 23. 

 
Figure 22: J-Curve spring geometry and results [15] 

 

Figure 23: S-Curve spring geometry and results [15] 
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A study by Potkonjak [5] presents a nonlinear-force micro-spring design for a micro-system 

application. The nonlinear force spring was created by using a contact pair to achieve stiffness 

changes during the spring extension. The spring can achieve variable stiffness due to the 

contact pair interaction. The contact pair geometry is presented in Figure 24, which includes 

one set of contact pairs. After the initial design, the FEA was conducted, as in Figure 25. The 

Figure illustrates the difference in stiffness between before and after the contact pairs made 

contact. After the computational analysis, the prototype of the spring with multiple contact 

pairs was made for the experiment. The spring can provide a unique force-displacement 

function due to the interaction of the contact pairs during a certain extension range. The output 

force–displacement plot is shown in Figure 26. 

 
Figure 24: Contact Pair design geometry [5] 

 
Figure 25: Computational result of spring with a contact pair [5] 

 
Figure 26: Experimental result of spring with multiple contact pair [5] 

Fawazi [16] presents a constant-force slotted disc spring created by using a geometric design 

algorithm. The geometric design algorithm developed in this study can be used as a guideline 

for designing the desired slotted disc spring. The geometric design algorithm can be transferred 

as a flowchart in Figure 27. The optimization parameters of this study include spring thickness, 

free height, total height, inner diameter, minimum diameter and the width of the slot. 

Interestingly, the design constraints of this study do not include the maximum range of load 

and displacement. After the optimization, The final design of the slotted disc spring was tested 
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for the load-displacement function to evaluate the performance of the spring. The spring 

created by the inverse geometric design algorithm can satisfy the target design, as in Figure 28. 

However, prototype testing and fatigue tests can be conducted to ensure the performance and 

reliability of the disc spring. 

 
Figure 27: Comparison of Load-Displacement function of the Slotted Disc Spring [16] 

 

Figure 28: Geometric design Algorithm Flow Chart [16] 
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Another example of nonlinear design is nonlinear design by conical spring. A conical spring is 

a spring with a cone shape that has a nonlinear force-displacement relationship, as in Figure 29 

(left). Study [17] introduced an optimisation algorithm into the conical spring design to help 

achieve nonlinear force for electrical contractor applications. The optimisation problem 

includes seven adjustable parameters and 46 design constraints, for example, diameters, 

number of coils and helix angle. The optimization parameter of this study includes five design 

parameters. Three of the parameter represents the dimensions of the spring, and two represents 

operating parameters. Interestingly, this optimization setting includes 46 design constraints, 

which limited the shape of the conical spring. The spring design optimisation also considered 

the telescoping state of the conical spring for better result performance. The criteria of the 

spring included the nonlinearity of the design and other perspectives, such as fatigue life, 

maximum stress, and maximum load. The sequential quadratic programming (SQP) algorithm 

is also implemented within this study. The study also presented the assistance tool created for 

the general design and calculation of the conical spring. The tool has a user-friendly interface. 

The input parameters, such as spring design parameters and input force can be adjusted easily, 

as in Figure 29 (right). The final spring design prototype was created and tested for mechanical 

properties. As a result, the optimal spring design prototype from the optimisation can achieve 

a 56% improvement in the maximum load, and the prototype was able to telescope fully 

without any plastic deformation. 

 
Figure 29: Conical Spring Design Tool (right) and Conical Spring Behaviour (left) [17] 
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2.2.1.3 Nonlinear Force by Mechanism 

[18] present the experimental study of using an origami-inspired technique to create a constant-

force mechanism (OriCFM). The OriCFM design was based on two components, which are a 

parallel spring and an origami mechanism. Parallel spring provided a linear reaction force, 

while the origami mechanism provided a nonlinear reaction force; by combining two 

components, the constant-force mechanism was created. Figure 30 (right) illustrates the 

mechanism of reaction force and its component. 

 

            
Figure 30: 3D model of origami constant force mechanism (right) and Working Principle of origami mechanism (left) [18] 

 

The origami mechanism was created by analysing the geometric relationship and stiffness of 

the mechanism. After the initial mechanism was created, the mechanism was optimised 

according to the output force-displacement function, value of scale factor, folding angle, spring 

influence factor, and crease angle were optimised to create an optimal origami design as Figure 

30 (left). After achieving the optimal design, the prototype was created and tested in 3 different 

configurations. The difference between the three experiments’ setups was the number of 

horizontal springs (0, 2, and 4). However, the practical experiment result illustrated that the 

mechanism was not able to fulfil the criteria. The spring has three error factors, which are: 1st 

was the internal friction of the device, 2nd was the kinematic error that occurred from the paper 

joint, and 3rd was the gravity effect as the experiment setup. In addition, the possible solutions 

are listed in the journal paper.  
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Nonlinear reaction force studies in this literature review are mostly achieved by using 

compliant mechanisms and other kinds of mechanisms. Constant force design results of all 

studies have different design goals and materials used, which makes the results incomparable. 

The material used in the studies includes AL7075[13], ABS[13,14],Titanium[12] and 

Elastomer[5]. ABS is the most selected material for being used in prototype and testing 

experiments due to its ease of use and manufacturing as well as the material properties, which 

makes the material suitable for compliant mechanism. The studies in this literature review also 

have a major common concept of methodology, which is geometry optimisation. Most of the 

studies introduced the design optimisation method as one of the key components to achieve the 

optimal design. Design optimisation can help achieve the optimal design result by using the 

optimisation algorithm. The algorithms mentioned in this literature review include genetic 

algorithms and gradient-based algorithms in MATLAB software. Additionally, the software 

used for design optimisation in the studies are mostly MATLAB, ANSYS, ADAMS, and 

COMSOL.  

 

2.2.2 Nonlinear Torque-Displacement Output 

The nonlinear relationship of the torque-displacement function is another literature review 

topic selected for this study. The research aim of this study is to design and create a nonlinear 

torsional spring in order to make the torque-displacement output function designable. The 

literature review on this topic helps increase the knowledge and understanding of the essential 

components for achieving the desired result. Nonlinear torque-displacement mechanisms are 

used in various applications, including human-robot interaction devices, humanlike robots and 

other applications that require a specific limited maximum amount of output torque. This is 

because a nonlinear torque-displacement output device can help improve the safety of 

interacted objects. Various way has been used to achieve nonlinear torque-displacement output. 

The nonlinear torque-displacement output can be created by using different methodologies, 

including CAM, magnet, compliance mechanism, spiral spring, and gear system. However, this 

literature review only includes unique nonlinear-compliant torsional spring designs, leaf 

springs and spiral springs, which aligned with the aims and objectives of the study. 

 

 



 24 

2.2.2.1 Nonlinear Torque by Compliant Joint 

A study by Mei [19] aimed to design and create a compliant joint with variable stiffness by 

using a leaf branch spring to create a torsion spring.  The design goal of the study is to create 

a high-compliance joint to be used as an elastic element in an actuator. The torsion spring 

design was created based on the guide rod mechanism by converting single leaf force-

deflection into resultant reaction torque, as in Figure 31.  

 
Figure 31: Leaf branch spring-based complaint joint [19] 

 

The spring design method is based on calculation and design parameter adjustment. The 

principle of planar bidirectional torsion spring design is introduced to create an arrangement of 

the leaf structure in the torsion spring. The dimension of the leaf structure is considered as a 

design adjustable parameter in this study, as well as the leaf branch configuration. After the 

calculation, the final spring design included two components, which are rigid and flexible 

linkages, as in Figure 32. The spring prototype was tested and compared in terms of output 

torque and maximum stress. As a result, the maximum stress of the simulation is identical to 

the result of the experiment. Moreover, The spring can provide a nonlinear torque-displacement 

relationship, as in Figure 33. While Tsa is the simulation data and Tsn is the experimental result. 

The study can include a fatigue test to ensure the performance of the spring and help measure 

spring lifetime. 

 

 
Figure 32: Final nonlinear torsional spring design [19] 
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Figure 33: Result comparisons of simulation and measurement results [19] 

 

Another study by Kuo [20] used a different approach to achieve nonlinear torque output. The 

goal of this study is to create a nonlinear torque output mechanism of a robotic hand to prevent 

an exceeding amount of force applied to the object. Interestingly, the compliant joint is used as 

a main component to provide a nonlinear output of this study. The compliant joint was created 

by using a fixed link with spacers, pulleys, and a compliant material, as in Figure 34. The 

compliant material was used as a spring to generate reaction torque within the elastic range.  

 

Figure 34: Joint design configuration and movement [20] 

The final design of the spring was created by using design optimisation for minimising the root 

mean square error (RMSE). The error is a difference between the desired torque and simulation 

torque result value. The design constraints of the optimisation include geometrical constraints 

of the joint configurations and material maximum compression and the rotational range of this 

study, which is from 0-100 degrees. After the design optimization, the optimal torsion spring 

design can generate a nonlinear relationship in the computational simulation, as in Figure 35. 

Practical experiments are essential to verify the simulation result. The experiment of this study 

was designed to investigate and compare the performance of 6 different spring materials in four 
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different pulley configurations. The experiment setting includes the DC motor, which applied 

sinusoidal amplitude in a range of frequencies. The rotational range of the motor is between 0 

to 100 degrees at the setting frequency. As a result, differences in nonlinear material properties 

and pulley configuration result in different reaction torque functions. The output torque of the 

joint illustrates the nonlinear relationship, as expected in Figure 35. It is worth mentioning that 

the output torque in the clockwise rotation of the joint was acceptable. However, the output 

torque in a counter-clockwise direction (configuration 2) had an error due to the change of 

contact phase between the material and pulleys, while the issue did not appear in any other 

configuration of the joint. 

 
Figure 35: Experimental results in different configurations [20] 
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2.2.2.2 Nonlinear Torque by Compliant Torsional Spring 

A study by Phan [21] focuses on creating constant-torque spring using a compliant mechanism 

for rehabilitation devices by using a genetic algorithm for shape optimisation. The design of 

the torsion spring includes a shaft, compliant beams, and an anchor, as in Figure 36. In detail, 

The compliant beams were created based on Bezier curves, which were constructed by input 

control points. Moreover, the shape of the curve can be changed by adjusting the control points' 

position while the positions are determined by the optimisation algorithm. The optimisation 

objective function was set to minimise the variation of the difference between output torque 

and torque criteria, while the optimization parameters include the position of control points 

(Bezier curve shape) and in-plane thickness of the spring. The optimisation design constraints 

included maximum stress, upper and lower bounds of the control points' position, as well as 

the design thickness. After achieving the optimal solution from geometry optimisation, the 

optimal spring design was tested using FEA simulation by using POM as a material. POM is a 

high-performance polymer used in many applications in the industry. The spring was able to 

provide up to 63 degrees of rotational range while the constant force range begins from 20 to 

63 degrees (43-degree constant force range), as in Figure 36. The size of the optimal spring 

was 200 x 200 mm. In addition, the study FEA test included the equivalent stress for the 

thermoplastic material. However, the study did not provide other details on the maximum yield 

strength or specific material properties of the POM and a practical experiment was not 

included. 

 
Figure 36: CTM design concept (left) and Torque-rotation results of CTM (right) [21].                      

Another study by Wang [22] also uses a similar methodology to create a constant-torque torsion 

spring. The spring includes a set of bistable beams, an anchor and a spring shaft similar to the 

previous study. However, the optimisation parameters of this study are the parameters of the 

beam, including length, thickness, width, and theta, which represent the length, in-plane width, 

out-of-plane thickness, and inclined angle respectively. The torsion spring design is illustrated 
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in Figure 37. After achieving the optimal design of the spring, the prototype of the torsion 

spring was created and tested for two aspects, which are maximum stress and constant-torque 

performance, compared to the simulation results. In this study, ABS-plus was selected as a 

material for prototype production. The torsion spring prototype was able to generate 3 mm. 

constant-torque motion, which is lower than the simulation result (4.00 mm). The spring was 

able to perform an equal amount of angular displacement without plastic deformation, as in 

Figure 38. The cause of lower constant-torque performance occurred by the fabrication 

tolerance of the 3D printer, which can be solved by using other methods in prototype 

production such as metal casting, injection moulding and water cutter.  

 
Figure 37: FEA result of optimal spring design [22] 

 
Figure 38: Comparisons of simulation and experimental results [22] 

 

A similar study by Hou [23], the study aimed to create a joint mechanism that can provide 

constant-torque output. The design application of this study included dynamic and static 

balancing of machines and human-robot interaction devices such as joint rehabilitation devices 

and mobility assistive devices. The design criterion of this study is to maximise the constant-
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torque output region provided by the torsion spring without having spring plastic deformation. 

Similar to the previous studies, the torsion spring includes three main sections, which are the 

spring shaft, anchor, and compliant beams. The compliant beams in this study were constructed 

based on the design schematic in Figure 39.  

 
Figure 39: Compliance model schematic [23] 

Design optimisation was used to help achieve the spring optimal design in this study. The 

optimisation goal was to maximise the constant-torque output region. The design constraints 

of the optimisation problem included the radius of the arc segment, the angle between the 

segment, node position, optimisation space and maximum stress of the compliant segment. The 

optimal design of the compliant segment was obtained in Figure 40. However, for ease of mass 

production, the design was simplified in the section between segments 3 and 4 as a straight 

line, as in Figure 41. The maximum footprint of the optimal design was 60*60 mm. 

 
Figure 40: Optimal design and deformation shapes (type I) [23] 

 
Figure 41: Optimal design shape (type II) [23] 

After the model simplification, another optimisation was performed to ensure that the optimal 

result was obtained. The optimisation objective function of 2nd optimisation remains unchanged 
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as the previous objective function while the design constraints were changed due to the model 

adjustment. After the optimal design was obtained, FEA analysis of the optimal design was 

conducted by using three different materials, including POM, PEEK and PEEK-GF30. After 

the FEA verification, the optimal design was created as a prototype for experimental 

verification. As a result, the torsion spring can provide constant-torque output in all types of 

material while generating a 50 degrees of rotation range of constant-torque output as in Figure 

42. However, the flatness of the constant output region varied in different types of material, as 

in Table 3.  

 
Figure 42: Experimental Torque-Theta curve of POM (left), PEEK (middle) and PEEK-GF30 (right) [23] 

Table 3: Comparisons of experimental vs computational results in 3 different materials [23] 

 
The difference in material selection does not only affect the flatness of the constant-torque 

region during the experiment but also the output error during the unloading state. Figure 43 

illustrates the loading curve vs unloading curve of the torsion spring with three different 

material types. As a result, PEEK-GF30 has the lowest unloading error compared to other 

materials.  

 
Figure 43: Experimental result of loading vs unloading torque in 3 different materials.  

[POM (left), PEEK (middle), and PEEK-GF30 (right)] [23] 
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Table 4: Comparison of polymer hysteresis [23] 

 
Moreover, a Stress relaxation study of torsion springs with three different materials was also 

included in this study. Polymer material can suffer from stress relaxation over time, which can 

affect the performance of torsion spring output. The experiment setup included applying a 

rotation of 0-70 degrees with a fixed inner shaft at 70 degrees. The output torque value of the 

spring was recorded every 5 seconds until the change of torque was unnoticeable. As a result, 

after 4 hours, PEEK-GF30 has the best performance in terms of stress relaxation at a 5.45% 

decline rate. The study also illustrated that the constant-torque property is insensitive to some 

parameters such as in-plane thickness, Poisson’s ratio, or modulus variation. Moreover, the 

experiment also shows the essence of practical testing of each material, which was shown in 

both hysteresis and unloading experiments. 

 

Another constant-torque torsion spring design study by Prakashah [24] focused on creating a 

torsion spring, which is similar to the previous studies. This study introduced geometric 

optimisation to create a compliant module (curve beam) of the torsion spring between the ring 

and shaft section, as in Figure 44. The compliant models were created by using a cubic spline 

curve expression with five adjustable control points.  

 
Figure 44: Spring design configuration [24] 
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Table 5: Result comparisons between three and four curved beams [24] 

 

The programs used for the design optimisation in this study included ANSYS APDL and 

MATLAB. ANSYS APDL software was used for FEA to determine the torque reaction 

function and maximum stress of the model, while MATLAB was used for optimising geometry 

and determining the viability of the model. Global optimisation was selected as an optimisation 

algorithm, and its parameters in this study include 12 independent parameters designed to 

represent the curve beam. After the optimal compliant model was obtained by the optimisation 

process, the model was used for further analysis in terms of the relationship between the 

number of curve beams and the performance of the constant-torque spring. The torsion spring 

with 3 and 4 constant-torque-compliant mechanisms was created for the analysis. Both torsion 

springs have dimensions of 80 x 80 mm. As a result, the torsion spring with four curve beams 

performed better in terms of average torque deviation while having a lower amount of 

maximum stress, as in Table 5. Finally, the optimal torsion spring design with three curve 

beams was created as a prototype by using a 3D printer with a 600 dpi solution. The material 

used for the prototype was engineering plastic. The spring prototype was tested by using a 

torque screwdriver, as in Figure 45. The optimal spring’s torque function is presented in Figure 

46, which verifies the performance of the experimental result vs computational simulation 

result. As a result, the prototype can provide a constant-torque output with some deviation. 

However, the experiment cannot provide maximum stress at maximum rotation or performance 

in multiple uses. 

 
Figure 45: Torsional spring experiment setup [24] 
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Figure 46: Torsional spring experimental result vs computational analysis result [24] 

 

The study by Reddy [25] aimed to develop the constant-torque spring to another level. The 

generic constant-torque torsion spring, such as in [24], can only provide constant reaction 

torque in positive rotation. However, [25] aimed to develop a torsion spring that can provide 

constant reaction torque in both positive and negative rotation by using a similar design 

methodology as in [24]. This constant-torque torsion spring can be called “The synthesized 

bidirectional constant-torque spring”. The main components of the torsion spring in this study 

included a ring, shaft, and curve beam, as in the previous study. However, the curved beam in 

this study includes two different sets of designs for four beam curves as in Figure 47. The curve 

beam designs were created by eight control points as shown in Figure 48.  

 
Figure 47: Bidirectional torsion spring configuration [25] 
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Figure 48: Control points of compliant components [25] 

Another difference in the methodology of this study is the geometry optimisation method. The 

beam design control points were optimised by using the ANSYS optimization toolbox directly 

without using the MATLAB program for optimisation. The area constraint of the torsion spring 

optimisation was 100 x 100 mm. After achieving the optimal result by optimisation, the optimal 

design was created as a prototype for a practical experiment to determine the performance of a 

constant-torque torsion spring compared to the simulation result. The material used for the 

prototype was engineering plastic. The prototype of a bidirectional constant-torque spring can 

achieve constant-torque results in both positive and negative directions with the same amount 

of resultant torque and displacement. However, similarly to the [24], the practical experiments 

for maximum stress, plastic deformation, fatigue test and material comparison were not 

included in this study. The experiments can help determine the performance of the bidirectional 

constant-torque spring in long-term usage. 

 

Nonlinear reaction torque designs in this literature review are mostly based on the torsional 

design with three sections, which are shaft, compliant mechanism, and ring, which makes 

compliant mechanism design of the spring the only optimisable component in each study. 

Another common aspect of the studies is the optimisation process. All the studies in this 

nonlinear reaction torque design literature review introduced an optimisation method for 

compliant mechanism geometry optimisation to achieve the result.  However, 2 of the studies 

introduced different approaches to achieve the nonlinear reaction torque result. [13] introduced 

leaf spring to create a unique compliant joint, while [20] introduced compliant material as an 

elastic unit to generate torque. Another interesting aspect is the material selection. POM was 

the most selected material in this nonlinear reaction torque literature review, while PEEK, 

PEEK-GF30 and ABS-plus were only selected once. In addition, [24] and [25] use engineering 

plastic as a material but without specifying the material type. Moreover, the study [23] 
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conducted experiments that others did not, such as the effect of material properties on design 

performance, difference in loading and unloading reaction torque, and polymer hysteresis. The 

experiments can help ensure optimal performance in different materials and long-term usage. 

 

This literature review explored studies related to nonlinear compliant torsion spring designs, 

which can be divided into three sub-sections, including compliant torsion spring design, 

nonlinear reaction force design and nonlinear reaction torque design. Three different 

subsections illustrate the methodology and experiments required to verify the performance of 

the spring and material selection of each study. The common design method in this literature 

review is geometric optimisation, which is the key tool for finding an optimal result that has 

better performance than general calculation only in some cases due to the complexity of the 

calculation. Another common design method found was compliant mechanism design. 

Compliant mechanism design is used for creating the optimal design in most of the studies 

included in this literature review. The compliant mechanism can help obtain the desired force 

and motion by using the flexibility of the mechanism parts. The powerful design method was 

created by combining geometry optimisation and a compliant mechanism. Another common 

aspect of this literature review was the prototype production. Most of the prototypes in this 

literature review were created by using a 3D printer due to its convenience, which leads to a 

limited type of material selection. Polymer materials were the most selected type of material, 

which includes POM and ABS. However, according to [22], using a 3D printer can cause a 

decrease in the performance of the prototype due to the resolution of the 3D printer. It is worth 

mentioning that some studies include experiments in other aspects that are different from 

others. As mentioned previously, [23] conducted experiments to verify the performance of the 

optimal design, including a difference in loading-unloading torque, which can ensure the 

amount of reaction force in both stages; polymer hysteresis, which helps determine the decrease 

in performance over time in some of the material types and the difference in performance in 

different material used. It is worth mentioning that none of the studies perform fatigue tests 

even though the compliant mechanism has a higher risk of fatigue failure than other types of 

mechanisms. However, some of the studies include safety factors as their standard, which can 

help prevent fatigue failure and other types of failure at the same time. Interestingly, none of 

the nonlinear spring designs focused on gravity compensation application, which requires the 

cosine function of torque displacement that is categorised in nonlinear spring. Moreover, most 

of the torsion spring designs have similar spring configurations, which results in a limited 

number of possible solutions of the spring. 
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Chapter 3: Methodology 

This research aims to create a torsion spring for gravity compensation (cosine-torque spring) 

and biomedical (constant-torque spring) applications. In this research, the spring designs were 

created by integrating design optimisations and the finite element analysis method (FEA). The 

integration method is required due to the non-availability of a generalised design methodology 

for compliant spring design. The methodology in this study begins with design objectives, 

followed by methodology overview, design scope and specifications, optimisation methods, 

genetic algorithm optimisation setting, and lastly, the process to achieve optimisation result 

and double optimisation.  

3.1 Design objectives 

The design objective of this study is to create a torsion spring that can generate constant-torque 

and cosine-torque output. The overall specifications of the optimal spring design are listed 

below. 

1. The spring must provide a specific reaction torque. 

a. Constant-torque 

b. Cosine-torque 

2. The minimum rotational range of the spring must be at least 90 degrees. 

3. The spring must reach maximum rotation without performing any plastic deformations. 

The spring specifications are introduced based on the general requirement of gravity 

compensation and biomedical applications as in the literature reviews, which will be discussed 

in this chapter.  

3.2 Methodology Overview 

The methodology of this study can be simply transferred into the diagram as in Figure 49. The 

methodology includes two optimisation steps, which are Geometric optimisation and Scaling 

optimisation. Geometric optimisation aims to optimise the optimal shape of the B-spline curve, 

which can provide a specific desired output. On the other hand, Scaling optimisation aims to 

adjust the size of the optimised shape from Geometric optimisation to adjust both maximum 

stress and output torque. Each optimisation process of this study includes five primary 

elements, which are Design optimisation, B-spine generation, 3D geometry creation, Finite 
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Element Analysis (FEA), and Design Verification. The overview of the optimisation process 

is shown in Figure 49, while red represents the MATLAB software process, and yellow 

represents the ANSYS software process. 

 
Figure 49: Spring Design Methodology Overview 

MATLAB software is used in three different tasks for this study, which are design 

optimization, B-spline generation, and design verification. The design optimisations are 

performed using MATLAB optimisation algorithms and determining the optimisation setting 

such as design parameters, design constraints and objective function. In addition, MATLAB 

software is used for pre-processing and post-processing. Pre-processing includes B-spline 

generation, which not only creates a B-spline shape from the input control points but also 

ensures that the generated B-spline shape is suitable for the optimisation process. On the other 

hand, ANSYS software is used for both 3D geometry creation and Finite Element Analysis. 

After passing the suitability check from MATLAB, the B-spline curve is transferred to 

SpaceClaim software to create a 3D geometry of the torsion spring and passed on to Workbench 

software. Workbench software will perform a FEA on the geometry and send the results, which 

include maximum stress and output torque to MATLAB for Design verification. The design 

verification process validates the suitability of each design in terms of maximum stress, size, 

and output accuracy of the spring in a different factor for each criterion. The score of each 

design is sent to the optimisation algorithm to perform design optimisation and further analysis. 

 
Figure 50: Design Optimisation Overview 
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3.3 Design scope and specifications 

The optimisation algorithm requires proper design constraints and optimisation goals to be able 

to achieve the optimal result without excessive time consumption. This study's design scopes 

and specifications were created based on the design objectives of constant-torque and cosine-

torque applications. Setting the design scope and specification can help limit the possible 

amount of the optimisation population and ensure the final design's suitability for usage in each 

application.  

3.3.1 Spring Maximum Dimension 

Spring size is one of the main criteria of this study. Minimising the spring's size can help reduce 

the machine's overall footprint and help create a compact and lightweight design. For example, 

a generic sprint gravity compensation device requires multi-springs configuration and other 

components such as a gear system and pulley, and excessive components can result in the bulky 

and excessive weight of the device. B-spline-based spring can reduce the amount of 

components required in the gravity compensator and the overall system's size. In this study, the 

maximum dimension of the length and width of the spring are limited to 500 mm. while the 

cross-sectional area is limited to 5 mm2. 

3.3.2 Spring Material  

Material properties of the selected material must be suitable for the application used for the 

reliability of the springs. As in the design objective, the spring must be able to provide a 

rotational range of 90 degrees. In order to achieve such a criterion, a suitable material must be 

selected to ensure that the spring can perform large deformation without exceeding the 

material’s yield strength. The material selection of this study is based on literature reviews and 

material availability. Structural Steel and POM are the candidates for the material selection in 

this study. Structural Steel was chosen for the material because of its material properties and 

accessibility of the material. On the other hand, POM was not selected for the material due to 

the downside of using a 3D printer as a production method, which is unreliable for this design. 

In detail, Additive manufacturing can cause design inaccuracy as well as uneven distribution 

of material between each layer, which can reduce the performance of the specimen. 
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3.4 Geometric Optimisation 

The genetic algorithm was used for the optimisation to find the most optimal geometry of the 

spring, which can provide a reaction torque as each criterion. The details of the genetic 

algorithm will be discussed below. 

3.4.1 Genetic algorithm (GAs) 

A genetic algorithm is one of the optimisation methods created after the natural biological 

selection and adaptation process [26]. The disadvantage of the GAs is the computational time, 

which is longer than other methods due to its nature. Not to mention, GAs was built as a non-

gradient-based optimisation, which is different from other optimisation methods. However, in 

this study, such a non-gradient-based optimisation has made GAs a more suitable optimisation 

method than other methods available. This is because GAs can find the optimisation pattern in 

their unique way, which is better at avoiding reaching the local minimum than gradient-based 

optimisation in this case. In detail, GAs starts with multiple random initial designs, which can 

be called chromosomes. In each optimisation iteration (generation), the set number of 

chromosomes or population is generated using three processes, which are selection, cross-over 

and mutation process. The optimisation parameters and other aspects will be discussed in the 

next section. 

3.4.1.1 Chromosomes 

In this study, each of the spring designs is represented by a single unique chromosome. A single 

chromosome includes multiple variables (depending on the design input) that determine the 

topology and shape of the spring design. For example, the chromosomes are the value of control 

points and maximum pi in the design model generation function of constant-torque torsion 

springs. The optimisation algorithm will adjust the value of control points and maximum pi to 

create an optimal design in each iteration. 

3.4.1.2 Initialization 

GAs optimisation of this study begins by creating a population of 100 to 500 unique 

chromosomes. The chromosome represents each unique spring design. The amount of 

population was set based on the optimisation trials of this study, which were conducted to 

investigate the most suitable population amount. The aim of the trial setting is to use a genetic 

algorithm to find the result in a different amount of population from 100-1000 chromosomes 

in each generation. The population with 100 and 500 chromosomes is a suitable amount for the 
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algorithm to achieve the global minimum while minimising the optimisation time compared to 

other population values. During the optimisation process, each unique design must be verified 

for design suitability for the 3D geometry creation process, which will be done by SpaceClaim 

software before passing on the geometry to ANSYS for optimisation. The design suitability 

criteria include “Design Overlapping”, “Design Minimum Angle”, and “Design Minimum 

Distance”, which will be discussed in detail later in this chapter. The designs that fail to satisfy 

the criterion are ranked in last place and considered as the least optimal design. 

3.4.1.3 Elite Selection, Selection, Cross-over & Mutation 

After all the designs are evaluated and checked with suitability criteria in each iteration, the 

designs will be sorted from lowest (best) to highest (worst) score (Objective Function Value) 

by using the objective function as a criterion for the value. The process is necessary to select 

the elite design in the population of the current generation to create a new generation. The first 

step of post-processing is Elite selection – ten of the designs with the lowest score are selected 

as an elite of the generation, and these designs are passed on to the next generation without any 

processing. The remaining designs are evaluated through a selection process that selects the 

fittest group of the design with a low objective function value. Thenceforth, the group of the 

selected design are selected as the base chromosome for the next generation. New generation 

chromosomes are created by mixing two of the selected design chromosomes in a ratio that can 

create a new design; such a process is called Cross-over. This Cross-over process is repeated 

until the population of the next generation reaches the limit. Finally, the Mutation process can 

mutate the value of the chromosome to make slight changes to the design. The mutation process 

is necessary for this optimisation to help avoid local minima and reach the best result possible. 

This process has a low chance of occurring and is only possible during the Cross-over process. 

3.4.1.4 Design parameters 

In this study, design parameters are a set of values of the chromosome that represent aspects of 

the spring design. Each parameter can be changed and optimised within the range called 

“design constraints”, which will be mentioned in the next section. The design parameter in this 

study is constructed based on the design model generation method. The design parameters of 

the first b-spline generation function contain 22 variables. On the other hand, the design 

parameters of the second b-spline generation function contain seven variables. The details of 

the design parameters of each spring design will be discussed further in the B-spline Generation 

section. 
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3.4.1.5 Design Constraints 

The design constraints are necessary for limiting the possibility of inputs, which can help lower 

the amount of computational time. Without the design constraints, the possibility of inputs is 

infinite, and as a result, the computational time will be more likely to increase exponentially. 

The design constraints of this study are different based on the design goal. The first b-spline 

generation function includes two constraints, which are the size limit and spring design 

constraints. On the other hand, the second b-spline generation function includes only size 

constraints. The details will be discussed further in the B-spline Generation section. 

 

3.4.1.6 Objective Function 

The objective function in this study is a function that represents the performance of each design. 

The objective function also affects the computational time to achieve the optimal result. 

Without a suitable objective function, the result may result in divergent optimisation, unviable 

results, and excessive computational time. This study has three objective functions for three 

different design goals, including constant-torque design and cosine-torque design. 

 

3.5 Constant-torque Design Objective Function 

The design objective of a constant-torque spring is to create a spring that can provide 90 

rotational degrees while being able to generate constant reaction torque over 45 rotational 

degrees. The maximum stress of the design must be minimised below at least 1.2 times the 

yield stress of the design material as a safety factor. The constant-torque torsion spring 

objective function includes three main elements, which are Function Error Value (FEV), 

Maximum Stress Penalty (MSP) and Design Suitability Criteria (DSC).  The constant-torque 

torsion spring object function can be written as below. 

 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (𝐶𝑇𝑇𝑆)  =  𝑚𝑖𝑛 (𝐹𝐸𝑉 +𝑀𝑆𝑃 + 𝐷𝑆𝐶) (3.3) 
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3.5.1 Function Error Value (FEV) 

Function Error Value (FEV) is the sum of the difference between each point throughout the 

output function. FEV is calculated by using the evaluated results from FEA analysis. The result 

used for this element is the torque-rotational displacement function, while the maximum 

rotational angle is constant throughout the optimisation. 

 

The function error value is measured from the difference of each point of the torque-rotational 

displacement function plot. Instead of measuring every point of the function, only five specific 

points of the function are selected to help reduce computational time. These points are chosen 

by selecting the suitable optimisation region of the function to ensure the constant-torque result 

can be obtained. As illustrated in Figure 53, the initial value from each point is measured and 

shown as L1 to L5 (Local Value). Each point has its own angular displacement value, which 

ranges from 30% to 100% of the maximum rotational angle. The goal of the function error 

value is to minimise the difference between L1 to L5, which results in constant-torque output 

at the optimal solution. Los (Overshoot Value) is a point of the function which represents the 

maximum overshoot that occurred. This value also reduces the amount of overshoot in the 

design.  

 

FEV includes three components, which are Local Error (LE), and Overall Error (OE) and, 

Overshoot Error (OSE). These three factors have a significant role in the optimisation process 

to help achieve constant-torque results. FEV can be written as an expression as in the equation 

below. 

 

𝐹𝐸𝑉 =  𝐿𝐸 +  𝑂𝐸 +  𝑂𝑆𝐸 (3.4) 
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3.5.1.2 Overall Error (OE) 

To solve the issue mentioned earlier, Overall Error (OE) is created to represent the error 

between the overall local values. OE is calculated by using the average mean square value of 

the function, which can be written as the equation below. OE can ensure that not only the error 

value between local points but also the overall values are minimised during the optimisation. 

In other words, a fluctuation can be minimised using OE. However, on the other hand, the 

torque-angular displacement result of the optimal design still contains some overshoots, which 

depicts that OE is still lacking in minimising overshoots. 

 

𝑂𝐸 =

(

 
 √∑ (𝐿(𝑖) − 𝐿(5))2𝑖𝑚𝑎𝑥 = 5

𝑖=1
𝑖𝑚𝑎𝑥

÷ √ ∑ (𝐿(𝑖))
2

𝑖𝑚𝑎𝑥=5

𝑖=1

)

 
 

 (3.6) 

 

 

3.5.1.3 Overshoot error (OSE) 

Overshoot often occurs in the FEA, resulting in many designs created by the optimisation loop. 

Even though the overall value is minimised during the optimisation, the overshoot does not 

always get optimised. The optimisation local value L1 – L5 are not enough to ensure that the 

optimal result has no overshoot, since the overshoot may not occur at the local value position. 

Hence, OSE is created to ensure that the value at L1 – L5 and OSE have the most similar value 

at the end of the optimisation process. OSE is calculated by finding the average mean square 

between Los and L(i) from L1 to L5, which can be written as in the equation below. 

 

𝑂𝑆𝐸 = (√
∑ (𝐿(𝑖) − 𝐿𝑜𝑠)2
𝑖𝑚𝑎𝑥 = 5
𝑖=1

𝑖𝑚𝑎𝑥 + 1
÷ √( ∑ (𝐿(𝑖))2

𝑖𝑚𝑎𝑥=5

𝑖=1

)+ 𝐿𝑜𝑠2  ) (3.7) 

 

Moreover, combining three criteria can improve overall optimisation performance by 

providing a correct and higher quality of the objective function value, which can help to reduce 

computational time. The designs that get approved to pass into the next generation are the only 

high-performance designs in all perspectives.  
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3.5.2 Maximum Stress Penalty (MSP) 

A maximum stress penalty is added to the objective function to ensure that the optimal design 

result has the lowest maximum stress possible. The maximum stress penalty is essential for the 

objective function due to the limited yield strength of the material.  This study requires a 

suitable design with a maximum stress lower than the yield strength to ensure that the design 

can maintain its shape after deformation, as well as reduce the risk of fatigue failures in the 

spring. The value of the maximum stress penalty is calculated by using the maximum stress 

value of each design. The value is used to calculate the suitable penalty for each design, which 

can be written as an equation as below. 

 

𝑀𝑆𝑃 = {
 0, 𝜎𝑚𝑎𝑥 < 𝜎𝑦𝑖𝑒𝑙𝑑

 Δ𝜎 × 𝐾, 𝜎𝑚𝑎𝑥 ≥ 𝜎𝑦𝑖𝑒𝑙𝑑
 (3.8) 

 

Δ𝜎 = (𝜎𝑚𝑎𝑥 − 𝜎𝑦𝑖𝑒𝑙𝑑)/𝜎𝑚𝑎𝑥 (3.9) 

 

With this maximum stress penalty equation, the optimal design is promised to have its 

maximum stress value lower than the yield strength of the design. On the other hand, the design 

with excessive maximum stress will still be included in the population but with a higher 

objective function value. This is because some of the designs with higher MSP may have better 

results in other aspects, such as Function Error Value. With further optimisation, it is possible 

that the maximum stress of those results can be reduced later during the optimisation process, 

or the result will be used in a cross-over process to produce better results in the next 

generations.  

 

Having more than a single aspect for calculating the performance of the design can create 

complexity in approaching the real design goal. Constant K can help sort out the priorities of 

the objective function components, with the higher amount of value representing the higher 

level of significance in optimising the component. Constant K for MSP is set to 0.5 compared 

to FEV, which is set to 1 to ensure that the objective function value represents the result of the 

design output function more than maximum stress. 
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3.5.3 Design Suitability Control (DSC) 

Design suitability is one of the parameters of the objective function. DSC has a main role in 

ensuring that the design generated from the optimisation loop is suitable for the ANSYS 

SpaceClaim program. In detail, the cubic B-Spline curve generated from the optimisation loop 

from MATLAB requires verification to ensure that it is possible to be used to create a 3D model 

using ANSYS. In order to pass the B-Spline curve to ANSYS SpaceClaim for the FEA analysis, 

the curves need pre-processing criteria, including Design Overlapping (Pre-Processing), 

Design Sharp Conner, Design Minimum Angle and Design Minimum Distance. On the other 

hand, post-processing criteria include “Output Slope” and “Design Overlapping (Post-

Processing)”. MATLAB software is used to verify the design suitability criteria of each design 

before passing the Cubic B-Spline curve into SpaceClaim, as well as preventing unsuitable 

designs from getting passed into the next optimisation generation. Details of each design 

suitability criteria will be mentioned in the below section. The value of design suitable criteria 

can only be NAN and 0 (satisfied / not satisfied). The logic behind the value set is to ensure 

that the unsuitable designs from the optimisation loop are fully filtered out during this process. 

 

𝐷𝑆𝐶 = 𝑀𝐴𝐶 + 𝑆𝐶𝐶 + 𝐷𝑂 + 𝐷𝑀𝐷 (3.10) 

 

3.5.3.1 Minimum Angle Control 

Minimum Angle Control is a criterion created to ensure that the minimum value of the angle 

in each design passing through the pre-processing is not smaller than the minimum limit. An 

excessively small angle in the design can create an overlapping 3D geometry during 3D 

geometry creation and result in an error in creating a 3D design using ANSYS space claim. 

The angle values of the design are determined by using MATLAB software to analyse the B-

spline input shape. The angle of the design from each point is measured by using basic angle 

calculation by using two vectors to calculate the angle between them. This process starts from 

the origin to the final point of the curve. The calculated angle values are sorted, and the lowest 

amount of angle value (𝜃𝑚𝑖𝑛) is used for minimum angle criteria. The minimum angle control 

expression can be written as below. 

 

𝑀𝐴𝐶 = { 0, 𝜃𝑚𝑖𝑛 < 10𝑜
∞, 𝜃𝑚𝑖𝑛 ≥ 10𝑜

 (3.11) 
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The output minimum angle control value of 0 and NAN can help filter non-usable design, 

which can prevent the optimisation process from any error possible. 

3.5.3.2 Sharp Conner Control 

Sharp Conner Control (SCC) is another component of design suitability criteria that is 

necessary to ensure that the Cubic B-Spline curves generated from the optimisation loop and 

passed on to the ANSYS SpaceClaim have no sharp corner in the design. Sharp corners of the 

design can create high stress concentration, which can create an immense amount of stress in 

that region during the design rotation. Having a high-stress region opposes the optimal design 

result, and with the SCC, the unsuitable designs are filtered out from the optimisation loop. 

This pre-processing criterion can reduce the computational time by skipping the FEA analysis 

of the unsuitable design. The SCC verification method begins by plotting a graph using input 

control points from the MATLAB optimisation function and then measuring the distance 

between each input control point. Sharp corner normally occurs by an excessively small 

distance between points, which is used to create a B-Spline curve. Figure 54 illustrates two b-

spline curves with five control points. Two of the control points are different in both b-spline 

plots. The plots represent the sharp corner in the b-spline. The b-spline curve constructed using 

five control points illustrates the sharp corner is created at the corner section of the spline, as 

in the right Figure. Sharp Conner Control expression can be written as in equations 3.12 and 

3.13.  

 

 
Figure 54: Illustration of Sharp Conner in B-spline plots 
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𝑆𝐶𝐶 = { ∞, 𝐷𝑚𝑖𝑛 < 0.05 𝑚𝑚.
0, 𝐷𝑚𝑖𝑛 ≥ 0.05 𝑚𝑚.

 (3.12) 

 

𝐷𝑚𝑖𝑛 =   min (D(i) − 𝐷(𝑖 + 1)      𝑖 = 1,2,3,…𝑛 

n =  Total amount of control points   
(3.13) 

 

3.5.3.3 Design Overlapping Control (pre-processing) 

The overlapping section in the generated spline from the optimisation algorithm can cause the 

optimisation error for the optimisation process. Design overlapping control is a criterion 

created to ensure to indicate the input curve from the optimisation process. The indication of 

the input curve is whether the spline curve contains overlapping of the design or not. In the 

case of overlapping design, the design is sent into the coordinate swapping process to adjust 

the design and validate the viability later in the process. The design overlapping control 

expression can be written as a function below. 

 

𝐷𝑂𝐶 = { ∞,  𝑂𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑖𝑛𝑔 𝑜𝑐𝑐𝑜𝑢𝑟𝑠
0,  𝑁𝑜 𝑂𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑖𝑛𝑔  (3.14) 

As in the expression, The overlapping in the B-spline curve leads to sending the design for the 

coordinates swapping process. The design that still has overlapping after the coordinates 

swapping process gets an objective function value of NAN, which is considered an 

unsatisfactory score. The design overlapping criterion is required to prevent the overlapping 

issue. It is worth mentioning that the design model generation function of the constant-torque 

optimisation problem does not require design overlapping control due to the fact that design 

overlapping cannot occur by using the constant-torque design generation function. 

3.5.3.4 Design Minimum Distance Control 

Design overlapping control helps reduce the possibility of optimisation errors from the issue in 

3D geometry creation in SpaceClaim. However, the error still can occur due to other aspects. 

In this study, the 3D geometry was created by using a sweeping method, which uses a cross-

sectional area and the spline curve as an input. The design overlapping can still occur when 

creating the 3D geometry in ANSYS due to the area required. 

𝐷𝑀𝐷 = { ∞, 𝐷𝑚𝑖𝑛 < 5 𝑚𝑚.
0, 𝐷𝑚𝑖𝑛 ≥ 5 𝑚𝑚.

 (3.15) 
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In order to prevent the error, design minimum distance control is created to ensure that the 

spline generated from the optimisation algorithm process has enough area for the 3D geometry 

creation process. The design minimum distance criteria measure the distance in the overall 

design as well as the distance from both ends of the b-spline. The design, which has a distance 

of less than 5 mm. is unsatisfactory.  

3.6 Cosine-torque Spring Objective Function 

The cosine-torque spring is another optimisation goal of this study. A cosine-torque spring is 

a spring that can provide a reaction torque as a cosine function according to its rotational angle.  

The cosine-torque spring in this study must be suitable for gravity compensation applications. 

Gravity compensator commonly requires a reaction torque or force in a cosine function 

relationship, which can be used to nullify the gravity force. The design methods of the cosine-

torque spring are different from those of the constant-torque spring because of the difference 

in the b-spline generation function, objective function, and design goal. However, some of the 

design methods are still necessary to ensure the suitability of the design, such as the design 

suitability criteria. 

  

The springs for the gravity compensator must have a torque-angular displacement function as 

a cosine relationship to counterbalance the gravity force. This study focuses on three main 

components of the cosine function plot of the gravity compensator, which are function peak 

value (PV), rotational angle (theta), and output reaction torque (T).  These components are used 

to construct the objective function in this optimisation goal.  

 

In this study, the viable range of the cosine output function of the spring does not require to 

begin at 0 degrees or finish at 90 degrees of rotational angle. Only the section of the function 

which has a cosine relationship is considered. The starting rotational angle can be offset during 

the assembly to ensure that the spring can provide correct cosine output by the pre-loading 

process.  
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3.6.1 Objective Function 

Gravity compensator can have a range of motion from 45-180 degrees rotation. The range of 

motion generally varies from each application used. The goal of this study is to create a cosine-

torque spring that can obtain a range of cosine-torque output at a minimum of 90 degrees of 

rotation. The longer the cosine function reaction torque illustrates, the better the performance 

of the spring. The objective function of the cosine-torque spring is created to ensure that the 

optimal design from the optimisation can achieve the highest cosine function range with the 

highest range of motion possible while minimising the stress throughout the motion. The 

objective function includes three main components, which are Cosine Function Range (CFR), 

maximum stress penalty (MSP) and design suitability criteria (DSC).   

 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (𝐶𝑇𝑆)  =  𝐶𝐹𝑅 +𝑀𝑆𝑃 + 𝐷𝑆𝐶 (3.16) 

 

3.6.1.1 Cosine Function Range (CFR)  

The objective function of cosine-torque spring optimisation is adapted from the constant-torque 

objective function. CFR is required to ensure the quality of the design and help reach optimal 

design easily. CFR is calculated by using 51 points of the function, including 50 points from 

the overall design called “overall points”. Overall points are created by dividing the result 

function into 50 sections. Another single point is called the “peak value point”, which is always 

located at the peak value point of the result function. Both types of points can be illustrated in 

Figure 55. 

 

The CFR is calculated by using overall points and peak value points to find the suitability of 

the cosine function of the design output result from FEA. The design output result function can 

be called an “Output Function”. The CFR begins by finding the maximum torque value of the 

function or peak value point. Thenceforth, the cosine function is created by using a peak value 

called “Optimal Cosine Function”. Finally, the optimal cosine function created is used to 

calculate by using the CFR calculation expression. The CFR calculation begins by plotting 

Overall Points on both the optimal cosine function and output function, as in Figure 55. The 

difference in torque value between both functions at each point is measured and calculated by 

using the equation below. The lower amount of the difference (CFR value) indicates the higher 

qualify of the spring design.  
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3.7 Scaling Optimisation 

This study requires a double optimisation method to achieve the optimal result with the highest 

performance possible. Fmincon is the 2nd optimisation algorithm used in this study. This 

optimisation algorithm is a gradient-based optimisation algorithm that can reach the global 

minimum easily in non-complex optimisation questions. In this study, Fmincon is used for 

optimising the scaling factor of the model to ensure that, firstly, the maximum stress of the 

optimal design is lower than the yield strength of the material. Secondly, the size of the design 

model is at a minimum. Fmincon optimisation setting includes design parameters, design 

constraints and objective function as general optimisation methods. 

3.7.1 Design Parameters 

The design parameter of this optimisation only includes Scaling Factor (SF). The scaling factor 

is a factor used to determine the overall size of the spring. By adjusting the SF, the spring 

dimensions (width, length) are adjusted by multiplying the initial control point coordinates with 

the SF to achieve the new design dimensions. 

3.7.2 Design Constraints 

Design constraints of Fmincon are minimum and maximum values of SF to ensure that the 

optimisation is converged and has a limited amount of optimisation area. 

 

3.7.3 Objective Function 

The objective function of this optimisation includes two parameters, which are Size Penalty 

(SP) and Maximum Stress Penalty (MSP). A size Penalty is a setting for an objective function 

that has a goal to minimise the size of the design. The size of the optimal design from the 

Genetic algorithm can be further reduced while the maximum stress can be increased due to 

the size reduction. On the other hand, The Maximum Stress Penalty's role is to ensure that the 

increasing amount of the maximum stress is not beyond the yield strength. The optimal design 

with excessive stress can be optimised to have an increased size, which can result in a lower 

amount of maximum stress. Likewise, the optimal design with a low amount of output torque 

level can be optimised to increase the torque output by reducing the spring size. 
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3.8 B-Spline Generation & 3D Geometry Creation 

In this section, B-spline generation and 3D geometry creation processes will be discussed. The 

two types of b-spline generation functions will be introduced. Moreover, the 3D geometry 

creation process requires design preparation to ensure that the spring design is suitable for the 

process. Pre-processing preparation of the spline curve is required to select the viable spring 

design for the geometry creation process, which will be discussed in this section. 

 

3.8.1 B-Spline Generation Functions 1 

The first b-spline generation function is a function that has the advantage of reduction in 

optimisation error due to the refined control points generation process. The b-spline generation 

process begins with generating control points on the polar coordinate system using (r, θ). This 

process can be called the control points generation process. While r represents the distance 

from the 0,0 position and theta(θ) represents the angle from 0 to 2𝜋 increments. The control 

points generated from the control points generation process are used for cubic B-spline 

construction, which generates the final shape of the spring design before passing the design for 

the geometry creation process using ANSYS SpaceClaim. The control points generated from 

the control points generation process can be written as a function below. This function is called 

the “Control point generation function”. In this function, KP(i) represents the coordinate of 

each control point with a total number of 21 control points. The parameters r(i) and 𝐾𝜃 are 

input parameters that can be obtained from the optimisation algorithm and design constraints, 

respectively. 𝐾𝜃 represent a constant that determines a maximum angle for the control points. 

 

𝐾𝑃(𝑖) = (𝑟(𝑖), 𝜃(𝑖)) ;  𝑖 = 1,2,… ,21 (3.18) 

 

𝜃(𝑖) =
𝜃𝑚𝑎𝑥
𝑖

 (3.19) 

 
𝜃𝑚𝑎𝑥 = 2𝜋 × 𝐾𝜃; 𝐾𝜃 = 0.7 𝑡𝑜 1.75 (3.20) 
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The design constraint for this b-spline generation function includes the radius of the design 

parameter and the maximum angle of the b-spline. The radius of the design parameter has 21 

variables, and each variable has a limit from 80 to 250 mm, while the maximum angle of the 

design is limited from 0.7 pi to 1.75 pi. The optimisation constraints are set based on the 

ANSYS analysis suitability, which can help reduce the risks of generating unusable designs. 

 

The control points generation function is created based on the general torsion spring shape. The 

function not only generates control points for a unique spring design but also helps reduce post-

processing time. The function is suitable for reducing the amount of time used for checking 

design suitability for ANSYS and can help avoid un-analysable design. Furthermore, reducing 

the chance of generating unusable designs can help reduce computational time since the amount 

of design generated in one generation is tremendous. Moreover, checking or passing unsuitable 

designs can lead to an exponential increase in computational time.  

 

Another advantage of the control points generation function is that the function can help reduce 

the average maximum stress of the design generation by creating a design that is suitable for 

clockwise or anti-clockwise rotation only. Similar to a generic clock spring, which can provide 

large angular deformation in one direction but not another. Thus, by applying a reverse rotation 

with the same amount of torque, the maximum stress of the same spring can exceed the yield 

strength of the material. To summarise, The function can reduce the possibility of passing 

unusable designs into the optimisation process. Ultimately, this generation function can ensure 

that only designs that are suitable and have potential are considered in the optimisation. 

 

 
Figure 56: B-spline curve with 22 control points created by design model generation function with pi = 1.25 
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3.8.2 B-Spline Generation Function 2 

The second type of b-spline generation function is created due to the limitation in the 

optimisation possibility of the first function, which cannot satisfy the cosine-torque spring 

optimisation goal. This b-spline generation function has unlimited possibilities in terms of 

shape generated due to the developed control points generation function. However, the 

unlimited possibility of shape generation also comes with drawbacks, such as an increasing 

amount of overlapping shapes and unusable b-spline shapes for geometry creation.  

 

Similar to the previous b-spline function, this function begins with control point generation. 

However, this function begins by generating seven control points in (x, y) coordinates. The 

control points are generated randomly while having a constraint in the XY axis.  

 

 𝑖 = 1,2,… ,7 

𝐾𝑃(𝑖) = (𝑥(𝑖), 𝑦(𝑖)) , 𝑥(𝑖) ≤ 250 

 𝑦(𝑖)  ≤ 250 
 

(3.21) 

 

This b-spline generation function introduces a simple process to create a b-spline plot. 

However, due to its simplicity and robustness, the generation process still requires other 

components to limit the possible errors. Design overlapping control and coordinates swapping 

process are specifically created to resolve the drawbacks of this function, which will be 

discussed in the next section. 

3.8.3 Pre-Processing Preparation 

Design preparation is necessary to minimise the error in software connections and processing, 

maximise the optimisation performance, and reduce overall optimisation time. The design 

preparation includes four main aspects, which are Spline Preparation, Coordinates Swapping, 

and Design Coordinates Rotation. All of the aspects mentioned in this section are the processes 

required for pre-processing input and output of each software, which is necessary for 

combining both MATLAB and ANSYS for design optimisation. In addition, the Coordinates 

swapping and Design Coordinates Rotation processes are created specifically for cosine-

torsion spring optimisation, which uses the 2nd B-spline generation function to limit the 

possible error that occurs due to the robustness of the generation function.  
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3.8.3.1 Spline Preparation 

In general, CAD software generates spline curves using their specific spline creation function. 

Ansys software uses its own unique spline function type to create a spline that cannot be 

identified. Using different types of input spline curves can cause an issue in geometry. 

However, this process is still required since the spline function of ANSYS software is 

unknown. In order to create a methodology that can be easily replicated and repurposed, 

overcoming this challenge is required. 

 

A cubic B-spline curve was chosen as an input to create a 3D model. The spline includes 22 

control points. The first issue was discovered by sending the input directly, using the control 

points of the spline as input for the geometry creation process, which results in inaccurate spline 

output dimension due to the difference in spline type. The issue can be solved by dividing the 

b-spline curve into small equal sections. Each section is used to create a tiny spline curve.  In 

the end, the tiny spline curves are connected to create an initial b-spline shape that is generated 

by input control points. This method can resolve the issue and provide a spline output with no 

error. However, without the right amount of resolution, the result is still possible to have a 

design dimension error. Furthermore, increasing the resolution of the input spline also increases 

the computational time. In this study, the b-spline curve divides into 2000 sections (100 

sections within each b-spline knot). Each section is converted into control points and passed 

into ANSYS software. The spline curve created from converted control points has enough 

resolution to ensure that the spline created from both software are identical. 

 

3.8.3.2 Design Coordinates Preparation 

Design coordinates preparation is required to ensure that coordinates of the generated design 

from MATLAB software are suitable for ANSYS SpaceClaim for creating the 3D geometry. 

Non-suitable coordinates can cause issues to the overall optimisation result and optimisation 

process, such as corrupted geometry and optimisation process error. Optimisation process 

errors can cause the optimisation workflow to be terminated. This requires the user to manually 

fix the issue and continue the optimisation process, which can increase the computational time. 

The design coordinates preparations include coordinates swapping and coordinates rotation. 
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3.8.3.3 Coordinates Swapping 

Coordinates swapping is a method used to correct the design generated by an optimisation 

algorithm that has a design overlapping. The overlapping section of the spline is shown in 

Figure 57. The design generated by the optimisation algorithm is required to be verified for 

design overlapping criteria prior to any further process. The coordinates swapping process will 

be executed for the design that cannot fulfil the criteria. The process begins with swapping each 

input control point in order until the design overlapping is eliminated. However, eliminating 

overlapping in the design is not always possible. The impossible designs are rated as unsatisfied 

designs in design overlapping criteria. On the other hand, the design with resolved overlapping 

gets passed into the optimisation process with a satisfied rating. 

 
Figure 57: B-spline curve with knots 

3.8.3.4 Design Coordinates Rotation 

Design Coordinates Rotation is a method used to ensure that the design generated from the 

optimisation algorithm is suitable for ANSYS SpaceClaim to produce a 3D model of the 

design. The design generated by the optimisation algorithm, which is suitable for ANSYS 

SpaceClaim, must have a parallel section from the origin to 2nd control point to ensure that the 

3D geometry of the spline is created correctly. In detail, the design coordinates rotation code 

created a vector of the control points 0 and 1 and calculated the angle between the vector and 

the x-axis. Finally, the generated spline is rotated by the calculated angle until the vector and 

x-axis are aligned. Design Coordinates rotation is necessary to ensure the high quality of the 

design and output. Without this process, the fault geometry with fault result can get passed into 

the population, which results in the unreliability of the optimal result. For example, Figure 58 

illustrates the spring design with design coordinates rotation (vector AB is parallel with the x-

axis).  
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Figure 58: B-spline plot with coordinate rotation 

The cross-sectional area of 3D geometry with coordinates rotation has a correct size and angle. 

On the other hand, the cross-sectional area of the 3D geometry without design coordinates 

rotation has an incorrect angle, which leads to incorrect width and height of the overall 3D 

design. This issue can cause an output error in FEA analysis. 

3.8.4 3D Geometry Generation 

3D geometries used for the optimisation process in this study are generated by using 

SpaceClaim software. In this study, The spline curve is automatically generated using Python 

scripting in SpaceClaim software for ease of design optimisation. The scripting process 

includes three main steps, which are B-spline generation, Geometry creation, and Name 

selection creation.  

 
The b-spline curve created by MATLAB software with high-resolution coordinates is 

transferred to ANSYS SpaceClaim for plotting a spline curve. The curve will be used in 

geometry creation. Then, the 3D geometry of the B-spline curve is created by using a sweeping 

method based on the input cross-sectional area setting. Afterwards, the name selection for each 

section of the spline is created for the ease of executing the FEA process automatically.  

 

A B 
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3.9 Finite Element Analysis 

Design verification is essential for the optimisation process. In order to measure the suitability 

and performance of each spring design, FEA is used as a main tool for design verification due 

to the repeatability of the task. ANSYS Workbench is selected as software for this process due 

to various reasons. Firstly, Workbench software can execute the FEA analysis with high-

quality output and with multiple settings. Secondly, the software has a Python scripting feature, 

which can be used for repetitive tasks. Lastly, the ANSYS software license is available and 

used as the main software for the students at the University of Wollongong. In summary, the 

software was selected due to its ease of use, familiarity, and the essential feature of the 

software. In this study, the results expected from FEA are maximum stress and reaction torque 

function. Both outputs are required for the objective function, which is used as a design 

performance measurement. This section will introduce three aspects of the FEA, which are the 

FEA setting, ANSYS scripting, and software limitation.  

3.9.1 FEA Settings 

A suitable FEA setting must be used in order to achieve reliable output performance and 

expected outcomes.  

3.9.1.1 Mesh Setting 

In terms of mesh setting, a suitable size of meshing is required in order to achieve a converged 

analysis result. Poor meshing can result in unconverged results as well as in accuracy in spring 

output. In this study, the mesh size setting was selected to be 0.5 mm. The selected mesh size 

was measured by design trial to find a suitable mesh size for this study. Another aspect of mesh 

setting is meshing types. The mesh type selection of this study is nonlinear mechanical analysis 

with linear element order. This can help reduce the computational time due to the element type 

selection will prioritise using hexahedral meshes, which requires lower computational time 

than others. 

3.9.1.2 Design Constraints 

Design constraints are represented by spring application in practical. The design constraints in 

this study include a fixed support, an angular displacement, and a pin support. Fix support 

represents a position of fix support in practical during spring installation. Furthermore, angular 

displacement and pin support represent the position of input rotation for the applications. 
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3.9.1.3 Other settings 

For ANSYS software, another setting is required for the optimisation. Large deformation 

analysis is required in this study due to a large amount of movement during the spring rotation. 

Nonlinear analysis is also required due to the nonlinearity of output types. 

3.9.2 ANSYS Scripting 

ANSYS ACT is a feature for using Python language to control the setting, workflow, and 

overall ANSYS software. In this study, the scripting method was used in 4 different aspects, 

which are exporting output, optimisation setting, FEA process execution and software 

communication. Figure 59 illustrates a flowchart of the Ansys ACT scripting with inputs and 

output interaction between MATLAB and ANSYS software. 

 
Figure 59: Ansys Scripting Flowchart 

3.9.2.1 Software communication Script 

Software communication scripting is created for software communication between MATLAB 

and ANSYS in terms of input and output communication as well as error resolution. The data 

required for communication includes finite element analysis results output from ANSYS 

software and B-spline geometry coordinates from MATLAB software as an input. 
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3.9.2.2 Python Script for Output Export 

Output export script is responsible for exporting a finite element analysis result of the spring 

for future use. In this study, the built-in function of result export was not available, which 

makes crafting Python script from scratch necessary. The output export includes maximum 

stress, torsion-output function, and inner-outer node locations, which are used for design 

overlapping checks mentioned in the methodology section. 

3.9.2.3 Python Script for Optimisation Settings 

A suitable optimisation setting is required in order to obtain the best performance results while 

minimising inaccuracy and error during the optimisation process. The Python script was 

created to ensure that the optimisation setting for every iteration must be identical, which can 

help ensure the output performance. The optimisation setting includes mesh setting, material 

setting, design constraints, b-spline geometry’s surface dimensions, as well as other ANSYS 

basics settings such as name selection and analysis setting.  

3.9.2.4 Python Script for ANSYS Execution 

Python execution code works as an activator for ANSYS software to proceed with the finite 

element analysis in each iteration. The execution code receives a command from software 

communication to start the FEA process.  

3.9.3 Software Limitation  

In Genetic algorithm optimisation, the amount of population is a crucial aspect for achieving 

an optimal result. Excessive computational time can happen due to the inferior number of 

populations. In this study, a minimum of four criteria were created to prevent an error caused 

by the software limitation. The designs generated from the optimisation algorithm must fulfil 

the criteria in order to proceed into the next optimisation process. The design that cannot fulfil 

the criteria is rejected without any consideration in the FEA result. For example, generally, for 

this study, 30% of the first generation of the optimisation gets rejected to prevent the error from 

software limitation, which can lower the amount of spring design passing on to the next 

generation. This can result in difficulty in reaching optimal design at the global minimum. The 

solution for this issue is to add extra amount of population to ensure that the optimisation 

algorithm receives enough viable design to proceed into the next generation. However, the 

extra amount of population results in extra computational time, which makes this study may 

not have the best performance in computational time. 
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Chapter 4: Design Examples  

In this thesis chapter, four nonlinear spring examples are presented to illustrate the outcome 

and performance of the design methodology introduced in the previous chapter. The nonlinear 

springs include constant-torque and cosine-torque springs. Two different b-spline generation 

functions were used for each spring type to investigate the performance of each b-spline 

generation function.  

4.1 Constant-Torque Spring 

Constant-torque spring is one of the design goals in this study. The spring must be able to 

provide a constant-torque function. This section illustrates two constant-torque spring designs 

from 2 different b-spline generation functions as well as the specification of the spring. 

4.1.1 Constant-Torque Spring (1st B-spline Generation Function) 

The optimisation setting of the spring includes 100 populations, while each chromosome 

includes 22 adjustable design parameters, as mentioned in the methodology chapter. The 

maximum generation of this optimisation was set to 100 generations. Design specification and 

output results can be illustrated in Table 6. 
Table 6: Constant-Torque Spring Result (1st B-spline Generation Function) 

Spring Specifications Design Specification Output Results 
Objective Function Value N/A 0.5802 
Optimisation Time (Hours) N/A 28 
Constant-torque Value (Nmm) 10 7.68 
Constant-torque Range (Degrees) 50 40 
Design Space (mm) 600 x 600 250 x 450 
Out-of-Plane Thickness (mm) 3 0.8 
In-Plane Thickness (mm) 1 0.8 
Steady-State Error (%) 5 0.7 
Maximum Stress (MPa) 150 133 

 

As in Table 6, the spring design has an objective function value of 0.5802, and the spring was 

able to provide 7.68 Nmm maximum constant-torque output with 40 degrees of constant-torque 

range, which is slightly lower than the design specification. However, the steady-state error of 

the constant-torque spring was calculated to be 0.7%, which is drastically lower than the design 

specification. Furthermore, the constant-torque range of this spring design can be increased by 
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The spring has an objective function value of 0.271. Moreover, the results illustrate a constant-

torque value that is much lower than the design specification by using the same value of spring 

thicknesses. It is worth mentioning that the constant toque value can be increased by increasing 

the out-of-plane thickness of the spring. However, increasing design thickness can result in an 

increase in weight and size, which can be a disadvantage of this spring type. The constant-

torque range of the spring is also lower than the design specification, while the steady-state 

error of this spring is still under the design specification. The maximum stress of the spring is 

higher than the design specification. However, the maximum stress of the output results 

remained lower than the yield strength of the material. The value safety factor of the spring is 

calculated to be 1.295. Figure 61 illustrates the geometry of the spring as well as the spring 

design output function. 

 
Figure 61: Optimal Design of Constant-Torque Spring (left) and Design Output (right) (2nd B-spline Generation Function). 

4.2 Cosine-Torque Spring  

Cosine spring was designed to be used in gravity compensation applications. The spring must 

be able to provide a cosine function torque prescribed to the rotation angle. Due to the design 

criteria, the design specifications are set in Table 8. It is worth mentioning that steady-state 

error in this design goal must be minimised as much as possible to provide a reliable cosine-

torsion spring due to the fact that the error in the cosine-torque function has a major effect in 

gravity compensation application. 
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4.2.1 Cosine-Torque Spring (1st B-spline Generation Function) 

The optimisation setting in this design is similar to the constant-torque spring with 1st b-spine 

generation function in terms of population, generation and design optimisation parameters.  
Table 8: Cosine-Torque Spring Result (1st B-spline Generation Function) 

Spring Specifications Design Specification Output Results 
Objective Function Value N/A 2.544 
Optimisation Time N/A 16 
Maximum Torque Value (Nmm) 10 9.66 
Cosine-torque Range (Degrees) 90 90 
Design Space (mm) 600 x 600 400 x 400 
Out-of-Plane Thickness (mm) 3 0.8 
In-Plane Thickness (mm) 1 0.8 
Maximum Stress (MPa) 150 146 

 

The optimal design has an objective function value of 0.544. The spring can provide a 

maximum torque of 9.66 Nmm with a cosine-torque range of 90 degrees of rotation. The 

maximum stress of this spring was 146 MPa, which is slightly lower than the specifications of 

the design. The maximum stress is lower than the yield strength of the material, which is 

acceptable. However, the torque-displacement function of the spring provided a high amount 

of error compared to the cosine function, as in Figure 62. 

 

 
Figure 62: Optimal Design of Cosine-Torque Spring (left) and Design Output (right) (1st B-spline Generation Function). 
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4.2.2 Cosine-Torque Spring (2nd B-spline Generation Function) 

In this cosine-torque spring with the 2nd b-spline generation function, the optimisation setting 

is identical to the constant-torque spring with the 2nd b-spline generation function in the 

previous section. Table 9 illustrates the design specification as well as the computational 

analysis output of the spring.  
Table 9: Cosine-Torque Spring Result (2nd B-spline Generation Function) 

Spring Specifications Design Specification Output Results 
Objective Function Value N/A 1.9 
Optimisation Time N/A 38 
Maximum Torque Value (Nmm) 10 4.667 
Cosine-torque Range (Degrees) 90 90 
Design Space (mm) 600 x 600 300 x 350 
Out-of-Plane Thickness (mm) 3 1 
In-Plane Thickness (mm) 1 0.8 
Maximum Stress (MPa) 150 167.56 

 
The spring has an objective function value of 1.9. The maximum torque value of the spring 

output was 4.667 Nmm. which is lower than the maximum torque value in the design 

specification. The spring is able to satisfy the design specification criteria in other aspects, 

including cosine-torque range, spring footprints, and design thicknesses. However, this spring 

design illustrates an outstanding performance in terms of minimising function error value. 

However, the maximum stress of the spring slightly exceeds the design specification with a 

safety factor value of 1.492. Figure 63 illustrates the design geometry of the cosine-torque 

spring as well as its output. 

 
Figure 63:Optimal Design of Cosine-Torque Spring (left) and Design Output (right) (2nd B-spline Generation Function). 
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The optimal results from the optimisation process are acceptable. Overall, the optimisation 

results can fulfil most of the design criteria, such as spring size, constant-torque range, and 

cosine-torque range. On the other hand, some of the criteria cannot be satisfied, such as 

maximum stress and maximum torque value of the spring. In addition, the specifications can 

be adjusted by scaling optimisation as well as adjustment of spring’s thickness. The crucial 

aspect of each spring design is function error, which is represented by the unique shape of the 

spring. The results illustrate that some of the results illustrate an outstanding performance than 

others in terms of minimising function error.  

 

Optimisation time is another aspect that can determine the performance of the design 

methodology. The optimisation time of the design geometric optimisation is 16 to 40 hours. 

The first b-spline function requires a lower amount of optimisation time, while the second b-

spline generation function requires almost twofold of the computational time. 

 

In this chapter, scaling optimisation is not necessarily due to various reasons. The optimal 

design of the springs generated from the optimisation process can fulfil the design criteria in 

terms of spring dimensions as well as the maximum stress. In the case of exceeding maximum 

stress or spring dimensions, scaling optimisation is required to optimise the spring size, which 

results in adjusting the overall dimension as well as the maximum stress of the spring. 
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Chapter 5: Practical Experiment  

Practical experiment is an essential process for research and design development.  In general, 

the experiment is required in order to validate the feasibility of the introduced methodology 

and design in reality. In this study, the experiments were used to verify the reliability of the 

computational results of each spring, including cosine-torque and constant-torque springs. The 

goal of this experiment is to compare the output function of the springs of computational 

analysis and practical experiment by using a torque measurement sensor and manual torque 

test stand. This chapter will illustrate the essential aspects of the experiment conducted in this 

study, including torsion spring production, experiment setting, and experiment results. 

5.1 Experiment Tools 

In order to verify the feasibility of the methodology introduced in this study, as well as the 

performance of the spring result, reliable experimental tools must be used to ensure the quality 

of the result. In this experiment, torque sensor MR50-100 from MARK-10 company is selected 

as an experimental tool. The specification of the sensor is illustrated in Table 10.  

 
Figure 64: Torque sensor (left) and Manual Torque Test Stand (right) 

 
Table 10: MR50-100 Specification 

MR50-100 Specification 
Accuracy ± 0.35% of full scale + indicator 
Capacity 1150 Ncm 

Resolution 1 Ncm 
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The selected sensor alone is impractical for the experiment of this study due to the lack of 

angular rotation indication. The manual torque test stand (TST) from MARK-10 company is 

also being used for this study to ensure the accuracy of the rotational angle, which increases 

the output correctness. The experiment setting can be shown in Figure 64. In this study, the 

experimental tools are selected due to the availability of the equipment at the university and 

the suitability of the device for this experiment. However, prioritising the availability of the 

tools leads to minor design changes of the spring as well as additional equipment. Furthermore, 

due to the adaptivity of the spring design, the design changes can be executed with ease. Design 

changes and their cause will be discussed in the next section. 

5.2 Spring Production 

In this experiment, two of the springs produced by the 1st B-spline generation function were 

selected for the experiment. The springs include constant-torque and cosine-torque springs. 

The production material of the springs was selected in the initial computational analysis which 

is structural steel, due to the suitability of the material properties as well as material availability 

of the university production workshop. However, the springs cannot be directly connected to 

the experimental devices due to the incompatibility. The spring designs from computational 

analysis require changes as well as an additional tool for resolving the compatibility issue. 

5.3 Design Compatibility Adjustment 

Incompatibility between the spring and experimental tool must be solved. 2 major issues were 

identified, including 1st Torque sensor resolution and 2nd Output measurement position. 

5.3.1 Torque Sensor Resolution 

Torque sensor resolution is one of the compatibility issues of the original spring design. The 

resolution of the torque sensor available for the experiment is 1 Ncm, as in the previous section. 

However, the maximum output torque of the computational analysis was lower than 1 Ncm, 

and the most suitable sensor resolution is 1 Nmm. Due to the priority in adjusting the design to 

increase compatibility, the solution for this obstacle is to increase the out-of-plane thickness of 

the spring, which can increase the amount of maximum output torque.  
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For the experiment, the spring designs’ thickness is adjusted to 4 millimetres to increase the 

output torque of the springs. The thickness was selected due to the material availability of the 

university. Figure 65 illustrates adjusted thickness springs produced by a water jet cutter. 

Furthermore, computational results of the springs for design verification require to be updated 

according to the adjusted thickness of the spring. In detail, Finite element analysis for the 

springs is required in order to verify the expected results of the spring reaction torque output 

as well as the maximum stress of the spring. Table 11 illustrates the FEA output of the springs 

with adjusted thickness in terms of maximum stress and maximum output torque, as well as a 

comparison of the design properties in different thicknesses. Interestingly, The output torque 

of the adjusted thickness is not proportional to the increased thickness ratio as expected. 

However, the increasing maximum torque value between the two spring types has a different 

scaling ratio even though the thickness ratio is equal. Furthermore, the maximum stress of both 

spring after the thickness adjustment are slightly increased. 

 
Table 11: FEA Output Comparisons Between Different Spring Thickness 

Spring Types 
Out-of-plane 

Thickness (mm) 
Maximum Stress 

(MPa) 
Maximum Output Torque 

(Nmm) 

Constant-Torque 
0.8 133 7.68 
4 146 28.916 

Cosine-Torque 
0.8 146 9.6636 
4 158.25 21.886 

 

5.3.2 Output Measurement Position 

During the computational analysis, the position of output measurement was selected to be at 

the fixed support of the spring. However, the experiment setup requires an output sensor to be 

at the origin position of the measurement device, which is the first obstacle to proceed further 

with the experiment. Literally, the position of the input torque and fixed support of the spring 

are interchangeable. Furthermore, the resultant torque of the spring remains unchanged as long 

as the rotational trajectory is unchanged. Adopting specified information, specifically designed 

connectors that connect the spring, and the experimental tool were created.  

 

The connectors must be able to maintain spring motion as in the computational analysis setting 

to ensure the output performance. The connectors are created using a steel sheet with 3 

millimetres thickness to prevent a possible error of deformation in connector geometry during 
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the experiments. The designs of connectors are created from a foundation of spring and 

experimental tool geometries. The connector design was also verified by using finite element 

analysis to ensure that the connector satisfy all criteria. The connector geometries produced by 

the water jet cutter are illustrated in Figure 65. 

 

 
Figure 65: Produced Cosine-torque Spring and Connector (left) and Constant-Torque Spring and Connector (right) 

 

5.3.3 Geometric Error from Production Process 

Geometric error can lead to output performance issues in terms of output accuracy and 

precision. The cosine-torque spring produced by the water jet cutter has a geometric error due 

to an issue during the production process. The weight and size of the spring geometry create a 

displacement during the process, which results in some geometric errors. The errors are shown 

in Table 12. The Table illustrates a comparison between the correct geometry from the original 

step file and a produced cosine-torque spring. On the other hand, the constant-torque spring 

has an outstanding geometric accuracy due to the size of the spring, which is almost 50% of 

the cosine-torque spring size. The spring is expected to provide an accurate result during the 

experiment. However, the cosine-torque experiment result may contain some errors due to the 

geometric error. 
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Table 12: Geometric Error Comparisons 

Produced Cosine-Torque Spring Geometry Expected Cosine-Torque Spring Geometry 
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5.4 Experiment Setting 

The experiments include three main components, which are torque sensor, torsion springs, and 

connectors. The experiment setup is shown in Figure 66. The experiment's goal is to investigate 

three components, which are 1st spring output function and 2nd spring deformation. Firstly, the 

spring output function will be measured by measuring the reaction torque of the spring 

according to the rotational angle. The spring output function of the springs will be used to 

compare with computational results to validate the output performance of the springs in 

practical and computational analysis. On the other hand, spring deformation will be measured 

after conducting the toque testing to identify the spring geometry for the deformation, which 

can represent an exceeding amount of the maximum stress of the spring. In this experiment, 

the measurement of the output torque will be measured multiple times to ensure the accuracy 

of the output result. 

 

 
Figure 66: Torsional Test Experiment Setup 
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5.5 Experimental Results 

In this section, the experimental results of the springs, including constant-torque and cosine-

torque springs, will be illustrated. The result in this section includes maximum torque, reaction 

torque in each rotational angle and spring deformation.   

5.5.1 Constant-Torque Results 

Constant-torque spring design is selected as one of the design goals. The spring is required to 

provide a constant-torque output throughout the rotational movement. Table 13. Illustrate the 

constant-torque output at each specific rotational angle. The measurement is taken when the 

output torque value changes at a specific rotational angle. However, the reaction torque 

remained constant from 46 to 90 degrees of rotation. 
Table 13: Experimental Results of Constant-Torque Spring  

Rotational Angle (Degrees) Output torque (Ncm) 
0 0 
5 1 
20 2 
46 3 
70 3 
90 3 

 

The output Table can be transferred into a reaction torque function plot, as in Figure 67. The 

results illustrate a constant-torque range from 46 degrees of rotational to 90 degrees, as 

expected. 

 
Figure 67: Constant-Torque Spring Experimental Output 
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The performance of overall results is as expected. A constant-torque spring was able to provide 

a constant-torque range up to 44 degrees with a maximum torque of 3 Ncm. On the other hand, 

the output of the cosine-torque spring has a 7.6% overall error. Furthermore, the output plot is 

required for the verification of the performance of the spring by the comparisons between 

computational and practical results. In addition, the comparisons can provide reliability and 

predictability of the design, which will be discussed in the next chapter. 

 

The experiment results for both springs are acceptable to verify a spring performance in the 

next chapter. However, the results’ quality can be improved further in some aspects. As in the 

experiment output function, a noticeable error of output torque from 0 to 1 Ncm occurred in 

both cosine-torque and constant-torque springs, which generally happens while using a sensor 

with low resolution compared to the output level. This issue also creates a difficulty in 

measuring the exact value of the function in each rotational degree, which may cause some 

errors in the experiment result. However, the results will be used for a comparison in the next 

chapter, which can be verified by using the experimental data and computational analysis data. 
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Chapter 6: Discussion  

This chapter will discuss the performance of each spring design in terms of maximum torque, 

steady-state error, range of motion, maximum stress level, computational time, and springs’ 

footprints. Furthermore, this chapter will discuss the experimental results performance 

compared to computational analysis results to verify the reliability of the methodology 

introduced in this study. Moreover, the aim of this chapter is to verify the advantages, 

disadvantages and possible improvements of the springs and design methodology. Lastly, the 

performance of springs created in this study will be compared to the existing spring designs in 

other studies in terms of performance comparisons in similar aspects as mentioned above but 

also includes manufacturing difficulty, installation difficulty, and application flexibility. 

Multiple studies will be used in this comparison by selecting the best performance spring 

design in each aspect from the literature review chapter.  

6.1 Constant-Torque Spring  

Constant-torque spring designs in this study include two design geometries from two different 

b-spline generation functions. The performance of both spring designs will be discussed in this 

section. In 3 different aspects, which are design performance comparisons, Result validation 

and design comparisons with other studies. 

6.1.1 Design Performance 

In terms of design performance, the springs will be validated and compared in three different 

aspects, which are 1st output performance, 2nd physical performance and 3rd computational 

time.  

6.1.1.1 Output Performance 

Table 15 illustrates the output performance comparisons between springs with 1st b-spline 

generation function and 2nd b-spline generation function. 
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Table 15: Output Performance Comparison of Constant-Torque Springs 

Spring Specifications 
Design 

Specification 
1st Output 

Results 
2nd Output 

Results 
Objective Function Value N/A 0.5802 0.2609 

Optimisation Time (Hours) N/A 28 38 
Constant-torque Value (Nmm) 10 7.68 9.916 

Constant-torque Range (Degrees) 50 40 35 
Design Space (mm) 600 x 600 250 x 450 400 x 300 

Out-of-Plane Thickness (mm) 3 0.8 1 
In-Plane Thickness (mm) 1 0.8 0.8 
Steady-State Error (%) 5 0.7 5 
Maximum Stress (MPa) 150 133 193 

 

The 1st spring is able to achieve a higher constant-torque value as well as higher in constant-

torque range. Furthermore, the steady-state error and maximum stress of the 1st spring is also 

lower than the 2nd spring. 1st spring achieved 0.7% steady-state error, which can provide 

exceptionally higher constant-torque performance than 2nd spring. In terms of output 

performance, 1st spring can provide better performance in all aspects compared to 2nd spring. 

Interestingly, the objective function value of the 2nd spring is lower than the 1st spring. The 

lower objective function is obtained by 2nd spring due to the fact that the objective function 

value was calculated by a root-mean-square average method as in the methodology chapter. In 

detail, a higher maximum torque value of the spring leads to a higher root-mean-square value, 

which results in a higher objective function value, even though the performance of the constant-

torque spring produced by the first b-spline generation function is higher. This can be improved 

by using root mean square average percentage to ensure that the different amounts of maximum 

torque will not affect the quality of the result. 

 

6.1.1.2 Physical Performance 

The physical performance of both springs is quite similar in terms of weight and size of the 

spring. The design footprint of the first constant-torque is 6.25% smaller than 2nd spring. The 

design footprint of 1st constant-torque spring can be reduced further by scaling down the overall 

size, which results in an increasing amount of maximum stress level. However, due to the low 

amount of maximum stress of the spring, this process can be done effectively. 
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6.1.3 Design Performance Comparisons with Other Studies 

The performance comparison of constant-torque springs includes a steady-state error, range of 

motion, and maximum stress level. Maximum torque level is not included due to the difference 

in design method and material used. The constant-torque spring of study [21] was selected as 

an example of spring for performance comparisons with a constant-torque spring created by 

using the 1st b-spline curve generation function is also selected due to the fact that the spring 

design from [21] illustrates an outstanding performance in every aspect in constant-torque 

springs studies. 

6.1.3.1 Maximum Torque and Design Flatness Value 

The example spring from the study [21] was able to achieve a maximum range of motion up to 

70 degrees with the design flatness value at 89.1%. Moreover, the spring was able to achieve 

50 degrees of rotation of constant-torque range. On the other hand, the constant-torque spring 

in this study is able to achieve 90 degrees range of motion with 40 degrees constant-torque 

range. The output flatness value of the spring was lower than the spring example. The constant-

torque spring of this study has a flatness value of 99.3 %. Furthermore, the comparison standard 

can be made by matching the design flatness value of the spring in this study. After the 

calculation adjustment, by using the exact amount of design flatness value, the constant-torque 

spring in this study can achieve 60 degrees of constant-torque range from 40 to 100 degrees of 

rotational angle.  

6.1.3.2 Other Aspects 

In terms of maximum stress performance, the constant-torque spring in [21] achieved 50 

degrees of constant-torque range with a maximum stress value of 79.606 MPa, while the yield 

strength of the material selected was 233MPa, which illustrates that the spring can achieve 50 

degrees of constant-torque with 34.1% of yield strength of the material. On the other hand, the 

optimal spring design of this study can achieve 60 degrees of constant-torque range with 59% 

of the yield strength by using a similar amount of design flatness value. However, the maximum 

stress performance of both designs can be adjusted by an adjustment of the design thickness of 

the spring. By default, the spring design of this study has multiple thicknesses for the 

adjustment, which can be done with ease. An adjustment of in-plane-thickness can drastically 

reduce the maximum stress of the spring. Similarly, the out-of-plane thickness can be adjusted 

to reduce the overall maximum stress with a minor effect compared to in-plane thickness.  
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The main advantage of this spring compared to the spring in [21] is due to the single-spline 

compliant design of the spring. The spring in this study has a higher advantage in terms of 

manufacturing feasibility and cost of manufacturing and assembly. The generic constant-torque 

spring in [21] requires multiple assembly components, including bearing and carrier. On the 

other hand, the spring introduced in this study can be used without other components required 

due to its single-spline compliant spring design. 

6.2 Cosine-Torque Spring  

This section will discuss the performance of the optimal designs from the introduced 

methodology with three different methods. Similar to the previous section, the methods include 

design performance comparisons, design validation and comparison with other work. The 

details of each method will be discussed in its section.  

6.2.1 Design Performance Comparisons 

Similar to constant-torque spring, the performance of 2 spring designs created in this study will 

be compared in 3 different aspects, which are 1st output performance comparison, 2nd physical 

performance and 3rd computational time. The higher feasibility spring will be selected for using 

in design comparison with other studies section. 

6.2.1.1 Output Performance Comparison 

Table 16 was created by using the results output of the computational analysis of cosine-torque 

springs created by using two different b-spline generation functions. The Table Illustrates the 

output performance comparisons between springs with 1st b-spline generation function and 2nd 

b-spline generation function. 
Table 16: Output Performance Comparison of Constant-Torque Springs 

Spring Specifications 
Design 

Specification 
1st Output 

Results 
2nd Output 

Results 
Objective Function Value N/A 2.544 0.271 

Optimisation Time (Hours) N/A 16 40 
Maximum Torque Value (Nmm) 10 9.66 4.667 
Constant-torque Range (Degrees) 50 90 90 

Design Space (mm) 600 x 600 400 x 400 300 x 350 
Out-of-Plane Thickness (mm) 3 0.8 1 

In-Plane Thickness (mm) 1 0.8 0.8 
Maximum Stress (MPa) 150 146 167.56 
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As in Table 15, The objective function value of the spring created by using the 2nd b-spline 

generation function can achieve a greater amount of performance in terms of the objective 

function value. In this case, the objective function value can be used as a performance indicator 

for the output error due to the fact that the maximum torque values for spring designs are 

similar. The 2nd spring can provide 4.66 Nmm of maximum torque output, which is lower than 

the torque output of the 1st spring, which can provide 9.66 Nmm torque output. However, the 

spring created by using the 1st b-spline generation function can achieve lower maximum stress 

compared to the spring generated from the 2nd b-spline generation function. The safety factors 

of both springs are 1.712 and 1.492 for the 1st and 2nd spring, respectively. On the other hand, 

the cosine-torque ranges of both springs are identical at 90 degrees rotation.  

 

6.2.1.2 Physical Performance 

The physical performance of both springs is quite similar in terms of weight and size of the 

spring. In terms of spring size, the 2nd spring requires a 34% lower footprint compared to the 

1st. On the other hand, the out-of-plane thickness of the 1st spring is slightly lower than the 2nd 

spring. Due to the low maximum stress level in both springs, the springs’ size can be reduced 

further by scaling down the overall spring size. This process can result in a slightly increasing 

amount of maximum stress as well as maximum torque level. However, due to the low amount 

of maximum stress of the spring, this process can be done effectively for size reduction and 

maximum torque improvement. 

6.2.1.3 Computational Time 

Similar to the constant-torque comparison, the computational time of 1st spring is lower than 

2nd spring. As mentioned earlier, 1st spring was created based on the 1st b-spline generation 

function, which has higher performance in computational time due to the nature of the b-spline 

generation function. 

6.2.2 Results Validation 

In this section, the design of the cosine-torque output spring will be validated by using 

computational analysis and experimental results to compare the results’ similarities. Figure 70 

illustrates the comparison plot between both results. According to the plot, the maximum torque 

values of both results are noticeably different. The experimental result provided a maximum 

output torque of 58 Nmm at the maximum rotational angle. On the other hand, the 
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Figure 71: Cosine-Spring Performance in Gravity Compensation Application 

The Figure includes three different plots, which are 1st cosine-torque spring output (Output 

Plot), 2nd cosine plot, which represents the torque required for perfect balancing compensation 

and the balanced level plot, which illustrates the balancing compensation performance by using 

an addition of output plot and cosine plot. As represented in the Figure, the cosine-torque spring 

can provide up to 90 degrees of rotation for gravity compensation, while the balanced level of 

the spring has a 0.46% RMS error compensation error throughout 90 degrees of rotation. 

 

6.2.3.1 Output Performances 

Cosine-torque spring can provide up to 90 degrees of cosine function. However, other types of 

mechanisms for gravity compensation can provide a higher range of motion. A magnetic 

gravity compensator from [27] can provide up to 180 degrees of gravity compensation. 

Similarly, a gravity compensator created by using gear spring modules in the study [28] was 

also able to achieve a 180 compensation range. Furthermore, multiple studies show a result of 

multi-degree-of-freedom gravity compensation. In this study, the torsion spring was designed 

for one degree of freedom movement, which has a disadvantage in this perspective. However, 

the compensation accuracy of the cosine-spring is outstanding. The spring is able to achieve 

0.46% of RMS error. Compared to other studies, the spring can achieve higher performance in 

terms of compensation accuracy. 
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6.2.3.2 Other Aspects 

The drawback of the generic gravity compensation method is the complexity of the mechanism. 

A general approach for gravity compensation requires multiple components such as gears, bars, 

weight, and elastic modules to create a gravity compensator [29]. Multiple amounts of 

components lead to higher design complexity as well as higher weight, which often leads to 

higher difficulty in manufacturing and installation. Some of the gravity compensators rely on 

using magnetic force to create a compensator that has high complexity and difficulty in control. 

 

The cosine-torsion spring can be manufactured with ease due to the design of the spring and 

the low number of parts. Moreover, it also reduces the requirement of assembly, which can 

help reduce assembly costs and time. The generic gravity compensation design by static 

balancing is also lacking in compactness and lightweight design. In contrast, a cosine-torque 

spring can be provided 1 degree of freedom 90 degrees of the cosine-torque range.  

 

Furthermore, the cosine-torque spring design is based on a compliant mechanism. The 

compliant mechanisms offer advantages for the spring, including a reduction in higher 

precision control and lower maintenance cost. The mechanism precision control advantage in 

compliant mechanism spring is obtained by the unessential of connector and hinged, which 

often requires a slot between different parts. Moreover, the hinged and connector in the generic 

mechanism require lubricant over time to reduce friction between parts as well as to prevent 

wear and tear of the component. In contrast, the spring created in this study can be used as a 

one-piece mechanism that does not require any unnecessary parts, which can result in overall 

cost reduction. 

 

Even though cosine-torque spring in this study may not be able to outperform other mainstream 

gravity compensators in terms of performance in some perspectives, such as the range of 

motion. However, the spring can provide an outstanding cosine output function and can be 

further developed for improvement in performance. 
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6.3 Computational Time 

Compared to other studies, the computational time of this study exceeded the average time 

consumption. The causes of low performance are CPU cores limitation and software capability. 

In this study, ANSYS software was selected for Finite Element Analysis and geometry 

generation. Most of the computational time in each optimisation iteration was spent on the 

geometric generation of SpaceClaim software as well as Finite Element Analysis. On the other 

hand, the computational time consumed by MATLAB was only 5% of the total computational 

time. Moreover, the number of CPU cores used for the simulation is limited to 2 cores.  

6.4 Error in Experimental Result  

The cosine-spring geometry with large footprints was produced by using a water jet cutting 

machine. As mentioned in the previous section, the issue occurred during the spring production 

process. The spring cannot support its weight during the process, which results in spring 

deformation during the process, which creates errors in spring geometry. The errors include a 

thickness difference in some parts throughout the geometry as well as a plastic deformation of 

the spring, which results in changes in material properties. Moreover, the experimental result 

is also influenced by the difference in material properties. Similar to the constant-torque spring, 

the material used for computational analysis is set as a default steel material property, which is 

different from the steel used for spring production.  

 

The output error from the production process only occurred to the cosine-torque output spring, 

which has an error in geometry. This error can be overcome by reducing the spring’s size to 

reduce the weight of the spring. Furthermore, the in-plane thickness of the spring can be 

increased to improve the stiffness of the spring. This can result in a lower amount of error 

production. However, the maximum stress of the spring will be increased by using both 

methods. Furthermore, conducting a bulking test for accurate material properties can help 

improve the output result.  
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Chapter 6: Conclusion and Future Work 

This thesis presents a nonlinear compliant torsion spring design methodology using a 

combination of design optimisation, finite element analysis and compliant design. The springs 

were created based on a single b-spline curve. The design goal of this study includes two of the 

spring types, which are constant-torque and cosine-torque springs. The optimal spring designs 

illustrate high performance in output accuracy and design compactness. The spring 

performance was proven to be feasible for constant-torque and cosine-torque designs, which 

can be used in multiple applications such as gravity compensation and human-robot interaction. 

Above all, the performance of the springs illustrates the reliability and the power of the 

introduced methodology for creating a single b-spline curve spring. 

 

This thesis provides the first attempt at developing a nonlinear torsional compliant spring with 

a single b-spline curve for 2 of the applications, which are constant-torque and cosine-torsion 

springs. The previous research in nonlinear torsion spring design methodology is based on 

generic complaint torsion spring design, and none of the studies attempted to create cosine-

torsion springs before. However, similar research has been done for constant force design with 

a single spline curve. The spring design can reduce the parts required in torsion springs, such 

as shaft and bearing, which can further reduce the maintenance cost and manufacturing 

difficulty as well as assembly cost. The new approach of creating nonlinear torsion springs and 

springs for gravity compensation can provide awareness of this possible design solution, which 

can increase the amount of research in this field.  

6.5 Limitations of the Research and Methodology 

Limitations of this research and methodology can be divided into two aspects, which are 

Limitations in optimisation parameters and Limitations in result verification. Optimisation 

parameters in this study only included some of the adjustable parameters of the spring. The 

performance of the methodology may improve by increasing the adjustable optimisation 

parameter. On the other hand, the result of this study was only verified by using finite element 

analysis as well as practical experiments. In practical, the springs still requires other 

experiments for performance verification fatigue test to verify the lifetime usage of the spring. 
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6.6 Future work 

6.6.1 Improvement of Optimisation Algorithms and its Parameter 

In this research, optimisation parameters in each optimisation question are only limited to 

spline curve geometry. The scaling optimisation process is avoidable by including other aspects 

of the spring design as an optimisation parameter, including scaling factors, out-of-plane 

thickness and in-plane thickness. An optimisation algorithm with a specific additional amount 

of optimisation parameters can help improve searching performance for optimal solutions 

without double optimisation, which can help reduce the overall computational time. 

Furthermore, a combination of optimisation algorithms can be created to help achieve the 

optimal result. A combination of a Genetic algorithm and a gradient-based algorithm can help 

reduce the optimisation time. In detail, the Genetic algorithm has an advantage in early 

optimisation iteration in finding the optimal design. On the other hand, the Gradient-based 

algorithm is suitable for searching for optimal design by using the best result from GAs for 

searching the optimal result. Gradient-based algorithms can approach the optimal results 

efficiently in later generations compared to GAs. 

6.6.2 Improvement of Spring Synthesis Approach 

In terms of computational time of this research, 95% of the computational time was spent on 

generating 3D models of the springs and Finite Element Analysis. In this study, ANSYS is an 

application used for both processes. The computational time of design questions exceeded the 

average computational time of other studies that use other commercial software such as 

COMSOL and ABAQUS. Software change is considered in future research to reduce the 

computational time. However, implementing the FEA algorithm directly into MATLAB 

program is the best option to reduce the computational time further. The FEA algorithm can 

help eliminate the use and limitation of FEA software and reduce computational resources for 

multiple software uses. 
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6.6.3 Compliant Torsion Spring Design Improvement 

Compliant torsion spring design requires further research and improvement. As a result of this 

study, the cosine-torque and constant-torque spring designs are able to satisfy the criteria by 

using the design methodology introduced in this study. Furthermore, as mentioned previously, 

gravity compensation design at present requires a bulky design with multiple components, 

which leads to complexity and difficulty in manufacturing. The literature review chapter 

illustrates the research gap in torsion springs for gravity compensators. Further research on 

combining generic compliant torsion springs, as well as the design methodology, can be used 

for creating gravity compensation springs. A combination of the methodology and compliant 

torsion spring design can help achieve higher performance of cosine-torsion spring compared 

to the spring in this study. The generic compliant torsion spring, which is constructed by a 

combination of shaft, ring and compliant mechanism modules, can generate a higher amount 

of output torque with a smaller weight and size than the spring in this study. Above all, The 

improvement may include increasing the cosine-torque range, which is the only lacking aspect 

of the spring introduced in this study. A combination of spring designs can help increase the 

flexibility and complexity of the design and optimisation, which can help achieve viable results 

and further improvement, such as bidirectional compliant torsion spring design for gravity 

compensation application. 

6.6.4 Practical Experiments 

Practical experiments are required to verify the performance of the spring in practical use. This 

study conducted a torsion test for both spring types, which can help validate the spring 

performance in practice. However, this study is still considered as lacking in other aspects of 

practical experiments. Experiments such as loading-unloading tests and fatigue tests are 

necessary. Loading-unloading test can help determine the performance of the spring compared 

to FEA results in both directions. Moreover, in some applications, an equal amount of loading-

unloading output is required, such as gravity compensation. On the other hand, a fatigue test is 

necessary for compliant mechanism design. Compliant mechanisms use geometric 

nonlinearity, which results in repetitive bending in the same area. This can lead to fatigue 

failure. The fatigue test is required in compliant mechanism studies to verify mechanism 

lifetime. 
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