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Compliant Mechanisms - An Overview 
Poonam Tripathy 

 

ABSTRACT: Compliant mechanisms provide specific benefits for usage that can address many of the problems with rigid mechanisms now 

in use. This paper gives a theoretical brief about compliant mechanisms and the vast concepts involved for scholars that need to grasp the 

concept before moving forth to mathematical modelling and analysis, and also help propel awareness and research on this engineering 

concept. This article examined the forms of optimizations and syntheses, as well as the benefits and drawbacks of compliant mechanisms. 

Various parts describe and apply the notion of pseudo-rigid bodies and pseudo-rigid body modelling. The author provided a concise overview 

of current material selection and modelling approaches, systematic synthesis methods that have been classified over time, as well as the 

issue of component fatigue life and dynamic analysis in compliant mechanisms. Compliant system manufacturing is also a crucial part in the 

development of such a product which has been briefed. 
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1. INTRODUCTION 
 

A simple observation of the natural entities around us 
distinguishes numerous examples of flexibility that seems to 
be the norm of nature, where rigidity is rare and compliance 
is abundant. Most systems designed by humans are kept 
rigid so the engineering design and calculation is simpler, as 
most variables that come with compliance are irrelevant. 
Hence flexibility in structures is more often than not 
avoided, but some examples of compliance persisted since 
early the stages of history-the bow and arrow- which was 
still modified to be rigid later with advancements in 
technology and physics. Traditional compliant mechanism 
designs usually have simple functionalities and do not 
require complex calculations (hence the persistence of those 
designs), but with improved numerical and simulation 
software, these complex compliant or flexible systems can be 
easily understood and designed with accurate numerical 
calculations. [4] 

 

A standard mechanism is a mechanical structure with rigid 
part and joints that transforms input energy into output 
motion. Compliant mechanisms on the other hand, are 
single-piece flexible structures that transform input elastic 
deformation energy and displacement to an output motion 
transmission at another location. Some or all of its motion is 
achieved through the flexibility of its parts in designs 
specifically created for easy extension and contraction rather 
than conventional joints that rely on sliding and rolling 
interfaces. This resolves the limitations that come with 

handling complex joints and actuation such as friction, 
backlash, fatigue, weight savings, wear and losses and adds 
advantages of reduced individual parts, reduced 
maintenance requirements, increased precision, a greater 
favourable ratio between load capacity and mass, low 
sensitivity to contaminants and increased cleanliness of 
operation elimination of lubricants, ease of miniaturization, 
which allows the use of compliant mechanisms in small scale 
applications. The study of essential elasto-kinematic 
characteristics and movement behaviour only in certain 
loads or displacements is not trivial due to the unitary 
structure of compliant mechanisms and geometric non-
linearity that occurs as a consequence of massive 
deformation. The material closure does not have to be 
interrupted, making most designs monolithic, therefore it 
also adds the benefit of absence of the assembly procedures 
with many of the designs even being entirely 3-D printed for 
use. This is possible mainly due to special designing 
techniques. Multiple rigid components, pin joints, and 
additional springs are substituted with a single mechanism 
with built-in flexible segments, Hence, saving space while 
also lowering the price of parts, materials, and assembly 
labour.[2]. Compliant mechanisms are especially well-suited 
for usage in form adaptive systems, which do not have a 
finite number of distinct variables like traditional gearboxes, 
but are characterised by dynamic surface changes due to an 
imprinting parameter.[3] They hold the possibility to 
revolutionize the fundamental perspective to achieving 
controlled motion.  
 

 

2. ADVANTAGES OF COMPLIANT 
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MECHANISMS 

 

A compliant mechanism may be evaluated for use in a certa
in operation for a variety of reasons.  

The following are a few of these benefits. 

 

 

2.1. Part Count 
Compliant mechanisms have the ability to drastically reduce 
the overall number of components needed to complete the 
task. Compliant gears have numerous intrinsic advantages 
due to their monolithic structure, including cheap cost, no 
backlash, ease of production, and scalability. Flexible 
components, rather than springs, pins, and conventional 
rigid hinges, can be used to minimise the part count. When 
compared to a rigid version of the same system, the number 
of components necessary for a compliant mechanism might 
be significantly fewer. Some designs may be made of 
injection-mouldable material and produced in a single piece, 
according to the specification. 

 

2.2. Productions processes  
As they adapt themselves to a variety of production 
techniques, compliant mechanisms can be straightforward to 
develop. Many compliant mechanisms may be made flat 
from plane sheets of material since their mobility is derived 
from flexible sections. Newer competitive goods must suit 
the market's rising expectations. They must be light, resource 
smart, long-lasting, and steady, with minimal audio 
emissions. At the same time, the items must be brought into 
the marketplace as fast as possible. Manufacturing 
compliant mechanisms can be done in a variety of ways, 
including injection moulding, machining, 
stamping, laser cutting, water jet cutting, 3D printing, and E
DM. 

 

2.3. Price  
Compliant mechanisms are very cheap to construct as they 
have fewer components and simplified production methods. 
The decrease in part count can optimize manufacturing and 
minimize fabrication and assembly associated costs. 

 

2.4. Precise motion 
Traditional mechanisms often lose accuracy through to 
backlash and wear, whereas compliant mechanisms can 
reduce or eliminate this, allowing accurate movements. 
Physical pins and hinges sliding against each other produce 
mechanical wear, which inevitably rubs off or modifies the 
material, changing the structure and mobility of the rigid-
body system. 
Backlash is generated by interconnected component toleran

ces, which in compliant mechanisms can be minimized or e
radicated as there are fewer or even no interconnected parts
. This concept is extensively been employed in instrument 
design. The adoption of compliant mechanisms can help 
minimize vibrations generated by the rotating and sliding 
joints of rigid-body systems. 

 

2.5. Performance 
Compliant mechanisms feature reduced moving joints, 
including rotating pins and sliding joints. As a consequence, 
friction and the requirement of lubricants is minimized. 
These really are advantageous qualities for applications in 
which the system is not easy to access, and for use in hostile 
conditions which may damage joints. This becomes 
particularly significant in space applications since 
lubrication tends to burn up in the absence of gravity. 

 

2.6. Proportions 
A further benefit of compliant mechanisms is their ease of 
miniaturisation; simple microstructures, actuators, and 
sensors are widely used, and several other micro - 
electromechanical systems (MEMS) show tremendous 
potential; the significant decrease in the overall part 
count and joints provided by compliant mechanisms is a 
huge asset in the manufacturing of micro structures. 

 

2.7. Portability 
Application of a compliant mechanism instead of a rigid-
body equivalent can result in substantial weight savings 
which can help companies profit off the compliance 
measures, reducing weight and transportation costs for 
consumer items. In aviation and other sectors, this is a critical 
element. 
 
2.8. Predictability 
As compliant mechanisms depend on the displacement of 
flexible elements, energy is collected as strain in the flexible 
members (which can be released by transforming it), that is 
analogous to the potential energy inside a deformed spring, 
and it's dynamics can be incorporated into the design. A bow 
and arrow system is a fundamental illustration of this: as the 
archer draws the bow, potential energy is stored throughout 
it, which is subsequently converted to kinetic energy by the 
arrow. These energy-storage qualities may also be applied to 
design for specific force-deflection characteristics or to cause 
a system to gravitate toward specified locations.  

 

 

3. CHALLENGES OF COMPLIANT 
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MECHANISMS 

 

Although these obstacles may well be resolved, it is critical 
to understand the challenges and limits of compliant 
systems. This information is useful for evaluating which 
applications will gain the most from the use of compliant 
mechanisms. 

 

3.1. Combination of complex systems 
The most challenging aspect of studying and creating 
compliant systems is the relative complexity of doing so. The 
complexity of understanding and creating compliant 
systems may be the most significant obstacle as a deep 
understanding of system characterization and flexible 
element deformation is a necessary pre-requisite, along with 
a grasp of how they interplay in a dynamic network. 

 

3.2. Non-linear equations 
Generalized linear beam computations are no longer viable 
since numerous flexible components experience significant 
deflections. Large deformation generates geometric 
nonlinear effects, thus nonlinear algorithms must be 
employed to account for these. Because of such problems, 
numerous compliance systems have been built via trial-and-
error methods throughout the earlier days. High 
deformations generate geometrical non - linearity, thus 
dynamic equations must be employed to accommodate most 
of these. Such approaches are only appropriate for extremely 
basic systems that execute very simple tasks, and they are 
frequently inefficient for several diverse uses. Although 
methods have been established to make compliant 
mechanism engineering easier, the constraints are still the 
same. Even with these advancements, compliant mechanism 
analysis and design is generally more complex than rigid-
body mechanism design and analysis. 

 

3.3. Energy storage 
Flexible components store energy, which may be used to 
optimize mechanisms with springs, acquire specific force-
deflection relations, and store the energy that is transmitted 
or converted by the system. Interestingly, energy storage in 
flexible members might be a detriment in particular 
applications.  

 

3.4. Fatigue 
For compliant systems, fatigue analysis is usually more 
important than that for rigid-body equivalents. Because 
compliant elements are frequently engaged periodically 
when a compliant system is operated, it is indeed vital to 
develop them with enough strain rate to accomplish their 

intended functions. 

 

3.5. Limited motion 
The resilience of the bending parts also limits the motion 
caused by compliant linkage deformation. A compliant 
coupling, obviously, cannot ensure a steady rotating motion 
like a pin junction could. 

 

 

4. PSEUDO-RIGID BODY MODELS 

 

Pseudo rigid body modelling are designs utilising kinematic 
models, that substitute flexible parts with rigid body 
connections. As the behaviour of deformable components is 
difficult to incorporate into a mechanism's kinematic 
analysis, they are transformed to rigid body linkages for 
simplicity of analysis. This makes the equations easier to 
understand. Hence, to ease the study and design of 
compliant mechanisms, the pseudo-rigid-body paradigm 
adopted. It is used to bridge the gap between compliant 
mechanism and rigid-body mechanism theories by offering 
a precise approach of modelling nonlinear displacement of 
flexible beams.  
 

Pseudo-rigid-body modelling techniques for discrete flexible 
segments simplify calculating the deflections of bigger 
components, allowing their use in simulation of complex 
systems with flexible parts which is very helpful in 
simplifying the analysis and synthesis of compliant 
mechanisms. They compute the deformation of compliant 
mechanisms with spring components using well-known 
rigid-body kinematics concepts to simulate the material's 
elastic characteristics, the large body of knowledge available 
in the field of rigid body mechanics reinforce the concept and 
help unify compliant and rigid body theories, although care 
needs to be taken ensuring the accurate replication of the 
flexible element’s behaviour. The pseudo-rigid-body model 
may be used in analysis to estimate kinematic motion, input 
requirements, and component stresses rapidly and 
effectively. It may also be used in prototyping a design and 
optimizing it for specific design objectives and subsequent 
refining using nonlinear finite element analysis methods, 
allowing systems to perform complex tasks. 
PRB models were customarily created for specific flexure el
ement parameters and load-
dependent characteristics. Preliminary studies concentrated
 on certain sorts of flexible components. 
Eventually, PRB models were developed for broader use. T
hey were also customized for limiting positional synthesis a
nd dynamic analysis as a result of the 
approach's effectiveness. 
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The PRB modelling technique enables the application of 
well-known rigid-body analysis methods in the study of 
compliant systems (Salamon, 1989). Burns (1964) and Burns 
and Crossley (1968) modelled flexible connectors as a stiff 
connection five-sixths the span of the flexible section. Howell 
and Midha (1993) investigated compliant systems with short 
flexural pivots. As this flexible components' dimensions are 
relatively small compared to the stiff portions' dimensions, 
the torsional pivots are represented as kinematic links at the 
flexible section's midpoint. Torsional springs are utilised to 
indicate the stiffness of the component. As the relative length 
of the flexible component rises, the precision of this 
approach diminishes, and then a new approach is necessary 
for compliant mechanisms with longer torsional pivots. 
Closed-form elliptic-integral formulations were utilised by 
Howell and Midha (1992) to create deformation estimations 
for an originally straight, flexible component with linear 
material properties.  

 

One of the most notable advantages of the PRB method is the 
reduction of differential beam equations to algebraic 
kinematic equations, which greatly lowers computing times. 
As a result, it has been developed and applied to a wide 
range of applications in compliant mechanisms and 
automation. By translating the differential equations 
involved with beam theory into algebraic equations, the PRB 
models decrease the computing demands involved with the 
study of compliant members. This implies that using them in 
design optimization will substantially minimize the time 
involved in development, particularly given the repeated 
assessments of the objective function required by most 
quantitative minimization techniques. Their versatility in 
application will allow designers to create systems with 
numerous materials or different length ranges while 
maintaining the same underlying structure. 
As the data points in PRB models may reflect varied 
deformation properties, they can be effectively utilised for 
general design of compliant mechanisms with numerous 
forms of compliant parts. To do so, meanwhile, a structure 
for deriving and evaluating statics and kinematics equations 
must be developed, which should also ideally be largely 
automated for usage with computing. It has also been 
proven that PRB models offer rapid analytical periods which 
again will aid iterative development techniques. Curved 
beams are rarely used in compliant mechanism development 
despite their potential benefits. They can provide rigidity 
between their terminals in addition to a distinct geometrical 
form, whilst straight beams tend to behave rather like 
restrictions, indeed for the construction and operation of 
compliant mechanisms, integrating the pace and 
adaptability of PRB designs with the use of curved and as 
well as straight beams might be really useful. 

 

 

 

Figure 1. PRBM of a four-bar linkage mechanism to a 
partially-compliant mechanism (linear spring) [25] 

 

The PRBM is a simple and quick way to analyse the 
performance of a compliant mechanism and in contrast to 
rigid-body systems, compliant flexure structures transmit 
mobility, energy, and even force based on the deflection 
characteristic of their own configuration. In a PRBM, pin 
joints known as characteristic pivots that connect directly to 
rigid-links. To simulate the flexure resistance of the beam, a 
torsional spring is installed at the usual pivot. PRB designs 
have largely subsequently been presented for fixed-guided 
beams, pinned-pinned curved segments, cross-strip pivots, 
and straight beams under deformation. The link between the 
loads operating on compliant mechanisms and then the 
distortion of the different components is closely interwoven 
with their own overall functioning and efficiency Matrix 
algebra and screw theory are frequently used to analyse 
deformations that are restricted to instantaneous or quite 
incredibly small quantities though when substantial 
distortion assessment is required however, beam theory, 
Finite Element Analysis (FEA), and as well as PRBM is 
utilised. 
Dynamic analysis of PRBM structures will be briefed in 
further sections. 

 

 

5. TYPES OF COMPLIANT SEGMENTS AND 
EQUIVALENT PRBMS 

 

Compliant segments as well as rigid linkages and joints can 
be found in compliant mechanisms. Compliant mechanisms 
are classed as completely compliant or partially compliant 
depending on the type of links and joints in the mechanism. 
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Fully compliant mechanisms get all of their movements from 
deformations of compliant elements, whereas partially 
compliant mechanisms have one or more kinematic pairings 
as well as compliant segments (Howell, 2001). Fixed-pinned 
(Howell and Midha, 1995; Howell, 2001) compliant 
segments, fixed-guided compliant segments, and small-
length flexural pivots are all examples of compliant 
segments.  

 

 

Figure 2. A Compliant Cantilever Beam with Large-
Deflection [8] 

 

 

5.1. Fixed-pinned compliant segment 

 

Consider Figure 2, which depicts a flexible cantilever beam 
of length L with a constant cross-sectional area and linear 
material characteristics. The cantilever beam's free end 
follows a nearly circular route with a torque at the free end, 
according to large deflection elliptic integrals (Howell, 2001). 
The force-deflection characteristics of the beam are described 
by the torsional spring at the typical pivot, and this 
displacement route is simulated by two rigid linkages 
coupled at the characteristic pivot. Figure 3 shows the 
corresponding pseudo-rigid-body design for the fixed-
pinned beam with force at the open edge.  

 

 

Figure 3. A Pseudo-Rigid-Body Model of Compliant 
Cantilever Beam with Large Deflection [8] 

 

 

5.2. Fixed-guided compliant segment 

 

Consider the loading conditions on a cantilever flexible 
beam as depicted in Figure 5. The resulting moment M6 
must be present at the free end with the force P in order to 
retain a consistent beam-end angle. At its centerline, when 
the curvature reaches zero, the distorted form of the beam is 
anti-symmetric. As per the Euler-Bernoulli theory, the 
moment reaches zero at the mid-length. When only half of 
the beam is considered, it will have force P at one end and 
the same pseudo-rigid-body model as the fixed-pinned 
section (Howell, 2001). By merging the two antisymmetric 
one-half beam models as illustrated in Figure 6, the pseudo-
rigid-body model for the whole beam may be produced; the 
PRBM is made up of three rigid links that are connected at 
two distinctive pivots by two torsional springs, one at each 
pivot. 
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Figure 4. A Fully Compliant Mechanism (Howell, 2001) [8] 

 

 

Figure 5. A Fixed-Guided Compliant Beam with Constant 
Beam-End Angle [8] 

 

 

5.3. Small-length flexural pivot 

 

Take a look at Figure 7, a cantilever beam, A short flexible 
section and a lengthy stiff portion make up the beam. Small 
length flexural pivots are made up of smaller flexible 

segments that are much shorter and more flexible than larger 
stiff segments. Longer segments are usually 10 times longer 
than shorter segments. (Howell, 2001). The motion of the 
system may be represented as two stiff links linked at a pin 
joint termed a typical pivot, as shown in Figure 8. As the 
deformation occurs at the compliant segment and is 
considerably less than the rigid segment's length, the typical 
pivot may be considered to be at the compliant segment's 
center (Howell, 2001). To evaluate the enormous deflections 
of the compliant mechanisms, Howell and Midha created the 
PRBM. A compliant beam is represented by a torsional 
spring at the pivot and is described as two rigid elements 
linked by a pin-joint or characteristic pivot. To integrate the 
compliant mechanism theory with the current idea of rigid 
body systems, PRBMs were created for a number of common 
compliant segment types, including Small-Length Flexural 
Pivot (SLFP), fixed-free, fixed-guided, and fixed-fixed 
segments. One of the main tasks in modelling a compliant 
beam's PRBM is to establish a typical pivot throughout its 
length, and recommendations and formulae are supplied for 
each conventional compliant segment type. In recent years, 
there has been an increased interest in testing the basic 
assumptions used in modelling the PRBM of an SLFP. 
Composite compliant beams include two segments: a 
flexible or compliant section and a rigid section. Small-length 
flexural pivots are present in these beams. Midha and Her 
were the ones who first proposed a basic approach for 
analysing compliant systems using rigid-body equivalent 
structures and torsional springs. 
 

 

Figure 6. A Pseudo-Rigid-Body Model of Fixed-Guided 
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Compliant Beam with Constant Beam-End Angle [8] 

 

 

Figure 7. A Small-Length Flexural Pivot [8] 

 

 

Figure 8. A Pseudo-Rigid-Body Model of a Small-Length 
Flexural Pivot [8] 

 

 

6. TYPES OF OPTIMIZATIONS 

 

The structure of the objective function, constraints (e.g., 
linear, nonlinear, convex), the nature of the variables (e.g. 
small, big), the regularity of the functions (e.g. differentiable, 
nondifferentiable), and etcetera may all be used to classify 
optimization issues (Nocedal and Wright, 1999). The 
constraints on the variables are one of the most significant 
classifications of optimization problems, with unconstrained 
optimization having no restrictions and constrained 
optimization having variables that are restricted in some 
way. 

 

 

6.1. Unconstrained Optimization 
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The variables in this form of optimization are not restricted. 
The objective function, which is dependent on real variables 
and has no constraints, is minimised in this optimization. For 
the unconstrained optimization of smooth functions, there 
are a variety of methods accessible. They all need the user to 
specify a beginning point. It will be simple for a person with 
understanding of the problem's data set and applications set 
to provide a good point to start. It can sometimes be 
permissible to ignore the restrictions upon the variables 
while dealing with issues involving inherent limitations 
since they don't impact or interfere with the solution 
(Nocedal and Wright, 1999).  
To proceed from the initial position to the next design 
position, usually algorithms employ either of two strategies: 
line search or trust region techniques. Numerical 
Optimization Nocedal and Wright, 1999, gives additional 
details about these techniques and unconstrained 
optimization. 

 

 

6.2. Constrained Optimization 

  

There are certain restrictions on the variables in this 
optimization, such as design size or shape constraints, or 
profitability expenditure constraints, and so on. These 
constraints might be simple limits on the variables, linear 
inequality constraints, or complicated nonlinear connections 
amongst those variables. 

 

 

7. STRONGLY COUPLED VS. WEAKLY 
COUPLED SYSTEM  

 

As per the number of equations and unknowns included in 
the system by energy/torque considerations, the kinematic 
equations and energy/torque equations are resolved either 
as a strongly coupled or weakly coupled set of equations in 
the synthesis with compliance approach. The kinematic and 
energy/torque equations can be solved separately in a 
weakly coupled system, but they are solved concurrently in 
a strongly coupled system. Coupling the kinematic and 
energy/torque equations, on the other hand, increases the 
system's complexity because they are both nonlinear. 

 

 

 

8. COMPLIANT MECHANISM SYNTHESIS 

 

Compliant mechanism synthesis has received far less 
attention than rigid-body mechanism synthesis. (Burns, 
1964; Burns and Crossley, 1968) pioneered the kinetostatic 
synthesis of a four-bar mechanism with a flexible coupler 
connection. Ashok Midha pioneered work on compliant 
mechanism design approaches in 1980. The pseudo-rigid-
body model, proposed by Howell and Midha (1994), 
represented compliant segments as comparable rigid 
linkages and torsion springs, making compliant mechanism 
synthesis considerably easier using existing rigid-body 
mechanism concepts. Mettlach and Midha (1996) developed 
a graphical synthesis approach for designing compliant 
mechanisms with a larger number of precision locations, 
based on Burmester theory. Murphy et al. (1994) used type 
synthesis techniques to build a graph theory-based method 
for designing alternative topologies of compliant 
mechanisms. To synthesise the pseudo-rigid-body four-bar 
mechanism with energy/torque requirements, Annamalai 
(2003) and Midha et al. (2004) employed the pseudo-rigid-
body model idea. For energy, torque, and force parameters, 
Kolachalam (2003) and Midha et al. (2011) developed 
compliant single strip mechanisms. For limit position 
synthesis of a complaining four-bar mechanism with energy 
requirements, Dado (2005) proposed a variable parametric 
pseudo-rigid-body framework. Ananthasuresh's papers 
became the first to discuss design principles for distributed 
compliance (1994). In this scenario, rather than rigid-body 
kinematics, continuum solid mechanics techniques are 
employed. By employing the homogenization approach and 
using the displacement of one point as the goal specification, 
AnanthaSuresh (1994) employed the structural optimization 
methodology to create compliant mechanisms with 
dispersed compliance. Frecker et al. devised another 
structural optimization technique that uses mechanism 
deformation energy as its goal metric (1997). The four-bar 
mechanism with compliant coupler was created by Saggere 
and Kota (2001), they usually require specified shape change 
as well as rigid-body movement to generate displacement. 
Lu and Kota (2003) designed 30 shape deforming compliance 
mechanisms using load-path technique and evolutionary 
algorithms. Using the polynomial homotopy method, Su and 
McCarthy (2007) created a bi-stable four-bar compliant 
mechanism. Tari et Su (2011) proposed a complicated 
solution structure for compliant four-bar mechanism 
kinetostatic production. 

 

 

8.1. Rigid Body Replacement Synthesis  

 

IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research Volume 13, Issue 2, February-2022                                                                                                399 
ISSN 2229-5518  
 
 

IJSER © 2022 

http://www.ijser.org 

The pseudo-rigid-body model of a generic compliant 
mechanism is utilised as a rigid-body mechanism whose 
measurements may be determined so that the final 
mechanism performs the necessary job in rigid-body 
replacement synthesis. By substituting corresponding 
compliant members and joints for stiff links and moveable 
joints, the rigid body mechanism is converted into a 
compliant mechanism. As a result, organisations who have 
existing rigid-body mechanisms that they would like to 
convert into compliant ones may use rigid-body replacement 
as a design method that can be reversed without trouble. It 
is the process of constructing compliant mechanisms by 
simply applying rigid-body equations to a pseudo rigid-
body model without regard for the mechanism's energy 
storage properties and only kinematic equations are 
considered for the synthesis. This method is especially 
beneficial whenever a compliant mechanism is being used 
for traditional rigid body activities such as functional 
creation, route construction, and so on, sans taking into 
account energy storage within that system. 

 

Compliant mechanisms may be evaluated using standard 
rigid-body mechanism analysis, which is a very important 
step in the evaluation of their performance. Pseudo-rigid-
body model is the idea that links rigid-body mechanism 
analysis to compliant-body mechanism analysis, using the 
same links and joints as a rigid-body mechanism, a 
compliant mechanism that can achieve the same objective is 
created using the pseudo-rigid-body paradigm. As this 
synthesis may generate a range of answers which are 
legitimate only for rigid-body mechanism not for the 
compliant mechanism owing to certain practical geometry 
constrains, including the small-length flexural pivots that 
cannot rotate effectively, hence the primary objective in this 
method is to determine and assess the pseudo rigid-body 
model for the compliant mechanism and the iterative 
method apt for this approach. 

 

 

8.2. Synthesis with compliance (kinetostatic 
synthesis): 

 

Howell and Midha, 1994; Howell, 2001 presented this 
method of synthesis of compliant mechanisms. This method 
provides multiplicity of solutions along with expediency 
and accuracy of the solutions (Annamalai, 2003) and in 
complement to rigid-body kinematic formulations, takes 
into account energy storage properties of the flexible 
sections, hence both kinematic equations and static force 
equations are considered for the synthesis.  Loop-closure 
formulae for the pseudo-rigid body system and energy 
equations are included in the synthesis, the loop-closure 

equations describe the mechanism's kinematic motion, 
whereas the energy/torque equations reflect the 
mechanism's compliance. The energy storage properties of 
the system can often be observed as energy stored in the 
sample as a function of input, required input torque and 
required input and output torque at each precision position 
(Howell, 2001). A mechanism intended for path creation 
with energies, torques, or tensions defined at precise 
locations can be used as an example of synthesis with 
compliance. As with the rigid-body replacement synthesis, 
this technique employs kinematic equations to generate a 
suitable pseudo-rigid-body prototype for the compliant 
mechanism. The energy equations are used to estimate the 
structural characteristics of the compliant segments based on 
either the stresses or input parameters. The kinematic 
equations are formed by the pseudo-rigid-body links and 
their orientations in extremely precise positions, whereas the 
energy equations are formed by the spring constants and 
deformations of springs affixed at the characteristic pivots in 
the pseudo-rigid-body system, resulting in two different 
kinds of variables, kinematic variables and energy variables. 
The former consists of pseudo rigid body model’s angles and 
length of the link corresponding to specific positions and the 
latter consists of undistorted torsional spring orientations 
and spring constants.  Energy is retained in the flexible parts 
of compliant mechanisms as strain and it can be accounted 
using suitably rigid torsional springs at characteristic pivots 
of the PRBM.  
In the pseudo-rigid-body framework, this energy may be 
compensated for by employing torsional springs with 
suitable rigidity values at typical transitions. The quantity of 
uncertain variables, i.e. kinematic variables (includes link 
lengths, angles of the pseudo-rigid-body model links) and 
energy variables (consists of spring constants, related to the 
stiffness coefficient, and undeflected spring parameters, 
related to the initial PRBM), brought into the system varies 
with the number of springs in the system.  
The variables that are shared by the kinematic and energy 
equations induce coupling. A system is considered to be 
weakly coupled if its kinematic equations may be calculated 
independently of its energy equations (Howell, 2001) and the 
uncertain variables are mostly in par or more than the 
number equations, but when more equations are added into 
the system than uncertain variables, the kinematic and 
energy/torque equations are solved concurrently, and thus 
the system is strongly coupled. The kinematic and 
energy/torque equations are nonlinear systems, and 
coupling them enhances the system's difficulty and 
computing requirements as assigning appropriate values to 
a vast set of variables is difficult. If the connection between 
the kinematic and energy/torque equations could be 
minimised and the equations computed individually, it 
would be favourable. The solutions are extremely 
susceptible to the values provided to the free choices and 
initial estimations of the variables due to the non-linearity of 
the equations employed in the system. Even a little shift in 
their values will not result in solutions or may result in 
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illogical solutions. Defining the energy values at all precision 
locations has been seen to over-constrain the energy 
equations, resulting in negative spring stiffness values 
(Annamalai, 2003). A compliant mechanism's incorporation 
of several sorts of compliant segments generates a large 
number of different designs (Howell, 2001). For example, all 
18 potential configurations for a pseudo-rigid-body four-bar 
mechanism with various sorts of compliant segments 
including small-length flexural pivots, full-length compliant 
segments are shown in Figure 9 (Midha et al., 1997; 
Annamalai, 2003), depending on the number of springs 
employed. Three compliant mechanism setups are 
conceivable utilising various compliant segment types for 
pseudo-rigid-body connections with four torsional springs. 
Similarly, there are five compliant mechanism variants with 
three springs, eight with two springs, and two with one 
spring, for a total of 18 variations. It is up to each individual 
to determine which configuration is best for a given function, 
taking into account development and production 
limitations. Now at four pin joints of any pseudo-rigid-body 
four-bar mechanism, a maximum of four torsional springs 
can be connected. As a result, the synthesis issue boils down 
to figuring out which spring constants provide the same 
amount of stored energy in the mechanism as required. 
Potential energies contained within each torsional spring 
is used to determine the overall stored energy in the 
compliant mechanism at a precise location (Howell 1993; 
Annamalai, 2003).  
 

 

Figure 9. A Four-Bar Mechanism with Four Torsional 
Springs at the Pivots [8] 

 

 

 

Another method for attempting to solve kinematic and 
energy equations has been proposed(Koli, Ashish B.), which 
solves kinematic and energy equations as weakly coupled 
systems only, making the method computationally simple 
and fast because the user only needs to designate 
appropriate estimates to a small number of variables (for 
kinematic variables only). Traditional nonlinear equation 
solving approaches, such as the Newton-Raphson 
algorithm, are utilised to solve the kinematic loop-closure 
equations, while constrained optimization is used to solve 
the energy equations. The user is not needed to make free 
choices while solving the energy equations since 
optimization is used, as a result, the result’s susceptibility to 
the values provided as free choices and initial estimations is 
decreased.  

 

 

9. SYSTEMATIC SYNTHESIS OF COMPLIANT 
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MECHANISMS 

 

Over the decades, there has been quite a development in the 
approaches for the systematic synthesis of compliant 
mechanisms, as observed, there are three approaches: the 
kinematics-based approach, the building blocks approach, 
and the topology optimization-based approach which 
includes the structural optimization-based approach, 
discretization topology optimization methods and some 
others like Homogenization Methods, continuum 
discretization, etcetera. [2][4] 

 

 

9.1. Kinematics-based approach:  

 

Compliant segments apply the rigid-body mechanism 
concepts in the kinematics-based approach, they are shown 
as a series of stiff links joined by pin joints, with torsional 
springs added to resist torsion. Depending on the kind of 
segment, the value of spring constants and where they'll be 
placed in the model are computed accordingly. The 
kinematics-based methodology is often ideally suited to 
mechanisms that experience massive, nonlinear 
deformations, but it necessitates the use of a known rigid-
links mechanism to begin with. Two approaches are pretty 
similar to this method that determine their relationship to 
the pseudo-rigid body model; first is the Freedom and 
Constraints Topologies (FACT)- It makes use of Newtonian 
methodologies, specifically, each link is examined to achieve 
static equilibrium and only gives configurations (or 
topologies) for CMs, necessitating the employment of other 
techniques (e.g., dimensional synthesis, form optimization, 
and size optimization) to complete the design process. As a 
result, the complete mechanism's force system is established; 
second is the Rigid Body Replacement method, which 
substitutes a stiff body mechanism's corresponding system 
of pin joints, rigid links, and torsional springs for the flexible 
segments. Using the Rigid Body Replacement approach 
during the design phase, the Pseudo-Rigid-Body model is 
perhaps the most well-known approach. 

 

 

9.2. Topology optimization approach:  
 

Topology optimization is a method for determining the 
topology, shape, and size of a mechanism, by determining 

the best material distribution in a given design domain, 
beginning with a numerical topology optimization approach 
with a material domain to which external loads and supports 
are applied, and minimizing a given cost function while 
satisfying a set of constraints. It is not necessary to start with 
an established rigid link mechanism in this method. The 
compliance of the structure under the specified loads, subject 
to a volume restriction, is frequently the objective function. 
The design domain is represented via finite element metho
d. Every finite element's material attribute (such as Young's 
modulus or cross-sectional dimensions) is regulated. Finite 
element analysis is closely linked to recently developed 
topology optimization techniques. An element will be 
deleted when its cross-sectional area reaches zero. As a 
result, certain members from the exhaustive set will be 
eliminated after the optimization method converges. The 
topology for the compliant mechanism is defined by the 
remaining portion. [2][3] 

 

Approaches that employ link/beam components to 
discretize the candidate design domain are categorised as 
discretization topology optimization methods. There are 
generally two significant types of design domains in the 
discretization methods i.e., ground structures and 
continuum structures. 
The ground structure or truss technique seems to be the most 
typical method in discretization topology optimization. In 
the design domain, it employs a comprehensive collection of 
truss or beam/frame components. In the design realm, it 
employs an extensive collection of truss or beam/frame 
components. Design variables define the particular cross-
section. The ground structure can be created by connecting 
the nodal points of intersection. In topology optimization 
utilising the ground structure approach, the buckling 
constraint is significant since the members are frequently 
quite thin. When long and thin components are compressed, 
the influence of local buckling on structural instability can be 
significantly alleviated by incorporating the Euler buckling 
load constraint to extend the ground structure in the typical 
polymer construction. The efficiency of the output is 
improved by linearizing the buckling constraint term. It is 
generally accepted that the ideal structure is found in ground 
structures, thus the more rods there are, the more likely it is 
that the best solution may be found. The major issue in truss 
topology optimization is large-scale optimization, which is 
required when a high number of potential bars are utilised 
as design variables. Sokół (2011b, 2014) updated Gilbert and 
Tyas' (2003) adaptive ground structure method and 
expanded it to different load situations. Nodal locations may 
often not be optimum and reasonable, resulting in a ground 
structure geometry issue. Nodal points can be added to the 
final topology to reduce the number of bars and joints, but 
this will increase the computational cost. When optimising 
truss topology, conventional design domains are frequently 
rectangular or square (Sokó 2011a). When it comes to real-
world challenges in engineering, random geometries are 
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more common. Each bar member should be penalised for 
joint length, according to Parkes (1975), so that the cost of 
producing the joints can be reduced. These methods have 
been extended by Pritchard, Gilbert, and Tyas (2005) to the 
optimization of huge three-dimensional truism topology 
problems, as well. As a result of Dobbs and Felton's (1969) 
work, the approach of alternating topology and geometry 
optimization has been widely used. Smith (1996, 1998) 
developed an interactive approach for generating ground 
structures in non-convex design regions using the finite 
element mesh technique and computer-aided design 
software and for unstructured environments, Zegard and 
Paulino (2014) employed the ground structure design and 
analysis technique but these techniques focus mostly on 
meshing irregular domains rather than how to organise the 
nodal locations reasonably, and meshing without taking 
external load vectors and displacement boundary conditions 
into account may lead to unsatisfactory optimization 
solutions. The method utilised to produce the ground 
structure is highly essential in truss topology optimization. 
According to Ge Gao et al (2016), the ground structure was 
generated by using nodal points created by solving the 
analogous static problem in the whole design area using 
homogenous isotropic material. A mathematical 
programming technique was employed by Achtziger (2006, 
2007) in order to optimise truss geometry and topology 
concurrently, without the melting nodes effect. For the 
optimization of truss architecture, Wei et al. (2014) 
developed a stiffness spreading approach to move bar 
components independently. Variable densities and positions 
of components were utilised to create a continuum truss-
like structure by Zhou (2011). 

 

Topology optimization based on continuum discretization 
(e.g., bilinear quadrilateral element) is referred to as 
continuum topology optimization. Topology and form 
optimization are coupled with linear and nonlinear finite 
element analysis in continuum synthesis. Although this 
method is relatively new, it has been rapidly growing in the 
past decades. The homogenization method, the SIMP (solid 
isotropic material with penalization) method, the level set 
method, the ESO (evolutionary structural optimization) 
method, phase field methods, the MMC (moving morphable 
components) method, and genetic algorithms are examples 
of analytical techniques in continuum structural topology 
optimization. A process called homogenization was 
developed by Bendsoe et al in 1988, it involves splitting the 
project region into distinct micro-hole structural units to 
optimise the topology of continuum structures. [2][3]  

 

9.3. Building-blocks approach 

 

The building blocks method is built on the notion that a me
chanism should be composed of several sub-
mechanisms (basically building blocks). A range of flexible 
sub-mechanisms are first chosen for the design of CMs 
utilising this methodology. Their arrangement then 
optimised to ensure that the final CMs have the appropriate 
functionality. 

 

 

10.   MANUFACTURING TECHNIQUES 

 

Compliant mechanisms are extremely complicated, 
requiring highly specialised and pricey production 
processes, with the best approach being the Wire Electro-
Discharge. With very significant material losses and very 
lengthy and careful processing methods, it's possible to 
machine an object from a block of bulk material. Electro-
erosive machining, chemical and electrochemical machining 
by abrasion, laser beam processes, electron beam, plasma, 
and waterjet are some of the unusual processing 
technologies that are successful when it comes to compliant 
mechanisms. As AM technologies, especially metallic 
powder bed techniques such as Selective Laser Melting, 
provide new opportunities, this paradigm is being 
questioned (SLM). Since they produce accurate and 
desirable outcomes in a short period of time, milling, 3D 
printing, and moulding have been employed as realisation 
methods for the project. Elastic coupling geometry as well as 
midway stiffness affect movement accuracy. All parts and 
stiff machinery must be precisely positioned, which requires 
heavy care. As of 2016, CSEM showed the possibility of high-
performance compliant structures manufactured by additive 
manufacturing. They are experts in the computerised 
optimization of such mechanisms for AM and have 
developed a novel design concept for interlocking lattice 
flexures. even when deformed, the flexure components cross 
each other in this configuration, but they never contact. Due 
to the fact that flexure topologies may be developed from 
scratch or improved via additive manufacturing, this was 
only conceivable. To prepare thin films, configure thin films 
and create micro-structures, these micro-technologies 
require substrate processing. For example, mono and 
polycrystalline silicon; silicon nitride; nickel; copper; gold; 
epoxy resins; silicone and acrylic; polymethylmethacrylate; 
etc. are the most widely utilised materials. In addition to 
chemical vapour deposition and thermal oxidation 
techniques, thin films can also be created through spraying, 
ion implanting, thermal evaporation in vacuum, 
autocatalytic deposition, and plasma polymerization 
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methods. Wet chemical erosion, dry etching, and 
lithography (photolithography, electronic lithography, 
nanolithography) or Roentgen lithography are some of the 
techniques used to create thin films. Anisotropy and 
selectivity-based micro-processing or the LIGA method can 
be used to create the micro-mechanisms. Compliant 
mechanisms are ideal for micro actuators and MEMS since 
they don't require any assembling procedure to operate. 
More emphasis should be paid to manufacturing-oriented 
topology optimization approaches for CM design. Topology-
optimized CMs have a high rate of manufacturing rule 
breaches. Examples include internal holes or very thin 
components that cannot be manufactured by machining or 
injection moulding/casting. The manufacturing rules and 
solution methods must be taken into account while 
developing CMs utilising topology optimization. 

 

 

11.     FATIGUE AND FAILURE MODES AND 
PREVENTION  

 

Fatigue is one of the most common causes of failure in 
mechanical constructions. Time-varying cyclic loads cause 
components to break at stress levels below the material's 
yield or absolute durability. Element fatigue breakdown is 
caused by the start and progression of a fracture until it 
renders unstable, at which point it progresses to abrupt 
failure. By segregating the fracture start and propagation 
phases, no technique could estimate the fatigue life using the 
damage value. The approaches for predicting crack 
commencement lives are mostly empirical and do not define 
the material damage. Because they are primarily curve 
fitting techniques, the stress- or strain-based procedures 
employed do not define the damage caused to the material. 
Because of the complicated nature of fatigue, which is 
impacted by numerous factors, statistical character of fatigue 
phenomena, and time-consuming fatigue testing, the total 
fatigue life, which is the sum of fracture initiation and crack 
propagation life, has become crucial to forecast. Despite the 
fact that several fatigue models have been created to address 
tiredness issues, their validity range is limited. Because of the 
limitations of this method, micromechanics models known 
as local methods based on continuum damage mechanics 
were developed (CDM). The local methods are based on the 
use of micromechanics fracture models in which 
stress/strain and damage at the crack tip are linked to the 
critical fracture parameters. These models are calibrated 
using material-specific parameters determined for a given 
material, and they may be considered to be free of geometry 
and loading mode, allowing them to be used to the 
evaluation of a component made of the same material and 

can be used to design devices that can withstand fluctuating 
stresses. Because fatigue failure is difficult to anticipate with 
any degree of accuracy, understanding how to predict and 
avoid fatigue failure is essential when building a system. 
Modelling the life of components stressed beyond their 
endurance threshold is at best a vague process, and 
estimating the fatigue life of mechanical and structural 
compliant systems exposed to arbitrarily differing stress 
cycle intensity (e.g., compliant automotive suspension and 
compliant aircraft structural components, etc.) is even more 
difficult, models like the continuum damage model are 
adopted for the modelling as the regular stress and strain life 
models fail.  

 

The production and evolution of microdefects inside an 
originally flawless material is typically recognised as the 
damage process in polymers. The material remains the very 
same, however it's geometry changes its macroscopic 
characteristics. There are two stages to thermoplastic 
polymer fatigue failure. The material initially collects fatigue 
damages (during the beginning phase), which eventually 
leads to the creation of observable crazes. Craze 
development, which is both a localised yielding process and 
the initial stage of fracture formation in polymers, is widely 
thought to be one of the major sources of material 
degradation. The crazes continue to develop, produce 
cracks, and spread (i.e., they are in the propagation period) 
until they finally collapse. Crazes are caused by surface 
defects and abrasions, as well as interior cavities and 
impurities, and have a major impact on polymer distortion 
and overall mechanical behaviour. Kachanov was the first to 
present continuum damage mechanics, which he developed 
within the context of thermodynamics. It goes through the 
impact of microdefects on their following growth as well as 
stress and strain states in materials in a methodical manner. 
It's been used to study material fatigue and breakage. 
Decoupled numerical treatments of the dilatation and 
deviatoric portions of the distortion gradient are commonly 
used in finite element computations of virtually 
incompressible material designs. 

 

The revised Basquin equation was utilised by Li et al. (1989) 
to calculate the life cycle till breakdown of a compliant rapid 
instrument servo. As per the equation, the fatigue life is 
determined by the akin reverse stress, fatigue concentrated 
stress factor, stress range, maximum stress, average stress, 
and tolerance threshold. For fatigue failure modelling of 
compliant mechanisms, Demirel et al. (2010) and Subaşi 
(2005) utilised the factor of safety stated in terms of variable 
stresses, tolerance threshold, mean stress element, and an 
intermittent stress element. The flexible part is anticipated to 
have an unlimited life if the stress situation is less than the 
two lines specified in the revised Goodman diagram for 
fatigue failure. Howell et al. developed a deterministic 
design technique for a bistable compliant slider-crank 
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mechanism, with the goal of increasing the system's 
dependability in fatigue. Cannon et al. (2005) utilised the 
theoretical fatigue strength and the revised fatigue strength 
at periods represented as Marin adjustment factors to 
forecast the failure characteristic of a flexible end-effector for 
micro scribing. Damage evolution has been used by a 
multitude of scholars to forecast fatigue failures of 
mechanical configurations and elements. Building on 
Lemaitre's possibilities of dispersion, Jiang (1995) developed 
a defective development model for ductile metal strain 
fatigue. The fatigue life estimation equation and the 
aggregate fatigue damage criteria were then derived. 
Experiments were used for model validation. In this article, 
Shi et al. (2011) introduces a modified defect kinematics 
model to estimate the fatigue life of fibre strengthened 
polymer lamina and incorporated the singularity of stiffness 
matrix as the lamina failure criterion, ingeniously 
transforming the sophisticated nonuniform issue of polymer 
lamina fatigue into the analysis of single-variable isotropic 
damages for fibre and matrix. Akshantala et al. (2000) 
presented a fatigue-life prediction approach that combines a 
micromechanics-based fault evolution assessment with a 
semi-empirical fatigue breakdown criterion. The example 
studied was mixed ply composites under cyclic stress. For a 
variety of glass resin and carbon resin composite materials, 
the projected conclusions were evaluated by comparing to 
experimental results. Ping et al. (2003) presented a nonlinear 
continuum impact kinematics model to estimate the creep-
fatigue life of a steam turbine rotor, which takes into 
consideration the impacts of complicated multiaxial stress 
and fatigue-creep coupling. The findings were contrasted to 
those of the linear aggregation theory, which had previously 
been used to estimate the life of steam turbine rotors. The 
nonlinear continuum damage kinematics model better 
represents the accumulation and evolution of damages than 
the linear aggregation theory, according to the analysis. 
Using dumb-bell test samples under uniaxial stress, Ali et al. 
(2010) studied the fatigue properties of rubber. The function 
of the strain range under cyclic loading was used to develop 
a continuum degradation model for predicting fatigue 
damage behaviour. Upadhyaya and Sridhara (2012) 
calculated the strain-controlled fatigue endurance of EN 19 
steel and 6082-T6 aluminium alloy, taking into account both 
the starting and growth stages of the fracture. 

 

Wang et al. and Mahmoud et al. utilised the theory of 
continuum damage mechanics to investigate fatigue 
degradation processes in elastomers, such as nucleation and 
early defect development. 

 

Creep is a strain increase that happens in some materials 
when a stress boundary condition is applied repeatedly. 
Creep deformation severity is proportional to applied stress, 
temperature, and time. The plot of strain against time for one 
stress intensity, which remains constant during the test, can 

be used to demonstrate creep behaviour. The Voigt-Kelvin 
element is a mechanical analogue of creep deformation in a 
viscoelastic material that consists of a parallel connection of 
a spring and a dashpot. Both the Newtonian viscosity of the 
dashpot and the shear modulus of the Hookean spring 
influence the first response of the Voigt-Kelvin element. The 
spring and dashpot lengthen with time, representing creep 
deformation in a simple way. The dashpot provides 
preliminary resistance to creep experimental subject 
displacement, resulting in a strain reaction that is time-
dependent. The spring's elongation is limited by the 
elongation of the dashpot when a load is applied to a Voigt-
Kelvin component for the first time. A material with a very 
viscoelastic reactivity has a greater amplitude of the 
Newtonian viscosity of the dashpot within the Voigt-Kelvin 
component than a material with a nearly-elastic viscoelastic 
response. 

 

When some materials are constrained in a deformed state 
and a strain boundary condition is applied continuously, 
stress relaxation ensues. The applied strain amplitude, 
temperature, and duration all have an impact on the severity 
of stress relaxation. Because compliant mechanisms are 
typically constructed with their operation depending on 
motion via deflection of their links, stress relaxation is more 
common than creep in them. The Maxwell element is a 
mechanical analogue of stress relaxation in a viscoelastic 
material that consists of a spring and a dashpot linked in 
series. The dashpot induces a time-dependent stress 
response in the stress release trial subject by providing an 
initial resistance to tension. The preliminary reaction of the 
Maxwell Element, like that of the Voigt-Kelvin Element for 
creep, is determined by the dashpot's Newtonian viscosity 
and the Hookean spring's shear modulus. For a material 
with a strongly viscoelastic response, the amplitude of the 
Newtonian viscosity of the dashpot within the Maxwell 
Element is greater than for a material with a nearly-elastic 
viscoelastic reaction. The initial deflection of a Maxwell 
Element is represented by the expansion of the spring when 
the load is applied. For a continuous strain, the spring 
retracting and dashpot expansion with time give a simple 
depiction of stress relaxation. As a result, the stress-strain 
relationship, also known as the stress relaxation modulus, 
reduces with time, as shown by a drop in stress while 
retaining the same level of strain. The stress oscillations in 
compliant systems are constant, which makes the stress-life 
model a good tool for analysing fatigue. The stress-life 
method of fatigue analysis is based on the connection 
between cyclic stress and the number of cycles required to 
reach failure, all stress excursions are assumed to be within 
the elastic limit in this method. The Wöhler fatigue curve 
represents the connection between stress and the number of 
loops to failure for a given material. The number of iterations 
to failure (N) vs stress amplitude is plotted on the Wöhler 
fatigue curve (S-N curve) (S). [118][119] 
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12.    MODELLING METHODS 

 

Models employing the finite element technique (FEM) are 
universally acknowledged to produce most high accuracy. 
The list of alternative deformation paths specified by various 
element types and the available degrees of freedom for the 
estimated model (1D/2D/3D) must be differentiated, so the 
more deformation directions and degrees of freedom a finite 
element has, the more precise a result for the entire model 
may be. As a consequence, the outcomes of 3D solid 
elements are the most realistic. Because of the short 
computation durations, beam elements, or 1D/2D FEM, can 
be a useful technique for designing compliant mechanisms. 
Particular 3D effects, such as lateral contraction, are, 
unfortunately, overlooked, despite the fact that they may be 
significant in certain aspect ratios. Even for ostensibly planar 
movements, large deflections, non-linear material 
characteristics, shear, lateral contraction, axial elongation, or 
3-D phenomena such as stress concentration or anticlastic 
bending must be addressed, fortunately, 3-D mechanisms 
can be modelled and deformations and exo-plane loads can 
be predicted and calculated. The degree of precision is 
primarily determined by the discretization, element type, 
and degrees of freedom (1D/2D/3D). Higher discretization 
drives up the computation times. The rigid-body model (RB) 
has been praised for its ease of use in calculating compliant 
mechanisms. Because RBs are largely load-dependent, a 
second “design step” to evaluate a finished CM 
configuration may be required. Furthermore, the placement 
of the traditional hinges in the RB is classified by the 
characteristics of compliant member, so because deflection 
of the axis of rotation is not taken into account, the 
deformation is incorrect. It has also been demonstrated that 
a significant amount of deformation takes place inside the 
connections and framework of a compliant system. As there 
are limited tangible or usable instruments in the field for 
modelling and analysing processes in a precise way, time-
consuming 3D FEM is frequently utilised. 

 

There are a variety of approaches for flexure hinge and 
compliant mechanism evaluation and synthesis, in addition 
to FEM models. An analytical characterization of the 
distorted phase generally leads to a system of differential 
equations in the sense of a boundary value problem when 
significant deformations are addressed. As a result, 
approximation methods such as design equations generated 
from empirical data acquired via FEM or analytical models 
can be used. For significant deflections, closed form 
equations are seldom preferred. There are numerous 
advantages to adopting design equations, such as the explicit 
form, which allows for utilisation sans the use of specialized 
equipment and implementation without prior expertise. In 

addition, the findings are acquired quickly, making them 
appropriate for synthesis. Despite the benefits, most design 
equations are merely estimates for certain configurations 
and may only be viable within specified aspect ratio limits. 
Aside from that, they are rarely used in complicated systems. 

 

For determining the deformation behaviour of compliant 
systems, other techniques rely on kinetostatic analysis. One, 
is the compliance matrix method, it may be used in 
which deformations at the end point of a flexure hinge are 
linked to displacements at one point of a rigid link and even 
the load on that link using this approach, it’s beneficial as it 
simultaneously considers shear, bending and axial 
elongation, and it has simple formulation but it’s validity is 
mostly limited to small deformations. A second example is 
the energy-based model like virtual work principles for 
kinetostatic analysis and is used to calculate the equilibrium 
in the system generally, where, the structural integrity of a 
compliant system is sustained by calculating the minimal 
potential energy condition of the system. Virtual work 
encompasses both the work performed on a system by a 
force during a virtual displacement and the work performed 
on a real displacement by a virtual force, although it doesn’t 
predict the complete condition of deformation of the system, 
it does predict the forces, displacements and angles at 
defined joints, when applied to a continuum. The chained 
beam constraint model (CBCM) is another common 
approach that may be used to synthesise beam-based 
compliant mechanisms. When the CBCM has been 
produced, it can be used to optimise geometric variables for 
synthesis. Singular beams are discretized into a network of 
associated pieces in the CBCM paradigm. Various 
constraints, load situations, and even shear may be 
addressed, and a solution for a particular mechanism can be 
presented in an expressive manner, allowing for a quick 
computation. Geometric restrictions control the geometry of 
the beams. Thus, even originally curved beams may be 
computed by discretizing utilizing circular arc components 
or equivalent. Guimin Chen et. al consider the limitation of 
the CBCM approach to be that the precision of the results 
heavily depend on the discretization and is suitable for 
limited applications in software for arbitrary planar systems’ 
analyses as the model is valid for a certain geometry but for 
use in other mechanisms it has to be derived anew. The non-
linear beam theory (BT), sometimes referred to as the theory 
for large deformations of rod-like components, is a well-
known analytical technique for estimating compliant 
systems or flexure hinges, it is versatile as arbitrary 
constraints, branching points and load cases by distributed 
forces can be assumed and shear and lateral contractions can 
be applied. Due to its continuity, the theory has already been 
demonstrated to be applicable to complicated compliant 
systems by subdividing it into sections and modelling of 
non-constant cross sections, curvatures and material 
properties is also possible. Each subsection can be treated 
with a different theory to suit it; hence, each section can be 
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modelled according to their individual aspect ratios. When 
the model is regarded dimensionless, it is scalable and 
current methods can solve the BVP quickly and precisely, 
hence, it is ideal for parametric research and synthesis, as 
well as for use in graphical software applications with 
hypotheses in both 2D and 3D scenarios. Individual 
execution for distinct structures, on the other hand, can 
perhaps be complicated; in addition, mathematical formulae 
for cross-sections, curvatures, and the Young’s modulus 
must be derived for every system. Solution tolerances, as 
well as beginning estimations, may have a significant impact 
on the efficiency and accuracy of the applied BVP-solver. 
Despite the vast range of theories and approaches present, 
the application of these theories and techniques to an 
engineer with minimal expertise designing compliant 
mechanisms may be restricted owing to a lack of simpler 
techniques.  

 

The influences of shear, lateral contraction, and axial 
elongation can all be included in some of the theories 
described. Compliant mechanisms might contain a variety of 
centralized and dispersed compliant components with 
varied aspect ratios, these may necessitate taking into 
account various consequences. Some articled including that 
of Venkatasubramanian Kalpathy Venkiteswaran, united 
notions such as pure bending, shear, and lateral contraction 
in order to apply them separately or in combination to 
particular portions of a compliant mechanism utilising Beam 
Theory. In beam theory, concentrated and dispersed 
conformance, straight and curved segments, non-constant 
cross-sections, curvatures, and changing material 
characteristics are all valid in this approach and this 
technique is especially appropriate for execution in a 
software application because of the effectiveness of the 
analytical model and its flexibility to arbitrary plane 
mechanics. The deformed form of a compliant mechanism 
may be computed using beam theory in split seconds 
because to the processing power of contemporary numerical 
analysis tools. However, for some purposes, considering 
pure bending is inadequate since any geometry 
requirements can be used to diverge from Bernoulli's 
hypotheses. 

 

 

12.1. Nonlinear Static Modelling Methods 

 

When evaluating the functionality of compliant 
mechanisms, nonlinear FEM is often employed. To 
characterise the quasi-static behaviour of compliant 
mechanisms, many modelling approaches have come up, 
most notably the pseudo rigid body model, which integrates 
the beam theory with Castigliano's displacement theorem, 

and the linear finite element method (FEM), these methods 
are based on small displacement concept as greater input 
forces bring considerable differences between the linear 
simulation and the experimental data. As flexure hinge 
deformation increases with increased input forces, geometric 
nonlinearity must be considered. The cross-sectional 
variance of flexure hinges exacerbates the problem of 
building the nonlinear model for compliant mechanisms. 
For a nonlinear analysis, Yang et al. proposed a co-rotational 
beam component and split a super-elastic parabolic flexure 
hinge into 20 components. Friedrich et al. suggested a three-
node beam component and a five-element circumferential 
flexure hinge. The Euler–Bernoulli beams with Green 
stresses provide the basis for the aforementioned 
components. When a single flexure hinge is studied in the 
findings of nonlinear models in the paper by Xu et al., it 
was proved that the shear effect may be neglected [120]. 
Nonetheless, at the system level, the nonlinear behaviour of 
compliant mechanisms is influenced and the strains are 
objective measures rather than geometric measures. 
Modelling these tangent stiffness matrices need the 
derivatives of the form equations and their particular 
functions. Due to the fact that flexure hinges are not precise 
deformation form equations, they must be split into a 
number of components in order to achieve sufficient 
precision. The form functions must be updated as the 
degrees of freedom change. The variable thickness of 
irregular-shaped flexure hinges makes it more difficult to 
formulate accurate displacement shape functions, which 
increases computing work and risks divergence. 

 

The quadrature beam element (QBE) was created lately to 
address the shortcomings of the mentioned beam elements, 
particularly in nonlinear analysis. The tangent stiffness 
matrix is calculated using the weak form quadrature element 
technique, which eliminates the requirement for form 
equations and relies solely on basic algebraic loading 
coefficient matrices, decreasing computational complexity. 
Because its strain measurements are geometric and objective, 
and the shear effect is taken into account, the geometrically 
precise beam theory, which is the foundation of the QBE, has 
gotten a lot of attention in nonlinear analysis. The 
formulation contains no translation or rotation update 
approximation, resulting in fewer load steps.  

 

Guangbo hao et. al. summarized and explained the how all 
emerging static modelling methods and load displacement 
relations are related by a quadripartition classification: 

 

Based on modelling dimension: It covers single-axis and 
multi-axis CMs, as well as linear and spatial motion CMs. 
Modelling becomes increasingly complex as the number of 
dimensions increases. 
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Based on modelling objects: Slender, short, multi-stable 
beams, serial/parallel/hybrid modules, and complicated 
systems are all modelled. For ease, the beam length is 
assumed to be greater than the width, ignoring the shearing 
force effects and cross-section deformation. Contrary to 
slender-beam modelling, short-beam modelling 
incorporates the shearing force and/or cross-section 
variation with distortion, which makes inference and 
solution more challenging. The beam modelling findings 
with coordinate transformations are used to model 
serial/parallel/hybrid modules, where each unit is made up 
of thin and/or short beams in a parallel, serial, or hybrid 
arrangement. The same may be said for the modelling of 
complicated systems, such as a decoupled multi-axis 
compliant parallel manipulator. In essence, desirable 
connections among input deformations and output 
deformations, or between input forces and output 
displacements, should be determined using 
actuation/control techniques like force control or 
displacement control when modelling a multi-input and 
multi-output CM. 

 

Based on the form of solutions: Free-body-diagram (FBD) 
and energy methods are included. Decomposition into rigid 
phases and compliant units, followed by identification of 
distorted configurations, is the initial step in FBD's method 
to modelling. By solving all the equations related with load 
constraints on rigid stages, geometric compatibility 
conditions, and force-displacement correlations of the 
compliant modules, the (analytical) model of a CM is 
obtained. This simplifies the geometric compatibility criteria 
as well as any force-displacement connections between the 
units. However, utilising the FBD method to describe a 
complex CM is difficult since it is difficult to see the distorted 
geometries and reduce the intricate formulations. For both 
linear and nonlinear modelling of CMs with account of all 
applied external forces, there is another enhanced FBD-
based technique called constraint-force-based (CFB) 
modelling technique. With apparent physical significance, 
the CFB method's quantity of expressions is decreased. 
Because a compliant component's elasticity is derived from 
its displacement, the elasticity of a compliant unit is 
proportional to its displacement. As a variable constraint 
force, this approach measures the displacement related 
constraint force. A nonlinear force - deformation correlation 
can be used to calculate the changeable constraint force of a 
basic compliant element. The summation of all variable 
constraint pressures from numerous compliant components 
linked to a rigid body in a parallel configuration is the 
variable constraint force on that rigid body. Furthermore, as 
exterior forces acting on CMs are independent of compliant 
element displacement, the CFB approach considers them to 
be continuous constraint forces. For all rigid stages in a 
balanced CM, the force equilibrium equations may be 
characterized by the related dynamic constraint forces and 
static constraint forces, with the analytical model being 

deduced from the force balance equations. As a result of the 
elimination of internal load factors, the energy approach can 
minimise the number of arbitrary parameters related to the 
FBD-based approach by applying the virtual work concept. 
It may be used to calculate strain energy of tiny elements or 
the work done by external loads using this energy technique. 
When it comes to calculating motion spectrum and fatigue 
life, nonetheless, the internal loads are equally important in 
CMs. 

 

Based on modelling process: This consists of both numerical 
and PRBM solutions. Mathematical solutions are often 
achieved by means of methods such as numerical differential 
and elliptical integration. With the elliptical integration 
approach, nonlinearity of enormous geometrical 
magnitudes may be dealt with effectively. Using the Gauss-
Chebyshev quadrature method, Saxena and colleagues 
solved these equations numerically. Banerjee et al. presented 
a non-linear shooting technique in numerical differential 
technique, where the boundary value equation is 
transformed to an initial value equation. When Chen et al. 
devised the chaining technique, they were able to solve both 
planer and spatial deformation problems simultaneously. 
For large deformation and multi-stable processes, this 
technique splits a flexible beam into a few parts and 
simulates each component using a medium large-range 
(spatial) beam constraint model (BCM). While the 
approximation accuracy of this method is defined by the 
quantity of sections, Saggere and Kota (2001) proposed one 
with an evenly decomposed flexible beam into at least three 
sections linked by at least three torsion springs with a 
stiffness that is entirely load-independent and can 
incorporate an array of loads. For high deflections of planar-
motion beams, Su et al. presented a load-independent 
PRBM, which was confirmed to be accurate. Other PRBMs 
with prismatic joints have lately been suggested for 
Timoshenko beams to integrate the flexible elongation effect, 
as well as impacts from shearing force and cross-section 
variations. To cope with medium-large deflections, Awtar 
developed a closed-form analytical solution for planar 
displacement considering the distorted configuration for 
load-equilibrium circumstances (i.e., BCM), the transverse 
displacement is assumed to be less than 0.1 times the beam 
length in the mathematical solution. 

 

 

 

12.2. Finite Element Method 

 

For systems given in the form of partial differential 
equations, the finite element method (FEM) is one of the 
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most powerful, flexible, and theoretically correct 
discretization approaches. In engineering, FEM is a 
computer method for obtaining estimated solutions to 
boundary value issues. The FEM method allows a 
continuous continuous domain to be discretized into a 
particular number of components and emphasises that the 
features of the continuous domain can be approximated by 
grouping the comparable attributes of discretized elements 
per node. As a result, the FEM has been intensively applied 
to solve a plethora of challenges in engineering and science 
and has swiftly evolved over time. Every individual 
component has its local coordinates system, by combining 
their stiffness matrices and element masses and they can be 
transformed to system global coordinates through 
transformations. For sizeable deformation of curved rodlike 
frameworks, the nonlinear theory is useful for analyzing the 
deflection interactions of compliant systems if the cross-
section dimensions are lesser than the rod lengths, that can 
be solved using the well-known Euler-theorem Bernoulli's 
for a static problem of a slender configuration with a 
presumed axial inextensible line. The concept of Saint-
Venant and Hooke's law may also be applicable. Particular 
phenomena related to notch flexure hinges, such as shear 
deflection, stress concentration, anticlastic bending, or 
manufacturing defects, must be anticipated, specifically for 
very thin hinges. 

 

Natural frequencies, sensitivity analysis and strain response 
are unconventionally crucial for accurate modelling of a 
compliant system. Natural frequencies represent the 
mechanism's elastic characteristics, and the influence of 
design factors gleaned through natural frequency studies 
enhances mechanism performance and engineering. The 
natural frequency of the system is therefore directly defined 
by every element's mass and stiffness matrices. Similar 
inherent connections between the natural frequency of the 
system and other design factors may be derived. Because 
damping has relatively little effect on a system's natural 
frequencies, the undamped free vibration equation is 
employed to derive the system's natural frequencies and 
natural modes. Sensitivity analysis is a useful tool for 
predicting how different design factors impact the behaviour 
of compliant systems and it may be used to assist revision 
operations in fine-tuning design specifications to achieve 
preferred dynamic performance. Strain response is a critical 
metric for evaluating the dynamic design of compliant 
mechanisms. The strain reaction of a single position on a 
flexible link is a function of duration and may be computed 
using the system's elastic motion reaction. 

 

 

12.3. Inverse Finite Element Model 

 

For non-linear beams, the inverse finite element model was 
developed in 1988 by Cardona and Geradin, and in 2000 by 
Geradin and Cardona, respectively. For isotropic behaviour, 
inverse finite element models have been presented by 
Govindjee and Mihalic (1996) and (1998), and Yamada 
(1997), and recently extended to orthotropic materials by 
Fachinotti et al. (2008). IFEM is a finite element approach that 
uses only one solution of the equilibrium equations to find 
the undeformed shape of a mechanism. Cardona and 
Geradin's (1988) and Geradin and Cardona's (2000) inverse 
finite element models of non-linear beams were proposed by 
these authors. Government and Mihalic (1996), Govindjee 
and Mihalic (1998), and Yamada (1997) have presented 
inverse finite element models for the design of two-
dimensional and three-dimensional isotropic elastic 
continuum bodies exposed to massive deformations with 
known deformed shape and loads. Fachinotti et al (2008). A 
systems's undeformed shape is determined by solving the 
equilibrium equations just once using IFEM. Facchinotti and 
coworkers created an orthotropic 3D elastic material using 
the IFEM. A 2D or 3D solid finite element analysis consumes 
vast amounts of computer resources. This is why Albanesi et 
al. developed the IFEM for elastic beams with significant 
deflections. A beam's initial form must be determined in 
order for it to achieve its design shape under the influence of 
service loads. There are direct uses for this approach in 
disciplines such as compliant system analysis, and it is a 
unique and original approach in this sector because there is 
no history of IFEM in the processes used to design compliant 
systems at this time. Because of these three assumptions, the 
nonlinear beam model is able to connect strain and stress 
measurements in deformed and undeformed configurations 
of the beam. the Newton-Raphson technique is used to solve 
the problem (Zienkiewicz and Taylor, 2000). For any 
technique based on the Newton Raphson algorithm, 
convergence of the inverse beam model is quadratic. To 
establish the manufacturing shape of the mechanism, we'll 
need to run it through a few tests. We'll need to know the 
system's deformed arrangement, how it's sustained and 
operated, and the characteristics of the material used to make 
it. Tests on mechanics - The distinctiveness of the solution, 
which is lost when an unstable equilibrium state (or critical 
point) is reached during deformation, and the validity of the 
elastic material behaviour hypothesis, as determined using 
the yield criteria best suited for the used material. When it 
comes to detecting key spots, the developer's knowledge is 
usually sufficient. As a formal check, the spectrum test can 
be used; and topological tests-absence of interpenetrated 
beam components. Sometimes, the mechanism must remain 
inside a design domain during the whole deformation. As a 
rule, mechanical and topological tests also apply to 
configurations corresponding to intermediate load stages. 
Using the inverse beam model, the difficulties may be 
recreated for numerous applications at a considerably 
reduced cost of computing. Due to its ability to exactly match 
item forms, this model has an obvious benefit. As a result, it 
is possible to decrease the concentration of stress in 
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dispersed compliance methods as well. Even though the 
inverse analysis started with a properly deformed geometry, 
intersections of beam components appeared in undeformed 
arrangement in some situations. All of this might lead to a 
trial-and-error procedure, where you have to experiment 
with different beam cross-sections and materials until the 
junction vanishes. Implementing a basic contact issue of the 
form node-to-segment with consequence and soft contact 
algorithms with friction for 3D beams (Litewka, 2007) to 
apply solution constraints and remove impractical designs 
was presented by Puso and Laursen, 2004 as a potential 
solution to this challenge. The model's development when it 
transitions from deformed to undeformed state is unclear. 
Even if the convergence rate is quadratic, this might result in 
impractical designs since a beam component may slip 
outside of the required design domain at a given iteration. 
Finding an undeformed solution inside a given design space 
without inter-crossings is the greatest challenge when 
employing this technique. For example, passive microvalves 
proposed by Seidemann et al. (2001) to seal a 200 m 
microfluidic channel Kwang and Chong (2006) also 
presented similar check valves that just open to forward 
pressure showing diode-like characteristics), or the 
inversion analysis of shape memory alloy microgrippers 
with stress-optimized geometry proposed by Kohl et al. 
(2000) to design a high-flexibility structure. 

 

 

13.    DYNAMIC ANALYSIS OF COMPLIANT 
MECHANISMS 

 

The influence of dynamic activity on compliant mechanism 
development is critical, particularly for high-speed 
operations. For dynamic analysis of compliant beams, finite 
element analysis and Nodal coordinate techniques appear to 
be appropriate. Partially compliant four-link systems, for 
example, are generally intended to give a certain motion. 
Kinematic synthesis is generally used to construct the 
morphology of connections and segments that give the 
desired displacement, velocity, or acceleration numerically. 
Kinematic synthesis produces a machine that can perform 
the desired behaviour geometrically, but does not consider 
stress or resilience. Following that, a stress analysis is 
necessary to develop a robust system that can fulfil both the 
motion needs as well as application-specific criteria such as 
material constraints. Some academics have recently focused 
on the dynamic study of compliant systems. Lyon et al. 
directly used the pseudo rigid-body model to examine the 
natural frequency of compliant parallel-guiding systems. 
The dynamic reactivity of compliant constant-force 
compaction devices was investigated analytically and 
experimentally by Boyle et al. Using the pseudo-rigid-body 
theory, created a novel dynamic model of compliant 

mechanisms based on the notion of dynamic equivalence. A 
planar compliant parallel-guiding system's natural 
frequency was determined. Both dynamic analysis and 
compliant mechanism designing need to be researched 
further in order to increase the functionality and operative 
precision of compliant mechanisms. Howell demonstrated 
two different stress estimates in a homogenous, fixed-free 
compliant section with zero and positive load factors. He 
found that the precision of the PRBM force-deflection 
analysis produced correct stress analysis answers after 
comparing stress calculations using PRBM, elliptic integral 
technique, and finite element analysis. Lobontiu et al. (2002) 
investigated flexure hinges and developed a dynamic model 
that included their inertia and damping characteristics. For 
system matrices, Rosner et al. introduced a Krylov subspace 
reduction reduced-order model. Lyon et al. and Boyle et al. 
created a dynamic design for a constant-force compression 
compliant mechanism using a PRB model and explored the 
first-order frequency of flexible parallel-guiding systems. Pei 
et al. presented a new approach for constructing PRB models 
for beam-based compliant mechanisms, in which a rigid bar 
with two pin-joints imitates the behaviour of parallel linear 
spring stage beams. Using the finite element approach, Li 
and Kota investigated the dynamics of compliant systems, 
looking at natural frequencies, modes, dynamic reaction, 
and frequency properties. Zhao et al. created a dynamic 
system for a compliant linear-motion system premised on 
the Lagrange equation, then studied the influence of material 
characteristics, form parameters, and geometric factors on 
natural frequency in order to provide numerical perspective 
to engineers. Based on the conventional 1R pseudo-rigid 
body model, Yu et al. created a dynamic system of compliant 
mechanisms. Li et al. investigated the dynamic evaluation of 
a curved-type compliant system using multi-revolute joints 
pseudo-rigid body model based on the mechanism's 
stiffness and curvature. The PRBM technique uses concise 
equations to forecast the beam-end coordinates with 
accuracy. Euler-Bernoulli beam theory cannot properly 
predict large deformation behaviour. The PRBM may be 
used to more correctly quantify deformation behaviour, 
especially the connection between beam-end deflection and 
imparted transverse force. The load factor is an important 
component to consider when computing moments and 
stresses. The axial force to transverse force ratio is called the 
load factor, If it is larger than zero, a compressive axial stress 
element lowers the tensile stress while increasing the 
compressive stress. The load angle is larger than 90 degrees 
for the associated load angle. If the load factor is below zero 
and the corresponding load angle is lower than 90 degrees, 
the tensile stress is raised while the compressive stress is 
lowered by a tensile axial stress element. As nonlinear beam 
analysis techniques are required for reliable computation of 
large deflections and beam-end coordinates to calculate the 
bending moment, bending stress calculations become 
complicated when applied to compliant sections. Closed 
form solutions derived from elliptic integral formulations 
produce reliable findings, but their complexity limits their 
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applicability to simple boundary conditions. Nonetheless, 
they are frequently employed for analysis. The Chain 
Algorithm is a computational technique for evaluating 
compliant elements and structures in an efficient and exact 
manner. [171] 

 

 

14.    MATERIAL SELECTION 
 

Selection of materials and stress analysis are typically 
complementary responsibilities in any technical device's 
development process. Due to the inherent necessity for 
compliance whilst preserving strength, material choice for 
compliant mechanisms is frequently more complicated. Any 
compliant mechanism's designer must manage 
environmental concerns, material strength, and 
compliance while keeping budget and machinability in 
mind. Developers of compliant mechanisms must 
conduct two tasks: kinetic synthesis to ensure that 
functionality requirements are satisfied, and load analysis 
and selection of materials to ensure that the system is 
durable. Performing the two design goals frequently 
necessitates several iterations and compromises. 

 

Because of their low cost, light weight, capacity to hold 
energy, decreased wear owing to removal or decrease in the 
amount of kinematic couples, compliance, and 
manufacturability, engineering plastics are widely utilised to 
make compliant segments. Comparing the strength to the 
modulus of elasticity is one technique to assess a segment's 
strength and flexibility. Plastics show viscoelastic behaviour. 
When compared to materials with a low strength-to-
modulus ratio, a polymer - based material with a high 
strength-to-modulus ratio may achieve greater strain 
amplitudes sans exceeding the stress limits of the material, 
making them an attractive choice to engineers. It is crucial 
assess the non - linearities in the material to analyse the 
performance and behaviour, which is a function of time. The 
viscoelastic or time dependant strain reaction adds 
complexity to the design phase of polymeric compliant 
mechanisms since the engineer must address the 
acceleration and velocity of each section additional to 
the forces.  

 

Thermoplastic polymers like polypropylene are viscoelastic 
and have a time-dependent stress-strain relationship, 
whereas most technical materials are elastic solids (such as 
metals). Tensile testing at various strain rates is a simple way 
to detect viscoelastic properties, with certain constitutive 
laws, (like viscoelasticity and associative plasticity), the 
material seems to be in a nearly incompressible form. The 

resultant stress-strain graphs indicate changes in the stress-
strain curve's amplitude and form, as well as fluctuations in 
the material's load capacity. A spring and a dashpot are used 
to simulate the elastic and viscous components of the 
viscoelastic responses, correspondingly. To handle creep 
and stress relaxation, linear viscoelastic materials' 
constitutive equations can be stated in terms of stress or 
strain. Plastics, in combination to the design challenges 
posed by viscoelasticity, do not function as predictably as 
a few other materials like metals and have significant 
limitations of fatigue, creep resistance, and stress relaxation 
resistance. As a result, material issues such as stress 
relaxation and creep behaviour must be adjusted with the 
beneficial energy storage afforded by displacement of a 
compliant link or segment. When compared to engineering 
plastics, metals have better creep resistance and stress 
relaxation characteristics at room temperature, making them 
appropriate for usage as metallic reinforcement inside a 
plastic composite. In order to minimise creep and fatigue 
breakdowns, Kuber et. al. proposed that a robust 
strengthening material be placed within a compliant housing 
made of a comparatively weak housing material. Kuber et. 
al. also proposed bi-material compliant sections as a means 
to increase fatigue and creep resistance, especially plastic 
shells with spring reinforcing steel. Polypropylene, for 
example, has a strength-to-modulus ratio of around 25 
compared to 0.87 for hot rolled steel. IE-3075 is a popular 
prototype plastic with similar modulus and flexural strength 
to other engineering polymers, it is a stiff thermoset with 
material characteristics similar to acetal, a typical material in 
the building of compliant mechanisms. Because of these 
characteristics, it is a material worth considering in the field. 
It may also be cast at ambient temperature, eliminating the 
requirement for high-temperature injection moulding 
machines. Compressible (materials such as plastics generally 
show minor volumetric changes during deformation, like 
foams) and incompressible or nearly-incompressible (most 
plastics are almost incompressible) materials are the two 
types of hyper elastic materials with characteristic 
volumetric behaviour. At low temperatures, polymers flex 
elastically like glass; at high temperatures, they behave 
viscously like liquids; and at moderate temperatures, they 
behave like a rubbery solid would. 

 

 

15.    APPLICATIONS 

 

Even NASA's cutting-edge space probe uses the same 
flexible, hinge-less compliant mechanism that's found in 
paper clips, nail-cutters, and smartphones. Compliant 
mechanisms are used in a wide range of high precision 
applications, including electrostatic suspensions, micro-
robot and surgical instruments, different space research 
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projects as well as car and architecture, as well as furniture 
and apparel. In robotics, self-adaptive systems are widely 
employed for gripping. Constraints in some contexts allow 
for substantial improvements in mechanism performance 
when using compliant mechanisms. In spite of the fact that 
many conventional mechanisms have been improved to a 
great degree. This spectacular method will fuel futuristic 
innovations in all generations to come with its potential that 
only been lightly tapped as of yet. A compliant mechanism 
would not have been conceivable without the use of tiny 
mechanical and electro-mechanical components (MEMS). 
We were saved from a worldwide disaster by the same 
mechanisms by keeping nuclear bombs from exploding. 
Design and analytical methodologies, as well as a rise in 
commercialized compliant mechanisms, have advanced the 
area of compliance mechanisms to a point where they may 
be used in critical areas. 
Compliant robots, unlike traditional robots, are made from 
materials that are flexible and adaptable, drawing influence 
from biological beings. Soft robots may now be used in 
sectors such as health and manufacturing since they are safer 
when dealing with humans.  If a rigid robot is large enough, 
some soft robotic mechanics can also be employed as an end-
effector in it. To grasp and manipulate delicate things, soft 
robotic grippers have been created. These grippers provide 
minimal grab forces, which is critical to safely grasping 
fragile items. NASA's Goddard Space Flight Centre 
developed compliant cable technology. When used in 
structural connections, these mechanisms offer compliance 
and damping, allowing motion in the principal direction and 
selective motion in other directions. In this way, mating and 
contact surfaces are able to conform to one other. Material 
and settings are customised for each application. While 
disassembling, it's typically difficult to disengage without 
causing damage to the components. To enhance the effective 
stroke of piezoelectric actuators, compliant mechanical 
amplifiers are utilised. Aviation wings with compliant 
mechanisms might bend and twist as an one piece, removing 
the need for separate control surfaces like ailerons, spoilers 
and flaps to guide the aircraft's flight path. Construction 
becomes easier as a result. Because it decreases the radar 
cross-section, it improves stealth qualities, reduces weight 
and complexity, and enhances aircraft manoeuvrability. 
Pawl clutches with or without centrifugal ejection produce 
torque in one direction but allow freewheeling in the 
opposite. For example, pull-starts for tiny engines, bicycles, 
fishing reels, gear drives, and winches are all examples of 
one-way and two-way rotating applications for this type of 
motor. In contrast, centrifugal clutches designed as 
compliant devices do not require a large number of springs, 
pins, rivets, etc. Centrifugal force is used to move equipment 
when the hub (powered by a motor) spins the clutch to high 
speeds and the heavy sections engage with a drum. The 
flexible sections are built into this single moving element. Go 
karts, mini-bikes, trimmers, tillers, chainsaws, chippers, 
amusement rides, and agricultural and industrial machine 
couplings are examples of small and medium horsepower 

uses. Consistently designed bicycle brakes produce parallel 
motion, are visually appealing, and are recommended by 
professionals for their strength, improved control and even 
wear. As an example, vibration damping for power tools 
such as jackhammers and rivet guns can lead to repetitive 
motion injuries such as nerve damage and carpal tunnel 
syndrome due to the repetitive motions involved. As the tool 
is being used, it transmits vibrations that cause harm. This 
vibration can be reduced by using cable compliance 
technology. Small, compliant devices, 
Microelectromechanical Systems (MEMS) are used in 
mechanical and electrical applications in electrical 
technology. When it comes to manufacturing MEMS, 
computer chip manufacturing processes are used. A MEMS 
device is a device that can execute micro-manipulation 
operations by turning energy into a regulated motion. Since 
it is small it can also be applied to hand tools. Which have 
very interesting applications of compliant mechanisms and 
are used vastly. Medical tools for in-body surgery, hearing 
aids, airbag sensors, micro pumps, and optics and tilting 
mirrors for projection systems are all examples of MEMS 
applications in medicine. For lengthy periods of time, 
electrical connectors with near-constant-force (NCF) 
technology maintain a continuous interface. Faulty electrical 
contact integrity is responsible for the majority of computer 
hardware and vehicle electrical issues. Electricity 
connections and dependability are improved with the NCF 
electrical adapter. They may be used as switches, circuit 
breakers, clamps, snap hinges and closures, as well as for 
positioning mechanisms, among other things since they can 
be moved between two stable situations. There is no holding 
energy required for either posture despite the need for 
external force. The durability of plastic prototypes has been 
tested to over a million cycles. Using NCF compression 
mechanisms for compliant robotics, compression forces may 
be maintained at a near-constant level with a variation of just 
2% in compression forces. In order to accommodate a wide 
range of travel patterns, several designs have been 
developed. This means that the possibilities are endless, as 
there is no known compression method for NCF on the 
market. Fitness goods, robot end effectors, tool holders, 
motor brush holders, wear test instruments, and safety 
devices might all benefit from NCF compression 
mechanisms. A joint prosthesis is a medical device that is 
costly and short-lived, with only the most expensive devices 
providing "human-like" responses. Unlike mechanical 
devices, the compliant junction has a nonlinear stiffness that 
rises as the cable bends. Flexible and rigid mechanisms must 
be able to accommodate the necessary displacement at the 
point of interest. When it comes to stiffness though, a 
compliant device should have the ability to withstand 
external force. When developing a compliant mechanism, 
flexibility and stiffness must be satisfied concurrently. To 
manufacture the flexible parts that make up compliant 
mechanisms using standard machining processes presents a 
number of problems in macro fabrication. Due to the recent 
development of a number of novel manufacturing processes 
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(e.g., 3-axis computer numeric controlled milling and laser 
cutting), it is now possible to create a prototype of a 
compliant mechanism. These methods are nevertheless 
limited by the machine or the substance utilised. As a result, 
it's necessary to acquaint yourself with the machine and the 
material before moving on to the machining step. Heart, 
orthopaedic, rehabilitation, and biomechanics are some of 
the specialties in biomechanics engineering and simulation. 
For example, a knee, hip, or prosthetic heart valve may be 
made from one piece of material to make it easier to 
manufacture and more compatible with the natural flow of 
blood. There are technologies in development for MEMS that 
store information by transferring electrons from one location 
to another. This allows information that now requires a huge 
hard drive to be stored on an ultra-small storage device that 
is just several square millimetres in size. As a result, tasks 
such as reading and writing will be performed by a little 
robot arm from this small region. Many soft materials 
capable of changing 3D forms in response to stimuli are 
showing promise in the creation of soft robotics. Yet a task-
oriented system for the design of structural structures 
comprising of such soft materials is far from being 
completed. For continuum topology optimization, this might 
be a good candidate for use in the future. 

 

 

16.   CONCLUSION 

 

Many existing mechanisms are already highly optimised, 
but they still have fundamental flaws, and it's uncertain if 
further refinement of current designs will result in 
substantial performance gains. Compliant mechanisms have 
the ability to dramatically improve mechanism performance 
given the restrictions of an environment, and they offer a 
promising chance to modify the basic approach to producing 
controlled motion in unusual regions. Currently there are 
numerous challenges an engineer needs to deal with during 
the development of an efficient compliant mechanism design 
which is heavily under research. 
Due to fundamental differences of the modelling methods 
and dynamic analysis from conventional mechanisms for 
designing rigid body replacements, compliant and pseudo 
rigid bodies is currently not as efficient for vast use the 
concept which is projected to change with growing interest 
in the benefits of compliant mechanisms. Material selection 
is generally understood but the detailed issues that rise with 
each metal or polymeric compounds and differences that 
come with production are also a major hold back. Compliant 
mechanisms have made a significant contribution to the 
design process in a variety of sectors, including adaptable 
buildings, transportation components, hand-held 

equipment, electronics, medical, and so on. It is a restriction 
of a compliant mechanism that it can only be utilised in 
situations with a restricted degree of motion or minor 
displacements. 
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