
223

Paper number: 14(2016)2, 374, 223 - 232     doi:10.5937/jaes14-8229

DESIGN METHODS FOR COMPLIANT MECHANISMS 
USED IN NEW AGE INDUSTRIES – A REVIEW

Pandiyan Arumugam
Saveetha University, Department of Mechanical Engineering, India

Arun Kumar
Saveetha University, Department of Mechanical Engineering, India

Compliant mechanisms have made an enormous contribution in various fields. Several methods 
have being conceived to analyze and design these compliant mechanisms that gain part of their 
motion from the deflection of flexible members rather than from movable joints only. Traditional rigid-
body mechanisms have a number of components to apply their functions. Consequently they face 
problems such as backlash, wear, and increase in part-count, weight, assembly cost and time, regu-
lar maintenance. By reducing these problems will assist in increasing mechanism performance and 
cost reduction. Recently, many familiar examples of compliant mechanisms have been designed and 
widely used in various fields such as automotive industry, aerospace industry, MEMS, Medical devic-
es, Robotic arm with minimal impedance due to its own mass & assistive mechanisms. For adaptive 
structures, components in transportations, hand-held tools, etc. however, the largest challenge was 
relative difficulty in analyzing and designing compliant mechanisms. Two approaches studied in the 
literature of kinematics-based approach and the structural optimization based approach. At present 
work is being carried out to analyze, the best suitable optimization method for designing a compliant 
mechanisms used in new age industries.
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INTRODUCTION

Mechanism is a mechanical device used to 
transfer the force, energy and motion. But Com-
pliant Mechanism is a monolithic structure that 
elastically deforms without any link and joint to 
produce a desired force or displacement. It is 
an elastic continuum that is used to transmit or 
transform force and motion mechanically.  Rigid-
body mechanisms have rigid links connected at 
movable joints. Unlike rigid-body mechanism, 
compliant mechanisms gain some of their mobil-
ity from the deflection of flexible members rather 
than movable joints only.

Stiffness is a measure of load per unit deflec-
tion, whereas strength is how much load can be 
endured before failure. Despite human tenden-
cies, it is possible to make things that are flexible 
and strong. Nature uses stiff structures where 
needed (tree trunks, bones, teeth, and claws)but 
in living organisms, it more often relies on flex-
ibility. Bee wings, bird wings, tree branches, leaf 
stems, fish, and single-celled organisms are only 
a few examples of creations that use compliance 
to their advantage. 

The contrast between nature and human design 
is easily identifiable when humans try to replace 
one of nature’s products. For example, a human 
heart valve is a compliant one-way valve that is 
capable of sustaining billions of cycles without 
failure. However, most current artificial heart 
valves use a number of assembled stiff parts 
with pin joints to obtain motion. They also have 
a comparatively shorter life, because difficulty in 
blood flow, and often damage blood cells [01]. 

The familiar examples of compliant mechanisms 
designed in single-piece that replaced rigid-
link mechanisms, Figure 1, shows examples of 
compliant mechanisms used commonly. Sys-
tems with concentrated compliance behave like 
classic rigid link mechanisms, where kinematic 
joints are replaced with flexible hinges, and in 
consequence methods conceived to design rigid 
body mechanisms can be modified and applied 
successfully in this case. Design methods for 
mechanisms with concentrated compliance de-
sign had its genesis in the works of Ashok Midha 
in the 1980s. He developed a tool to classify and 
design mechanisms with concentrated compli-
ance with his coworkers (Midha et al. (1994).
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Figure 1: Common compliant devices. A binder clip, 
paper clip, backpack latch, lid, eyelash curler and 

nail clippers are shown: [01]

Introduced the pseudo-rigid model concept, 
where flexible links are modeled as rigid links 
connected by kinematic joints and torsional 
springs, and this tool allows design compliant 
mechanisms with methods conceived to design 
rigid mechanisms [02]. 

Methodologies to design mechanisms with dis-
tributed compliance appeared in the middle of 
the 1990s. In this case the mechanism is treated 
as a continuum flexible structure, and continuum 
mechanics design methods are used instead of 
rigid body kinematics. [04]. Pioneered the use of 
structural optimization applied to the design of 
compliant mechanisms with distributed compli-
ance, by adapting the homogenization method 
and using the displacement of one point in the 
mechanism as the objective function. Alternative 
structural optimization procedures seek different 
objective functions, like the minimization of the 
mechanism’s deformation energy [05]. A more 
recent technique applied to mechanisms with 
distributed compliance was introduced by Kota 
et al (1997), where a load path methodology and 
genetic algorithms are used to design compliant 
mechanisms with shape-morphing starting from 
a domain discretized by an exhaustive set of 
truss or beam elements.

The proposed design method addresses flexibil-
ity and stiffness issues of the compliant mecha-
nism simultaneously. It aims to attain an optimal 
balance between these two conflicting attributes. 
Such techniques are successful in indirectly con-
trolling the local stress levels by constraining the 
input displacement [06].

A level-set method for the design of compli-
ant mechanisms, the objective is to design a 
monolithic compliant mechanism, made by mul-
tiple materials. The level set method for design-
ing monolithic compliant mechanism made of 

multiple materials is an optimization of continu-
um heterogeneous structures [07]. 

The design of a compliant mechanism involves 
three main aspects: (i) topology: the connectiv-
ity of material, (ii) size: the cross-sectional area 
of each segment, and (iii) geometry: the orien-
tations of the connecting segments and loca-
tions of the junctions. Several systematic design 
methods have been developed previously in the 
Compliant Systems Design Laboratory (CSDL) 
(8–11). The topology design is treated as a lay-
out optimization problem to search for the opti-
mal material arrangement and connectivity within 
a given design domain. The design domain must 
be broken down in such a manner that it can be 
parameterized and mathematically represented 
in a systematic fashion. The size and geometry 
of a given topology can be further optimized to 
improve functional performance. 

Merits & application of Compliant 
Mechanisms

Due to their monolithic (joint less) construction, 
compliant transmissions offer many inherent 
benefits including low cost, zero backlash, ease 
of manufacture, and scalability. It is specified 
that some mechanisms may be manufactured 
from an injection-moldable material and be con-
structed of one piece. Compliant mechanisms 
also have fewer movable joints such as turning 
and sliding joints. This results in reduced wear 
and need for lubrication [01].

New competitive products must meet the grow-
ing demands of the market. They must be light-
weighted, resource efficient, durable, and stable 
and have a low noise emission. At the same time, 
the products must be introduced quickly into the 
market. For the fulfillment of these demands it 
is necessary to use the advantages of compli-
ant mechanisms. Compliant mechanisms are 
applicable in various fields such as for adaptive 
structures, components in transportations, hand-
held tools, electronics, robotics, medical, etc for 
numerous reasons.

For example, Consider the compliant over-
running clutch and its rigid body counterpart 
shown in Figure 2 (a) and 2 (b). Considerably 
fewer components are required for the compliant 
mechanism than for the rigid mechanism. The 
reduction in part count may reduce manufactur-
ing and assembly time and cost. Compliant over-
running clutch is an example for applications of 
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compliant systems in automotive industry, apart 
from that the car wiper, steering part, gears, 
brakes and centrifugal clutches are the other 
examples. The compliant mechanisms and sys-
tems are also used in (new age) industries like 
aerospace, Mechanism amplification for sensors 
and actuators, Constant force mechanism for 
microsurgery suturing device, Robotic arm with 
minimal impedance due to its own mass & Assis-
tive mechanisms.

Challenges & Demerits of Compliant
Mechanisms

The largest challenge is the relative difficulty in 
analyzing and designing compliant mechanisms. 
Since many of the flexible members undergo large 
deflections, linearized beam equations are no lon-
ger valid. Nonlinear equations must be used that 
account for the geometric nonlinearities caused 
by large deflections. Because of these difficulties, 
many compliant mechanisms in the past were de-
signed by trial and error approaches. However, in 
some applications having energy stored in flex-
ible members is a disadvantage. For example, 
if a mechanism’s function is to transfer energy 
from the input to an output, not all of the energy 
is transferred since some is stored in the mecha-
nism. Fatigue analysis is typically a more vital is-
sue for compliant mechanisms than for their rigid-
body counterparts. The motion from the deflection 
of compliant links is also limited by the strength 
of the deflecting members. Obviously a compliant 
link cannot produce a continuous rotational mo-

Figure 2: (a) Compliant overrunning clutch (b) Rigid-
body counterpart Source: [01]

(a)

(b)

tion such as that possible with a pin joint [01].

Fabrication of compliant Mechanisms

We can simply manufacture a single-piece fully 
compliant mechanism via injection molding, extru-
sion and rapid prototyping for medium size devices 
[12], or using silicon surface micromachining [13] 
and electroplating techniques [14] for compliant 
micro-mechanisms. Although a compliant mecha-
nism gives numerous advantages, it is difficult to 
design and analyze. Much of the current compliant 
mechanism design, however, must be performed 
without the aid of a formal synthesis method and is 
based on designer’s intuition and experience [15, 
16]. Several trial and error iterations using finite el-
ement models are often required to obtain the de-
sired mechanism performance.

SYNTHESIS OF MECHANISMS

Typically, there are two approaches known in the 
literature for the systematic syntheses of compli-
ant mechanisms are the kinematics based ap-
proach [17] and the structural optimization based 
approach [18, 19].

Kinematics-based approach

In kinematics approach, compliant segments are 
illustrated as several rigid links connected togeth-
er by pin joints and torsional springs are added to 
resist torsion. The value of spring constants and 
where to place it to the model are calculated dif-
ferently depending on types of segments. There 
are several familiar segments assigned by [17] 
i.e., small-length flexural pivots, cantilever beam 
with force at the free end (fixed pinned), fixed-
guided flexible segment, initially curved cantile-
ver beam and pinned-pinned segment. Different 
types of segments require different models, see 
Figure 3 and in Howell discussed briefly how they 
might be applied to compliant mechanisms.

Although this method is easier to analyze com-
pare to its compliant counterpart, however, 
mechanism’s force-deflection relationships are 
still difficult to be determined. Typically, there are 
two approaches introduced to determine that re-
lationship from pseudo rigid- body models. The 
first method uses conventional Newtonian meth-
ods i.e., each links are analyzed to obtain static 
equilibrium.

Thus, the force system for the entire mecha-
nism is established. On the other hand, principle 
of virtual work is also can be selected to deter-
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Figure 3: Various flexible segments and their pseudo 
rigid-body models (Howell L.L. 2003)

Structural optimization based approach

In this approach it is not required to begin with 
a known rigid link mechanism. It focuses on the 
determination of the topology, shape and size of 
the mechanism [20]. 
A numerical approach of topology optimization 
starts with a domain of material to which the ex-
ternal loads and supports are applied [21]. The 
objective function is often the compliance, that 
is, the flexibility of the structure under the given 
loads, subject to a volume constraint. In gener-
al, there are two types of design domains i.e., 
ground structure [22-25] and continuum struc-
tures [26-29]. 
Ground structure uses an exhaustive set of truss 
or beam/frame elements in the design domain. 
The individual cross-section is defined as de-
sign variables. When the cross sectional area 
of an element goes to zero, that element will be 
removed. Thus after the optimization procedure 
converges, some elements will be removed from 
the original exhaustive set. The remaining ele-
ments will define the topology for the compliant 
mechanism [30, 20]. Figure 4 shows examples 
of initial guess in 2 and 3 dimensions, which is 
full ground structure with a uniform distribution of 
cross sectional areas.

In the continuum structures, design domain is 
typically divided into appropriate finite elements 
where every element has intrinsic structural 
properties [31]. In solving topology optimization 
problems using this kind of domain (continuum), 
three major approaches are used. One is the 
homogenization method, which is based on the 
assumption of microstructure in which the prop-
erties are homogenized [26, 27, & 32]. There 
are three design variables associated with each 
finite element. Two of them represent the dimen-
sions of the rectangular hole in the element and 
the last one is for the orientation of the hole as 
illustrated in Figure 5. The element is considered 
anisotropic due to the hole. 
Another approach is the density method which 
the material density of each element is selected 
as the design variables. The density method 

Figure 4: Composite materials composed of truss 
or thin frame modeled microstructures in 2 and 3 

dimensions (Sigmund O. 1995)

Figure 5: Design parameterization in homogeniza-
tion method (Li, Y., K. Saito and N.Kikuchi, 1999)
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mine force-deflection relationship. The approach 
views the system entirely and does not include 
all the reaction forces [01]. Typically, kinemat-
ics-based approach is well suited with mecha-
nisms that undergo large, nonlinear deflections. 
Besides, this approach requires starting with a 
known rigid-links mechanism. 



Journal of Applied Engineering Science  14(2016)2 227

assumes the material to be isotropic and each 
design variables varies between zero and one 
and the intermediate values should be penalized 
to obtain a “black and white” (zero-one) design 
[33,34]. Several penalization techniques have 
been suggested. In the SIMP approach (Solid 
Isotropic Microstructure with Penalization), a 
power law model is used, where intermediate 
densities give very little stiffness in comparison 
to the amount of material used. Another ap-
proach is to add a concave penalty function that 
suppresses intermediate values to the objective 
function [35, 36]. 

The third approach is the evolutionary structur-
al optimisation (ESO). The original idea of this 
method is to gradually remove lowly stressed el-
ements to achieve the optimal design [37, 38]. 

THE PSEUDO-RIGID BODY MODEL

The pseudo-rigid-body model is used to simplify 
the analysis and design of compliant mecha-
nisms. This method of modeling allows well-
known rigid-body analysis methods to be used 
in the analysis of compliant mechanisms [39-41] 
approximated flexible couplers as a rigid link with 
a length five-sixths of the flexible segment. 

It is analyzed compliant mechanisms with 
small-length flexural pivots. Since the lengths 
of the flexural members are small relative to the 
lengths of the rigid segments, the flexural pivots 
are modeled as kinematic joints at the center of 
the flexible segment. Torsional springs are used 
to represent the member stiffness. 

The accuracy of this method decreases as the 
relative length of the flexural member increases, 
and a different approach is required for compli-
ant mechanisms containing longer flexural piv-
ots [43]. 

The pseudo-rigid body model (PRBM) [17, 01] is 
used to model the deflection of flexible members 
using rigid body components that have equiva-
lent force-deflection characteristics. Rigid link 
mechanisms theory may then be used to ana-
lyze the compliant mechanism. Different types 
of compliant segments require different pseudo-
rigid models that predict the deflection path and 
force-deflection relationship of a flexible seg-
ment. Figure 6 depicts the pseudo-rigid body 
model of a large deflection beam, in which it has 
been assumed that the almost circular path can 
be accurately modeled by two rigid links joined at 
a pivot along the beam [01]. This model opened 

the wealth of information available in rigid body 
mechanisms synthesis to be used in compliant 
mechanisms design. The approach is useful for 
designing mechanisms to perform a traditional 
task of kinematic synthesis path following, func-
tion generation and rigid-body guidance without 
concern for the energy storage in the flexible 
members. This flexure based compliant mech-
anisms can be divided in two main categories: 
planar (two dimensional) and spatial (three di-
mensional), depending on the design and overall 
motion of the mechanism.

(b)

Figure 6: Large-deflection beam (a) and its pseudo-
rigid body model (b) [01]

(a)
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METHODS OF OPTIMIZATION 

There are number of programming techniques 
may be used in order to solve the problem in 
structural optimization based approach. For an 
example, the sequential linear programming 
(SLP) method is the most popular approxima-
tions method for non-linear optimization prob-
lem due to its simplicity [22]. However, there are 
other sophisticated optimization methods such 
as sequential quadratic programming (SQP), 
convex linearization (CONLIN), method of mov-
ing asymptotes (MMA), generalized convex 
approximation (GCA), Topology Optimization 
Method and others. The SLP starts with trial de-
sign and replaces the objective function and con-
straints by linear approximations obtained from a 
Taylor series expansion about this initial design. 
An easy-to-use evolutionary structural optimiza-
tion (ESO) has also been used for solving large 
structural optimization problem [01].

SQP is a feasible direction method in which 
the first step is to generate a search direction 
by solving a sub-problem with quadratic objec-
tive functions and linear restrictions, and the al-
gorithm tries to improve the design in such di-
rection (references). The search direction and 
the objective function are both expanded using 
Lagrange multipliers, and an exterior penalty is 
used to free the one-dimensional search from re-
strictions [43, 44].

GMMA is an asymptotic optimization algorithm in 
which the objective functions and the restrictions 
can be treated separately because each function 
has its own moving asymptote. By changing the 
asymptotic parameters a new family of convex 
approximation is generated, and this property 
adds robustness to the method. As the sign of 
the first derivative remains unaltered trough the 
optimization (even with the variation of design 
variables), this algorithm has a monotonic be-
havior, [45]. 

GCM derives from GMMA. It’s a second order 
method and as such it needs certain informa-
tion from a previous iteration (the fist iteration 
is always of order one). Unlike GMMA, the ap-
proximation of GCM is a not monotonic function, 
and it’s suitable for problems where the objective 
function has a non-linear response to the varia-
tion of the design variables, [45].

Topology Optimization Method

The goal of the Topology Optimization is to de-

termine the best use of material for a body us-
ing Optimality criteria Method such that the 
objective criteria take out a maximum or minimum 
value subject to constraints (Mass or volume 
Reduction).In topological optimization, the func-
tion approach employs mechanical advantage, 
geometrical advantage and work ratio as ob-
jective functions, while displacement constraint 
and material constraint are imposed to narrow 
the domain of feasible search. In topological 
optimization, the material distribution function 
over a body serves as optimization parameter. 
The user needs to define the structural problem 
(material properties, FE model, loads, etc.) and 
the objective function (i.e., the function to be 
minimized or maximized) and the state variables 
(i.e., constrained dependent variables) must 
be selected among a set of predefined criteria. 
Midha (2005) discussed, the theory of topologi-
cal optimization seeks to minimize or maximize 
the objective function (f), subject to the con-
straints (gj) defined. The design variables (ηi) 

are internal.

Design of Compliant Mechanism with Point 
Constraints

Figure 7 shows the basic design domain. The ini-

tial topology specification is as follows, V0 is the 

maximum possible volume of material of the do-

main taken for the analysis during the topology 

optimization process. The input location (xi), input 

force (Fi), Output displacement (δ0) at the output 

location (x0), X and Y are the reference axis and 

xm is the maximum length of the domain. 

Figure 7: Basic design domain

While doing the analysis, the factors that are 

kept constant are size of the rectangular domain, 

boundary conditions (all corners of the design 

domain are fixed), input force and output loca-

tion (X0). To study the effect of input location, the 

input force (Fi) has been applied at various input 

locations (Xi) of the domain. The input location 

Xi = Xi, / Xm is varied. 

Pandiyan Arumugam- Desing methods for complaint mechanisms used
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Figure 8 shows the basic design domain with 
boundary conditions and applied force, when the 
force is applied at Xi. Xm is the maximum length 
of the domain. The output displacement is ob-
tained in y direction at X0. 

Figure 8: The basic Design domain with boundary 
conditions & applied force 

The topology optimization has been carried out 
for the design domain. The topology has con-
verged after 90 iterations. The converged plot 
is shown in Figure 9.The material distribution is 
high at the red colour region. The material distri-
bution (density) values are near zero in the blue 
colour regions as shown in the Figure 10.

Figure 9 and 10: Density plot - The element density 
in a topological problem ranges 0 to 1(where the 

material is not required)

229

Figure 11 shows the converged solution after 
topological optimized design. The effect of out-
put location (X0) can be defined as the ratio of 
length of output location from x-axis to the maxi-
mum length of the domain. The maximum output 
displacement value (δ0) obtained at (x0/xm). 

CONCLUSION

Compliant mechanisms have made an huge con-

tribution in the design process of various fields 

such as automotive industry, aerospace industry, 

Figure 11: The converged solution after topological 
optimized domain

MEMS, Medical devices, Robotic arm with mini-

mal impedance due to its own mass & Assistive 

mechanisms, for adaptive structures, components 

in transportations, hand-held tools, etc. A brief re-

view of the most utilized compliant mechanisms 

offer many inherent benefits including low cost, 

zero backlash, ease of manufacture, scalability 

and in reducing the number of components which 

therefore Reduces manufacturing cost and addi-

tionally increase the performance. 

Pandiyan Arumugam- Desing methods for complaint mechanisms used
in new age industries - a review

Structural optimization techniques are more gener-

al design methods, in which a multitude of possible 

designs are obtained without the need of any com-

mitments or initial topological proposals. However, 

they are expensive method compared to pseudo-

rigid-body-model and inverse analysis model.

Therefore, lots of researches have been agreed 

to overcome these problems by using and intro-

ducing numerous techniques.

At present work is being carried out to create a 

basic design domain, initial topology specifica-

tion, maximum possible volume of the material 

of the domain and to study the effect of input lo-

cation, constraints and output. After this to ana-

lyze, which method of optimization is feasible for 

designing a compliant mechanisms. 

In general, solution algorithms, Optimality Criteria 

(OC) method have been used for topology optimi-

zation. The inputs required for topology optimiza-

tion are size and shape of the basic design domain, 

location of physical supports, the location and di-

rection of the applied force from the displacement 

inverter, and a limit on the total material resource 

or volume. In addition, the location and direction of 

the desired amplifier output are to be specified.
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Optimality Criteria (OC) methods are well suited 
for problems with a small number of constraints 
compared to the number of design variables and 
are generally more computationally efficient than 
mathematical programming methods. Since 
there is only one active constraint (the materi-
al resource constraint), the OC method can be 
used to provide more rapid convergence com-
pared to the SQP algorithm, SLP algorithm and 
Method of Moving asymptotes (MMA).
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