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 This paper gives a review and comparison of the design methods for compliant 

mechanisms and compliant systems used in new age industries.  Several methods have 

being considered design and analyze these mechanisms that gain part of their motion 

from the deflection of flexible members rather than from movable joints.  There are two 

widely used design tools in the field; pseudo-rigid model based methods and 

Optimization based methods.  Optimizations Based methods in which there are many 
techniques are available for optimization of structures and compliant Mechanisms; 

Sequential Quadratic Programming (SQP), Generalized Method of Moving Asymptotes 

(GMMA) and Globally Convergent Method for moving asymptotes (GCM) and 
Topology Optimization Method. The design of compliant amplifier derived from a 

rectangular design domain using topology optimization method is discussed. 
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INTRODUCTION 

 

 A compliant mechanism is a single elastic continuum used to transfer the force, energy and motion 

mechanically by elastic deformation without any links and joints. Rigid body mechanisms consist of rigid links 

connected to movable joints.   Unlike rigid body mechanisms, it gains some of their mobility from the deflection 

of flexible members rather than from movable joints only. Howell (2001) discussed an example of the compliant 

mechanism is a diving board.  It transforms the kinetic energy of a falling diver to strain energy of the beam, and 

then transforms it again to kinetic energy as the diver springs off the board  

 Ananthasuresh and Saxena (2000) proposed a multicriteria formulation for the design of compliant 

mechanisms. The proposed design method addresses flexibility and stiffness issues of the compliant mechanism 

simultaneously. It aims to attain an optimal balance between these two conflicting attributes. Such techniques 

are successful in indirectly controlling the local stress levels by constraining the input displacement. 

 Lau et al (2001) used the concepts of minimum compliance of maximum mutual compliance, and 

alternative formulation based on functional specification. The focus is to design a compliant mechanism using 

method of moving asymptotes. This method proposed the concept of compliance based on functional 

specification to solve for topology of compliant mechanism. 

 Methodologies to design mechanisms with distributed 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. Ananthasuresh (1994) pioneered the use of structural optimization 

applied to the design of compliant mechanisms with distributed compliance, 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 Canfield and Fracker (2000).  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. 

 Wang and Chen (2009) focused on design formulation of compliant mechanisms posed as a topology 

optimization problem. With the use of linear elasticity theory, a single-input, single-output compliant 

mechanism is represented by the stiffness matrix of its structure with respect to the input-output ports. It is 

shown that the stiffness model captures the intrinsic stiffness properties of the mechanism.  Pederson and 
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Ananthasuresh (2006) have discussed the topology and size optimization methods. These methods are used to 

design compliant mechanisms that produce a constant output force for a given actuator characteristic of linearly 

decreasing force versus displacement. The design procedure consists of two stages: (i) Topology optimization 

using two-dimensional (2-D) continuum parameterization, and (ii) Size optimization of the beam-element 

abstraction derived from the continuum topology solution. 

 Wang et al (2005) proposed a level-set method for the design of compliant mechanisms. The objective is to 

design a monolithic compliant mechanism, made by multiple materials. The level set method for designing 

monolithic compliant mechanism made of multiple materials is an optimization of continuum heterogeneous 

structures.  In a study, Bernardonia and Bidaudb (2004) have introduced a new design method for elastic 

mechanisms. The method is based on the optimization of the distribution of compliant building blocks within a 

given design domain. Building blocks are modeled by elementary frame ground structures. The topology, 

dimensions, materials, contacts, fixed frames and actuators of the optimal compliant mechanism are generated 

automatically using a multi objective genetic algorithm such that the force/motion ratio is maximized. 

 

2. Advantages and Applications: 

 The advantages of compliant mechanisms are considered in two categories: cost reduction and increased 

performance. The potential for dramatic reduction in total number of parts required to accomplish a specified 

task.  Howell L.L. (2001) specified that some mechanisms may be manufactured from an injection-moldable 

material and be constructed 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. 

 

2.1 Compliant Overrunning Clutch: 

 Consider the compliant overrunning clutch and its rigid body counterpart shown in Figure 1 (a) and 1 (b). 

Considerably fewer components are required for the compliant mechanism than for the rigid mechanism. The 

reduction in part count may reduce manufacturing and assembly time and cost as discussed by Howell (2001). 

  

       
              (a)         (b) 

 

Fig. 1: (a) Compliant overrunning clutch (b) Rigid-body counterpart Source: Howell (2001). 

 

  Compliant overrunning clutch is an example for applications of 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 systems are also used in (new age) industries like aerospace, medical and highway 

safety. 

 

3. Compliant mechanism synthesis: 

 The essence of mechanisms synthesis is to find the mechanisms for a given motion (kinematic synthesis), 

and deals with the systematic design of mechanisms for a specified performance. It will be divided into two 

major classes. The first one is rigid body replacement Synthesis and synthesis with compliance.   

 

3.1 Rigid-body Kinematic Synthesis: 

 Compliant mechanism synthesis is accomplished by obtaining a pseudo-rigid-body model for a compliant 

mechanism, assuming constant link lengths, and directly applying rigid body kinematics equations. Howell 

(2001) discussed this approach is useful when a compliant mechanism is to be used to perform a traditional rigid 

body mechanism task, such as path or motion generation, without concern for the energy storage in the flexible 

members. 
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 Jensen and Howell, (1999) discussed that once the kinematic geometry of the mechanism is determined, the 

structural properties of the flexible members may be chosen according to allowable stresses and input 

requirements.  This class of synthesis problems in which rigid-body are applied directly to the pseudo-rigid body 

model will hereafter be referred to as rigid-body replacement synthesis.  If only the kinematics of the 

mechanism is an issue, it may be called kinematic synthesis. 

 Compliant mechanism analysis, a pseudo-rigid body model is obtained from the compliant mechanism.  

However, in rigid-body replacement synthesis, a pseudo-rigid body model is equivalent to a rigid body 

mechanism model and the resulting compliant mechanism is determined from these models. Many compliant 

mechanisms can be made from one pseudo-rigid body model.  

 

3.2 Synthesis with compliance: 

 The compliant mechanism synthesis accounts for energy storage.  With this type of synthesis, the unique 

characteristics inherent in compliant mechanisms may be used to design mechanisms with specified energy 

storage characteristics.  The synthesis equations include not only the rigid body loop closure equations from the 

pseudo-rigid body model, but also include equations dealing with the desired energy storage relationships.  

Howell (2001) discussed that these introduce unknowns that are not common to rigid-body synthesis.  For 

instance, the values of the spring constants of the pseudo-rigid body model may be either unknowns or free 

choices.  This type of synthesis is called synthesis with compliance.  An example of synthesis with compliance 

is a mechanism designed for path generation with a prescribed input torque. 

 

4. Pseudo-Rigid-body model: 

 The pseudo-rigid body model (PRBM) (Howell and Midha, 1996), (Howell, 2001) is used to model the 

deflection of flexible members using rigid body components that have equivalent force-deflection 

characteristics. Rigid link mechanisms theory may then be used to analyze 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 segment. Figure 2 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 (Howell, 2001). 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, function generation and rigid-

body guidance without concern for the energy storage in the flexible members. This flexure based compliant 

mechanisms can be divided in two main categories: planar (two dimensional) and spatial (three dimensional), 

depending on the design and overall motion of the mechanism. 

 

 
 

Fig. 2: Large-deflection beam (left) and its pseudo-rigid body model (right) (Howell, 2001). 

 

5. Optimisation methods: 

 There are many techniques are available for optimization of structures and compliant Mechanisms. 

Sequential Quadratic Programming (SQP), Generalized Method of Moving Asymptotes (GMMA) and Globally 

Convergent Method for moving asymptotes (GCM) and Topology Optimization Method (Howell 2001). 
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 SQP is a feasible direction method in which the first step is to generate a search direction by solving a sub-

problem with quadratic objective functions and linear restrictions, and the algorithm tries to improve the design 

in such direction (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 restrictions Schittkowski, 

(2005), Belegundu and Chadruparla (1999). 

 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 behavior, (Remouchamps, 2002). 

 GCM derives from GMMA. It’s a second order method and as such it needs certain information from a 

previous iteration (the fist iteration is always of order one). Unlike GMMA, the approximation of GCM is a not 

monotonic function, and it’s suitable for problems where the objective function has a non-linear response to the 

variation of the design variables, (Remouchamps, 2002). 

 

5.1 Topology Optimisation Method: 

          Topology optimization has been successfully used to determine both type and dimensions of compliant 

mechanism. (Deepak and Ananthasuresh, 2009) discussed that It is very promising for systematic design of 

compliant mechanism because topological design is automated for the prescribed boundary condition, input and 

output, as discussed by Frecker and Kota (1997), Nishiwaki et al (1998), Bendsoe and Kikuchi (1998), Kikuchi 

and Nishiwaki (1998), Hetric and Kota (1999), Anandhasuresh and Saxena (2000), Yin and Ananthasuresh 

(2001), Lu and Kota (2002).  Its success relies very much on the problem formulation as specified by Saxena 

and Ananthasuresh (2003).  

  In topological optimization, the function approach employs mechanical advantage, geometrical advantage 

and work ratio as objective functions, while displacement constraint and material constraint are imposed to 

narrow the domain of feasible search. The topological design of compliant mechanism is then solved as a 

problem of material distribution using the Optimality Criteria method as discussed by Lau and Du (2001), Lin 

and Shih (2002).Unlike traditional optimization, topological optimization does not require the explicit definition 

of optimization parameters (i.e., independent variables to be optimized). 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 topological optimization seeks to minimize or 

maximize the objective function (f), subject to the constraints (gj) defined. The design variables (ηi) are internal.  

 

5.1.1 Design of Compliant Mechanism with Point Constraints: 

 Figure 3 shows the basic design domain. With these aspects, the following are the initial topology 

specification. V0 is the maximum possible volume of material of the domain 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 are represented in the 

figure 3. 

 
 

Fig. 3: Nomenclature of design domain.   

 

 To study the effect of input location, the input force (Fi) has been applied at various input locations (Xi) of 

the 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 (Fi = 300 N) and output location 

(X0). 

 The input location Xi = (xi) / (xm) varied as 0.083, 0.167, 0.25, 0.33, 0.417, 0.5, 0.583, 0.667, 0.75 and 

0.833. Figure 4 shows the design domain, when the force is applied at Xi = 0.083. xm is the maximum length of 

the domain. The output displacement is obtained in y direction at X0 = 0.5. 
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Fig. 4: Design domains with boundary condition and applied force. 

 

 The topology optimization has been carried out for the design domain. The topology has converged after 99 

iterations. The converged plot is shown in Figure 5. 

 

 
 

Fig. 5: Converged topology plot. 

 

 The material distribution is high at the red colour region. The material distribution (density) values are near 

zero in the blue colour regions as shown in the Figure 6. 

 

 
 

Fig. 6:  Material density plot. 

 

 The displacement plot of the compliant amplifier is shown in Figure 7  The effect of output location (X0) 

can be defind as the ratio of length of output location from x axis to the maximum length of the domain. The 

maximum output deflection value (δ0) obtained at (x0/xm) = 0.5 should be determined. 

 

 
 

Fig. 7: Displacement plot of compliant amplifier. 

 

6. Comparison for the method of solution: 

 In general, solution algorithms, viz., Sequential Linear Programming (SLP), Method of Moving asymptotes 

(MMA) and Optimality Criteria (OC) method have been used for topology optimization. The inputs required for 

topology optimization are size and shape of the basic design domain, location of physical supports, the location 
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and direction of the applied force from the PZT stack, 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. 

 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 material resource constraint), the OC 

method can be used to provide more rapid convergence compared to the SLP algorithm and Method of Moving 

asymptotes (MMA). 
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