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Abstract

This thesis aims to improve the theoretical modelling of compliant mechanisms. The

conclusions drawn from this work will help designers understand sources of error associated

with strain propagation when designing with lumped compliance. Compliant mechanisms

have increased in popularity as they allow for designs that feature lower part counts,

increased precision and reduced manufacturing costs. Although using theoretical models

to design compliant mechanisms is a useful tool, there is an assumption that only the

nodes in a compliant mechanism undergo strain. This is not the case. There is strain

occurring outside of the node in a region called the preserve region. The preserve region’s

impact on the theory is greatly under-explored in the literature.

The preserve region’s size, shape, and impact were found and quantified for a range

of critical node types. This was done through the use of FEA software by altering the

model of a simple, compliant mechanism. The size of the preserve region changed based

on the thickness and the fillet used, with an increase of thickness from 4mm to 8mm,

causing the radius of the arc that encompasses the preserve region to grow from 8.5mm to

13mm. The shape was also found to be an ellipse, irrespective of the node’s geometry. The

preserve region’s impact on the theoretical models was also quantified. It was found that

the thickness has the most drastic effect on the compliance values of the node, increasing

the error from 20.53% to 102.18% when the thickness was increased from 4mm to 8mm.

This work shows the importance of considering the preserve region when creating

theoretical models of compliant mechanisms. When properly considered, this research

shows that the error between the theoretical and the FEA values can be greatly reduced.
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Chapter 1

Introduction

Within mechanical engineering, the importance of mechanisms cannot be overstated. They

are fundamental to some of the most widely used and crucial designs. Due to the advances

in technology, a lot of work and actions previously done by hand are being either enhanced

through or outright replaced by the use of mechanisms. Handheld tools such as pliers and

vice grips are fundamental mechanisms that enhance human capabilities, while things such

as automated robotic grippers allow the removal of the human element altogether. When

discussing the mechanisms mentioned before, it is not uncommon to imagine a system with

several individual rigid members connected by joints such as pin joints. For many years,

this has been the baseline approach to the design of all mechanisms. There are common

design issues with traditional mechanisms, such as high part count, assembly costs and

manufacturing costs. In an attempt to combat these issues with traditional mechanisms,

compliant mechanisms have seen a growth in popularity [1]. A compliant mechanism

refers to a mechanism that gains some or all of its motion from the bending and flexing of

its members [1]. Compliant mechanisms have seen widespread applications across various

fields, including handheld tools, robotics, MEMS (Micro Electrical-Mechanical Systems),

and aerospace [2]. Compliant mechanisms have a long list of advantages compared to their

traditional mechanism counterparts. They feature lower part counts, lower assembly costs,

monolithic structures, reduced friction, lower manufacturing costs and higher precision.

[3].

1



Figure 1.1: Compliant mechanisms synthesis [3]

When modelling compliant mechanisms theoretically, there is an assumption that

certain sections are flexible while other parts are effectively rigid. This is done commonly

within the two main theoretical approaches to modelling compliant mechanisms: the

pseudo-rigid-body Model and the compliance matrix method. Although this assumption

allows for much faster modelling, it can potentially lead to substantial inaccuracies when

compared to experimental results. As compliant mechanisms are commonly designed to

be monolithic, the assumption that only part of the mechanism is flexible is not true.

When a monolithic compliant mechanism is operating, the whole system technically

experiences deformation. The exclusion of deformations in the theoretical modelling leads

to an increase in error, as there are unaccounted-for strains that lead to an increased

displacement.
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Figure 1.2: Theoretical model [4]

1.1 Nodes

When discussing compliant mechanisms, it is important to establish the difference between

lumped and distributed compliance. As the names would imply, lumped compliance refers

to when most of the compliance (or flexibility) is gained in concentrated areas called

nodes. Distributed compliance is when the deformation is spread out across a wider area

of the compliant mechanism [1]. Both types of compliance are very valid ways to design

compliant mechanisms. However, each is more common in different design methods. When

creating designs using a theoretical approach, it is often advantageous to use lumped

compliance, as the nodes allow for straightforward modelling. Distributed compliance is

more commonly found when using optimisation algorithms such as topology optimization.

Distributed compliance can often be desirable, as it allows for the stress to be distributed

across the mechanism, allowing for a greater range of motion before yielding. There are

many examples of people creating topology optimization algorithms with the explicit goal

of trying to distribute compliance. [5]
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When designing nodes, there are very few restrictions on what shape it should take.

Most commonly, nodes are in the shape of a rectangular cross-section with circular fillets

at the corners that connect the node to the rest of the mechanism [6]. There are, of course,

more sophisticated node shapes [7–10]; however, these have the same issues as distributed

compliance in that they can prove difficult to model mathematically.

1.2 Preserve Region

The preserve region refers to the area where strain is occurring outside of the node that is

not accounted for in the theory. Figure 1.3a shows strain in a common node design. Most

of the strain in the system is isolated within the node. This is expected as this reduction

in thickness leads to a lumped compliance about that node. However, in the same figure,

it can be seen that strain is propagating past the node. This strain propagation is referred

to as the preserve region. Figure 1.3b shows this strain much more clearly by not including

the strain in the node. These strains lead to an increased displacement further down the

mechanism and, in turn, reduce the accuracy of the theoretical models.

(a) (b)

Figure 1.3: a) Strain �eld example b) Preserve region example

For the node shown in figure 1.3, the preserve region led to a tip displacement that was

about 10% larger than what the theory expected. This shows the impact this preserve

region can have on the accuracy of the results. As will be discussed in the literature

review, very little effort has been made to quantify the impact this region has as well as

its size and shape. If the impact can be measured, it can lead to a lot faster theoretical
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optimizations in the future, and understanding the size of the preserve region will allow

designers to be much more knowledgeable about where their mechanisms are truly rigid

and design accordingly.

1.3 Objective

The goal of this thesis is to investigate how strain propagates past the nodes into the

preserve region within compliant mechanisms. In this investigation, three main attributes

will be investigated and quantified, namely, the size, shape, and effect of this region on

the accuracy of the theoretical models. The investigation will cover a range of common

node types and will find the attributes discussed earlier as the geometries change for these

nodes.

1.4 Contribution

The contributions of this work are as follows:

1. A greater understanding of the shape and size of the strain propagation past the

node.

2. A quantification of the effect this strain has on the accuracy of the mathematical

models of compliant mechanisms.

3. Knowledge on how certain geometries alter the strain propagation past the node.

4. Validation of the FEA models of these strain propagations through the use of DIC.
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1.5 Thesis Overview

The thesis is structured as follows:

Chapter 2 will review the literature relevant to compliant mechanisms, specifically

concerning modelling methods and means to validate the results of the research done in

this thesis. In this chapter, a theoretical modelling method along with a method of data

validation will be selected.

Chapter 3 will cover the method used in the analysis of the preserve region. It will

cover how each part of the method met each part of the objective put forward in section

1.3.

Chapter 4 will be where the results of the research are collated and discussed. It will

include various graphs showing the changes in errors and displacements over a range

of geometries as well as drawing conclusions as to what relationships were found. This

chapter will also include where the finite element analysis was verified. This will be done,

as mentioned before, through the use of a digital image correlation system.

Finally, chapter 5 will provide concluding remarks and recommendations for future

work.
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Chapter 2

Literature Review

This chapter will review the current state of the art concerning designing and modelling

compliant mechanisms. Firstly, the most commonly used methods for modelling compliant

mechanisms will be investigated and compared. Secondly, research will be done into

common node geometries as well as applications of compliant mechanisms. Thirdly, strain

measurement techniques will be reviewed to find the technique most suitable for the work

done in this thesis. Finally, the key research questions will be decided through finding

areas in which the existing literature is lacking.

2.1 Modelling Compliant Mechanisms

When designing compliant mechanisms, there are two main approaches: the use of mathe-

matical modelling and the use of computational techniques such as topology optimisation.

Within mathematical modelling, there are two main approaches: the compliance ma-

trix method (CMM) and the pseudo-rigid-body model (PRBM). Each of these will be

investigated in this section.
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2.1.1 Compliance Matrix Method [6]

Figure 2.1: Compliance matrix method diagram

The first mathematical model researched was based upon the strain-energy Castigliano’s

second theorem. It takes a matrix approach using the compliances of each of the members

in a flexible hinge design. The compliance of a flexible hinge is found in the equation below,

which is Castigiliano’s second theorem. Equation 2.1 defines the linear displacement of a

point as a function of its strain energy and force, while equation 2.2 defines the angular

deformation due to its strain energy and moment.

ui = �U=�fi (2.1)

�j = �U=�mj (2.2)

Equation 2.3 defines the sum of strain energy in all directions of displacement. This

equation is then used along with equation 2.1 and 2.2 to relate the strain energy in each

direction to the displacement in that respective direction, expressed in equation 2.4.

U = Ua + Ut + Ub; zUb; y =
1

2E

Z l

0

N(x)2

A(x)
dx+

1

2G

Z l

0

mt(x)
2

It(x)
dx+

1

2E

Z l

0

MB; z(x)
2

Ix(x)
dx+

1

2E

Z l

0

Mb; y(x)
2

Iy(x)
dx

(2.3)
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1

E

Z l

0

Mb;y(x)

Iy(x)
� �Mb;y(x)

�my
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1
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Z l

0

Mb;z(x)

Iz(x)
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(2.4)

It is in equation 2.4 that the variable “compliance” or c can be seen. These equations can

then be used to find the individual compliances that create a compliance matrix:

Cux�fx =
1

E

Z l

0

dx

A(x)
; C�x�mx =

1

G

Z l

0

dx

It(x)
;

Cuy�fy =
1

E

Z l

0

x2dx

Iz(x)
; Cuy�mz = �

1

E

Z l

0

xdx

Iz(x)
; C�y�my =

1

E

Z l

0

dx

Iz(x)
;

Cuz�fz =
1

E

Z l

0

x2dx

Iy(x)
; Cuz�my =

1

E

Z l

0

xdx

Iy(x)
; C�z�mz =

1

E

Z l

0

dx

Iz(x)
;

C�z�fy = Cuy�mz; C�y�fz = Cuz�my;

(2.5)

Compliance defines how easily a node deforms due to an induced force or moment. It

can be modified by changing the innate property of a material’s Young’s modulus or by

altering the geometry. Reducing the stiffness or second moment of the area will increase

compliance. Using this method results in a matrix of compliances for each member. Each

compliance is multiplied by its corresponding force, and the displacement in the direction

of the compliance can be found. The compliance matrix can be seen in equation 2.6:
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[C] =

26664
Cux�fx Cux�fy Cux�mz

Cuy�fx Cuy�fy Cuy�mz

C�z�fx C�z�fy C�z�mz

37775 (2.6)

[u] = [F ][C]

As this thesis only considers a 2D scenario, all of the out-of-plane motion is ignored,

and the compliance matrix can be simplified further. Particularly, Cux�fy and Cux�mz is 0

as a y-directional force and a moment about the z-axis will not affect the compression of

the system. C�z�fx and Cuy�fx are also considered zero as a force in the x direction will

have no impact on the vertical displacement and angle about the z axis of the scenario.

Finally, as can be seen from equation 2.5, C�z�fy is the same as Cuy�mz, further simplifying

the matrix down to the most common compliance matrix:

[C] =

26664
Cux�fx 0 0

0 Cuy�fy Cuy�mz

0 Cuy�mz C�z�mz

37775 (2.7)

After using the listed equations, the matrix layout will produce a compliance matrix

for a node with a reference point O1 right at the end of the node. This means when the

compliance matrix is multiplied by the force matrix, the displacement matrix is about

reference point O1. If the reference point was to be away from the end of the node at point

O2, i.e. the displacement matrix for a point away from the node is needed, a translation

matrix is introduced. The translation matrix follows the format as shown below:

[T ] =

26664
1 0 0

0 1 0

∆y �∆x 1

37775 (2.8)

Where ∆y and ∆x are the y and x distance from point O1 to point O2. This translation
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matrix can be used to find a compliance matrix about O2 knowing the distance from and

the compliance matrix of O1. This is done using the equation shown below:

[CO2 ] = [T ]T � [CO1 ] � [T ] (2.9)

The first translation matrix [T ]T is a transposed version of the translation matrix [T ].

This is because the displacement at point O2 will be different to O1 based on the angular

deformation. The difference is that the angular displacement at the node boundary will

cause additional displacement equal to the angle of the deflection at the node multiplied by

the x and y distance from point O1 to O2. The second translation matrix [T ] is included

to account for the fact that the forces described relative to [CO1 ] will now be different as

the location is now relative to O2 as opposed to O1. Now, if the load is acting at point

O2, it will also induce a moment relative to point O1.

The largest advantage of using this method to calculate the response of a compliant

mechanism is that it can easily account for a scenario with multiple loads and multiple

hinges. Since there is a compliance for every direction for a load in every direction, in

scenarios where there is both a moment, axial force and vertical (shear) force, this method

will be able to accurately account for the combined effect of all the loads. Later in the

reading, Lobuntiu et al. also show how these matrices can be rotated, allowing calculations

for rather complex combinations of forces and hinges.

The main issue with this method is that when performing the calculations, the method

did not accurately account for the displacement in the x direction due to a force in the y

direction. This is fine for mechanisms with relatively small deflections, as the change in

the x direction would be so small it would be negligible. However, as the deflection gets

larger, this becomes more of a factor to account for.
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2.1.2 Pseudo Rigid Body Model

Figure 2.2: Pseudo-rigid-body model diagram

The pseudo-rigid-body model aims to model compliant mechanisms by relating them to

traditional rigid link mechanisms [11]. The pseudo-rigid-body model achieves this by

simulating the compliant mechanism as a rigid link system where the flexural members are

considered to be torsional springs. These springs each have a rotational spring constant

that provides a resistive force to angular displacements. This model was used to develop 2

further methods to aid in the analysis of compliant mechanisms, namely the conventional

Newtonian methods, and the principle of virtual work.

2.1.2.1 Conventional Newtonian Methods

As the name suggests, this method uses the pseudo-rigid-body model in conjunction with

conventional Newtonian methods to find solutions to various analyses. In this method, the

pseudo-rigid body model is formed. This model is then treated as a free-body diagram,

and the applied forces and boundary conditions are added. Equations of static equilibrium

are formulated for each link, which is then solved using the boundary conditions and

applied forces. The product is an equation that relates an applied force or torque to an

equilibrium displacement or rotation.
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2.1.2.2 Principle of Virtual Work

This method is also derived from the pseudo-rigid-body model. Through the use of

generalised coordinates, this method allows an analysis of the system as a whole as

opposed to individual members. This allows for a much faster analysis as each link does

not need equations of static equilibrium formulated. Using the generalised coordinates

found in this method allows a virtual displacement to be found, a displacement expressed

as a function of these coordinates. Knowing the virtual displacement as well as the

applied forces, a virtual work can be found (W=Fd). Assuming that the system is in

equilibrium, this net virtual work would equate to zero, as the potential energy stored

in the springs perfectly counteracts the work being done by the applied forces and an

equation of equilibrium for the system as a whole can be found.

2.1.3 Topology Optimization

Due to the nonlinear nature of modelling compliant mechanisms, many optimisation

methods are used to help reach a final design. Among these optimisations, topology

optimisation is very common. Topology optimisation finds the best material distribution

for any given set of constraints or design domain [5]. It does this by distributing elements

throughout the design domain and applying constraints to the elements according to the

boundary conditions and loads desired for the design. Then, through using an algorithm

and optimisation formulae, elements are eliminated if they are experiencing any stress or

do not meet any other criteria, e.g. a minimum or maximum thickness [12]. This leads

to a very efficient process that can form very complex shapes that can meet the desired

input-output relationship.

There are many algorithms available for use to experiment with topology optimisation

[13–25]. All of these algorithms have their advantages and disadvantages, hence why

sometimes some intervention is needed from the designer when using this method. Often,

topology optimisation is only a step within the design process of compliant mechanisms
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[26, 27]. Engineers will provide the algorithm with a very broad idea of what the design

requires, e.g. inputs, outputs and boundary conditions. The optimised shape is then given

by the algorithm. However, often, these shapes contain unfeasible hinges that would not

function in real life. Many of the aforementioned algorithms attempt to tackle this issue.

Often, it simply comes down to the designer deciding on certain dimensions and using

the topology optimisation as a guide of the general shape of the mechanism, followed by

changes to the dimensions and further optimisations, as seen in the work done by Chi et

al. [28].

2.2 Material Selection

When designing a compliant mechanism, often a large amount of deflection is required.

This large amount of deflection implies that the mechanism must be able to generate

the least amount of stress during its deformation and must also be able to withstand

the most amount of stress possible [11]. This is where a common misconception is made.

Often there is an assumption that a stiff material is a strong material, however, this is not

wholly the case. Many materials have a large amount of strength whilst also exhibiting a

low stiffness. This is where the notion of strength-to-stiffness ratio comes into play [11].

A material that is optimal for a compliant mechanism is a material with a low Young’s

modulus (stiffness) and a high amount of strength, as a flexible material will experience

less stress for the same amount of deformation, and a strong material will only yield when

the stress becomes very large. Therefore, the ratio between stiffness and strength is very

important when selecting a material for a compliant mechanism. Table 2.1 details several

examples of materials as well as their strength-to-stiffness ratios
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Table 2.1: Materials and their associated strength to stiffness ratio [11]

Material Stiffness (GPA) Strength (MPA) Ratio (�1000)

Steel (1010hot rolled) 207 179 0.87

Steel (4140 Q& T @400) 207 1641 7.9

Aluminium (1100 annealed) 71.7 34 0.48

Aluminium (7075 heat treated) 71.7 503 7.0

Titanium (Ti-35A annealed) 114 207 1.8

Titanium (Ti-13 heat treated) 114 1170 10

Beryllium copper (CA170) 128 1170 9.2

Polycrystalline silicon 169 930 5.5

Polyethylene (HDPE) 1.4 28 20

Nylon (Type 66) 2.8 55 20

Polypropylene 1.4 34 25

Kevlar (82 vol %) in epoxy 86 1517 18

E-glass (73.3 vol %)in epoxy 56 1640 29

From table 2.1, it can be seen that certain materials surpass others in terms of

applicability for compliant mechanisms. The three that stood out are Titanium (Ti-13

heat treated), E-glass, and Polypropylene. Titanium has an extremely high strength-to-

stiffness ratio, considering it is a metal, as it allows compliant mechanisms to be designed

with many advantages exclusive to metals. When it comes to simply the best ratio,

E-glass in epoxy surpassed all the other materials mentioned. It is, however, quite hard

to source compared to some of the other materials, particularly compared to polymers. It

is for this reason that polypropylene is considered one of the best materials for compliant

mechanisms, as it exhibits an impressive strength-to-stiffness ratio whilst also having

many of the advantages that come with polypropylene [29].
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2.3 Node Geometries

Much of the mathematical modelling methods are based on the assumption that a

compliant mechanism can be simplified down to a combination of nodes and rigid links.

Research was done into common node geometries to help gain a better understanding of

what sort of shapes are critical to be able to be modelled. It is worth noting that all of

the node geometries not included in the novel geometries section are distinct examples of

lumped compliance, where most of the flexibility is gained at a certain point.

2.3.1 Rectangular Cross Section

This is the basis of most compliant mechanisms [6]. This is due to its ease of modelling

as well as the constant thickness and width of these sections leading to a simple second

moment of area calculation (I = bh3

12
). When not filleted, there is a substantial amount of

stress present at the connection between the flexible hinge and the rigid sections.

Figure 2.3: Rectangular cross section
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2.3.2 Rectangular Filleted Hinge

It is extremely common for flexible hinges to include fillets at the corners of the node [6, 30].

This fillet comes commonly in 2 forms: a circular fillet or an elliptical fillet. It allows for

superior distribution of stress throughout the member and negates the effects of stress

concentrations. Seeing as much of the theory does not account for stress concentration

factors in flexible hinges and that it can account for the impact of fillets, this allows for

not only stronger designs but also more accurate modelling [6]. Assuming the node has a

circular fillet, all that is needed to calculate the motion of the hinge is the length, the

thickness, and the radius of the node. It is also possible for the hinge segment to only

consist of circular sections. In this case, the fillets that attach to the rigid bodies meet

in the middle and form a large semicircle. This is often the case for very small flexible

hinges, as the short length does not allow for a flat rectangular section in the middle.

(a) (b)

Figure 2.4: a) Circular �lleted hinge b) Circular hinge [31]

Another common hinge shape is elliptical. This is very similar to that of the circular

shape in that it is often used to form fillets. Knowing the key dimensions, such as the a

and b value of the ellipse found in figure 2.5 as well as the length and thickness of the

rectangular part of the hinge, allows for fairly simple compliance calculations as well.
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Figure 2.5: Elliptical hinge [31]

2.3.3 Novel Geometries

The following will be some other noteworthy geometries. These geometries are far more

specialised and were noted throughout the review for their interesting advantages and,

therefore, are worth quickly mentioning. These types of node geometries are likely

not going to be included in the research as they are much harder to manufacture, and

their niche design applications do not make it critical to gain an understanding of node

geometries.

2.3.3.1 Leaf Spring

A leaf spring refers to a node that consists of a long, thin strip of material [32]. It resembles

a rectangular hinge. However, due to its long length, especially when compared to its

thickness, it exhibits a very large range of motion. There is a configuration of 2 leaf

springs that allow for a substantial amount of rotational displacement. This configuration

is called a cross spring and is commonly used when a large amount of displacement in a

circle is required [8].
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(a)

(b)

Figure 2.6: a) Leaf spring b) Cross spring

2.3.3.2 Butterfly Hinge

The butterfly hinge refers to a compliant hinge that is similar to the cross spring. It

consists of 8 flexures and two rigid shuttles with a central x-shaped rigid block [8, 33].

A common issue with cross springs is what is called “parasitic motion”. This refers to

undesired motion in the mechanism, which in the case of cross springs is any motion that

is not in the circular direction. Butterfly hinges counteract this by having the parasitic
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motion of one pair of cross springs counteract the parasitic motion of the other, effectively

negating it. It is for this reason that butterfly hinges are a common way to achieve circular

motion with compliant mechanisms [7].

Figure 2.7: Butter
y hinge

2.3.3.3 Folded Flexure Hinge

When designing compliant mechanisms, there are concerns surrounding the changing

stiffness of the node as the mechanism is actuated [9, 10]. To combat this concern, folded

flexure hinges are used. These designs are similar to leaf springs and involve geometry

arranged in such a way that at certain levels of motion, the system will gain increased

stiffness or support from itself. This can be achieved by designs found in figure 2.8a 2.8b,

where the flexible member is either curved to begin with, seen in 2.8a or through a design

that supports itself once the members are under load as seen in figure 2.8b.
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(a) (b)

Figure 2.8: a) Folded leaf spring b) Pitch varying folded 
exure hinge

2.4 Preserve Region

As mentioned in the introduction, there is a rather crucial assumption that only part of

the compliant mechanism experiences deformation. The largest issue with this assumption

is that it ignores any strain occurring outside of the node. Comparisons made within

Lobuntiu’s book [6] show that the compliance matrix method can show extremely high

accuracy for tip displacements of nodes using finite element analysis. In these cases,

however, the model only contained the node and nothing else. This makes it not a perfect

representation of a real compliant mechanism, as it is not common for the start of the

node to be perfectly fixed, and the load is not necessarily right at the end of the node. In

cases where these two factors are not true, meaning the load is not applied right at the

end of the node and the fixed point is located somewhere else on the mechanism, there

will be a preserve region present.

These occurrences within compliant mechanisms are under-discussed. The most note-

worthy discussion surrounding the strain not present within the node region was a paper

written by Rösner et al. [34]. In this paper, they acknowledge that when designing

compliant mechanisms with lumped compliance, a noteworthy part of the flexibility is

gained outside of the node as well. The goal was not to account for this flexibility on a

theoretical level but to optimise simulations by reducing the number of nodes used. This

was achieved by specifying a significant region model, where the model is simplified to only

consider regions where there is a significant amount of strain. It does not discuss these
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significant regions within the context of their effect on a theoretical approach, nor does it

try to conclude the shape or size that the preserve region has for various geometries.

2.5 Applications

2.5.1 Compliant Robotic Gripper

When investigating the uses of compliant mechanisms, a wide assortment of compliant

grippers can be found. A compliant robotic gripper is a pristine example of compliant

mechanisms being applied to help improve an area of design. Before the large push for

compliant grippers, robotic end effectors were made with traditionally jointed mechanisms

[35–37]. These designs are useful in certain applications. However, there are certain

properties present in compliant mechanisms that allow for a wider range of uses compared

to their traditional counterparts. Following will be several examples that show the

advantages of compliant mechanisms applied to robotic grippers.

2.5.2 Constant Force Gripper

A constant force gripper is a variant of the compliant robotic gripper. It is an example of

the advantages of applying the theory when designing compliant mechanisms. Through

the use of mathematical optimisation, a design was able to be generated where the force

applied to the specimen was constant throughout the range of motion of actuation. If this

were to be achieved through the use of traditional mechanisms, it would likely involve

many individual parts and springs as well as sensors to ensure that the force limits are not

exceeded. Through the use of the innate ability of compliant mechanisms to elastically

deform and store strain energy, a design can be optimised in such a way that throughout

the range, the strain energy stored within the grippers is constant, meaning the force

exerted on the object is constant irrespective of where contact is made. It can achieve this
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property while also maintaining the long list of other advantages of compliant mechanisms,

such as the reduced part count and monolithic nature. An example of a constant force

gripper was found that performed very well [38].

2.5.3 Micro Grippers

Another large advantage of using compliant mechanisms is its simplicity and high precision.

It is for this reason that extremely small grippers are much easier to design when using

compliant mechanisms [27, 39]. Designing with traditional mechanisms on such a scale is

impractical, as trying to form such small joints would lead to such tiny parts that they

would be difficult to manufacture and assemble. Designing these micro grippers using

compliant mechanisms allows the entire gripper to be made out of one small mould [27]

2.5.4 Micro Electrical-Mechanical Systems

Another area of application for compliant mechanisms that cannot be ignored is Micro

Electrical Mechanical Systems (MEMS) [12, 40, 41]. This design space takes advantage of

the high precision and low part count of compliant mechanisms, as much like the micro

grippers, traditional linkage methods would lead to an extremely difficult design process.

Kota et al. [12] discusses a microstroke multiplier that showed outstanding robustness,

endurance, and resistance to surface adhesion along with no apparent fatigue.

2.6 Strain Measurement Techniques

Following is a collection of strain measurement techniques that were considered to be used

within this thesis. It will cover the key features of each strain measurement technique

along with its advantages and disadvantages, particularly with regard to the work being

done in this thesis.
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2.6.1 Strain Gauges

One of the most popular methods of measuring strain is strain gauges. Strain gauges

operate by outputting a voltage based on the amount of deformation in the gauge from

an applied force or pressure [42]. This makes using strain gauges extremely simple, as all

that is needed is to attach the strain gauge to a surface, supply it with an input voltage

and read the output voltage. This ease of use, as well as the impressive accuracy, is what

made strain gauges so popular [43]. The main issue for this project is that the strain

gauges only measure strain in one dimension. This means that achieving a full field strain

assessment would be very difficult, as this would require multiple strain gauges in multiple

locations, leading to a better alternative to be investigated.

Figure 2.9: Strain gauge diagram [42]

2.6.2 Electronic speckle pattern interferometry

When investigating methods of strain measurement, Electronic speckle pattern interfer-

ometry came up several times [44–46]. This method is one of the earliest attempts at

a wider field of strain measurement. It uses a reference film over the measured object,

and by shining light or a laser at the surface, the reflected waves will create fringes upon

the film [47, 48]. These fringes are then used to calculate the displacements along the
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surface of an object. Although modern examples of ESPI being used do exist [49], this

technique is largely outdated. It requires a very sensitive and complicated setup as well

as a substantial amount of input from the observer to calculate the final displacement

vectors. It is also used for much smaller scale applications than what will be required in

this thesis, making this an unlikely candidate for measuring the strain across the entire

surface of a compliant mechanism.

Figure 2.10: Typical ESPI setup for in-plane displacement measurement [48]

2.6.3 Moire technique

The Moire Technique is a more modern technique than ESPI. It also uses the movement

of fringes to calculate displacement vectors, however, it does not use lasers or lights but

rather a reference grid. The reference grid consists of very small slits that line up with

another grid that is implanted onto the examined object. As the object deforms, the

reference and object grids cause moving fringes to become present. The motion of these

fringes is then interpreted to find the displacement of the object’s surface [46]. This

method is much easier to set up and interpret than ESPI. However, it still requires a large

amount of knowledge surrounding the movement of these fringes to achieve usable data.

It is also capable of a much wider area of analysis than ESPI. However, most applications

use the Moire technique on a very small scale [44].
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(a)

(b)

Figure 2.11: a) Reference grid used in Moire method [44] b) Fringes forming during
deformation [44]

26



2.6.4 Digital Image Correlation

Digital Image Correlation, or DIC, is one of the newest forms of full-field strain measure-

ment. It involves applying a speckle pattern across the surface of a sample and using a

camera to measure displacements. DIC works by taking several images during loading. A

subset of pixels is taken from the first image (known as the reference image) [50]. The

software finds the position where the pixels most likely moved to. It does this for subsets of

pixels throughout the entire area analysed and grants an image of all the strains across the

speckle pattern. DIC is likely the best option currently for full-field strain measurement.

It requires a very simple setup, very little user input to find the data, and is extremely

accurate with its results (within 0.2 % error) [51]. It can also measure strain over a large

range of sizes, from extremely small to relatively large components.

(a)

(b)

Figure 2.12: a) DIC setup [52] b) Speckle pattern [53]

While investigating DIC as an option for measuring strain, some examples of its

application within compliant mechanisms were found.

27



2.6.4.1 Vision-Way Testing in Design of Small Compliant Mechanisms

In this study [54], Hricko et al. aimed to explore the modelling of compliant mechanisms,

both mathematically and using FEA software. They intended to verify these models

using an experimental setup that utilises a vision method of testing. In this experimental

setup, they tested several different methods of displacement sensing and measured the

displacement at one of the nodes of a parallelogram-compliant mechanism.

Although this study was good at concluding inaccuracies in the models and able to

state that physical tests are crucial for the design of compliant mechanisms, they did not

cover a large area in their analysis. The vision way of testing only measured the motion

of one point and hence made no effort to understand the strain occurring outside of the

nodes. In the following research, not only will the displacement of a node be analysed, but

the full field of strain will be measured. This will grant a more in-depth understanding of

where the errors lie and allow for a far greater comparison to the finite element analysis,

as the preserve region will be captured on camera. The effect of material fabrication was

also not considered in this study. They performed the testing on a 3D-printed specimen

that may have had an impact on how the system would respond to a load.

2.6.4.2 Motion measurement system of compliant mechanisms using computer

micro-vision

The goal of this study was to propose a new method of motion measurement, specifically

measuring motion on a very small scale [55]. To achieve this, an optical flow-based

technique using computer micro-vision was proposed and tested on an experimental

compliant mechanism. In testing, they received both theoretical results using mathematical

modelling as well as simulated the mechanism using FEA software and compared the

results.

The proposed computer micro-vision technique turned out to be successful. However,

to gain a better understanding of the strain propagating throughout a mechanism, this
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reading does not deliver. Much like the previous paper, this study only provides data on

the motion of one point on a mechanism as opposed to assessing the entire body of the

mechanism. This would make sense as the purpose of this reading is not to assess the

response of a compliant mechanism but rather to assess the accuracy of their measuring

method. This is still proof that further research into the preserve region is required.

2.6.4.3 High-precision displacement measurement method for three degrees

Similarly to Yao et al. [55], Wu et al. [56] proposed a method to also improve displacement

calculation using computer micro-vision. Wu et al., however, instead of using an optical

flow technique, used a combined ring project and pseudo-Zernike method. They found

experimentally that their proposed algorithm was effective at measuring the displacement,

being far more accurate than the light interferometer measurement (LIM) used for

comparison.

Although their proposed algorithm was very effective at measuring the point displace-

ments of compliant mechanisms, the goal of this paper does not fill the knowledge gap

that this thesis intends to investigate. This paper goes into impressive depth behind the

algorithms and the calculations being done during the processing of data. However, the

experiment only investigated one specimen as well as only the displacement of one point.

The paper does not explore the theory and mathematical modelling of compliant mecha-

nisms, as it was not so much an investigation of the response of compliant mechanisms as

much as the accuracy of their newly proposed method.

2.7 Summary

Compliant mechanisms have seen a considerable increase in the research surrounding it.

Some key observations have been made from investigating the literature. Firstly, there are

mainly two mathematical approaches used to model compliant mechanisms: the compliance
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matrix method and the pseudo-rigid-body model. With both of these approaches, there

is a common assumption between them that lumped compliance compliant mechanisms

have flexible sections and rigid sections. This, however, is not the case, as the strain will

still be present in sections not categorised as nodes. There has been little consideration

for this region, particularly within a theoretical approach. When compliant mechanisms

are experimentally tested, researchers often validate their models by measuring only one

point. Very rarely is the strain across the entire mechanism discussed. This led to the

goal of the thesis, to gain a better understanding of the preserve region present when

designing compliant mechanisms with lumped compliance, or more specifically:

• What is the size of the preserve region?

• What shape best describes the preserve region?

• What impact does the preserve region have on the theoretical modelling of compliant

mechanisms?

• Can the strain in the preserve region be validated through the use of DIC?
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Chapter 3

Method

This chapter covers the method that was used in this research to analyse the preserve

region. It covers the approach taken to find the size and shape of the preserve region, as

well as quantifying the effect that the preserve region has on the accuracy of the theoretical

compliances. To find all this information, an emphasis has been placed on the use of

FEA software to measure the accuracy of the theory by isolating parts of the compliant

mechanism to gain a better understanding of the impact different regions have on the

displacements of the samples.

3.1 Preserve Region Analysis

3.1.1 Single Node Mechanism

To help express the impact of the preserve region, it is best to use a scenario with the

least amount of variables that may impact the results. Therefore, a very simple compliant

mechanism was designed as a sample scenario to test the accuracy of the theoretical value

using FEA. This sample mechanism can be seen in figure 3.1. It involves a single node

attached to two sections on the left and right. The section on the left is the fixed end and
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was bolted in place. The right section is where the load was applied. Multiple holes were

added to the load section, as these were used to find the true compliance values using

FEA. The node itself is a rectangular cross-section node with four fillets at each corner.

Depending on the geometry analysed, this fillet was either circular or elliptical. For the

start of each geometric variation, the whole model was used to find the total error in the

mechanism, with the preserve region included.

Figure 3.1: Single node

3.1.2 Preserve Region Size

This section answers the question about the size of the preserve region, or in essence,

where the mechanism can truly be considered rigid and when it is still considered to be

flexible. To answer this question, manipulation of the FEA model in figure 3.1 was used.

The first model made is in figure 3.2. The goal of this model was to see how accurate

the theory is in the best-case scenario if there was truly no preserve region acting on the

system. This model was made by taking the model seen in figure 3.1 and removing the

left side where it was fixed. This allows the end of the node to be truly fixed, as the

theory assumes it to be. Next, the right section was separated from the node, making two

different bodies on the model. This allowed the two bodies to have different stiffnesses.

This made a flexible body and an effectively rigid body by increasing the stiffness of
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the right section to the point where it has no impact on displacement. When using this

model, a substantial drop in error is expected as the strains present in both supposed

rigid sections are removed.

Figure 3.2: Model with no preserve region

After the tip displacement was found in the scenario mentioned before, the model

was then altered into what is seen in figure 3.3. In this model, instead of completely

removing the left side of the model and splitting it at the right node boundary, the flexible

region was expanded to include an arc on both the fixed end and the load end. In doing

this, more strain can propagate past the node and begin to include parts of the preserve

region. As this region is made larger and larger, the error increases. This is due to, as

mentioned before, the inclusion of the preserve region in the loading scenario. Increasing

and decreasing the size of this flexible region was how the size of the preserve region was

determined. For the sake of the research done, the model was considered rigid once the

flexible region was large enough that it included 80% of the error between the node-only

model to the full model.

33



Figure 3.3: Model with preserve region

3.1.3 Preserve Region Shape

The next part of the analysis for each of the geometric configurations was finding a more

refined shape to define the preserve region. In the previous section, an arc was used to

describe the size of the preserve region, as it is a simple shape with only one variable.

However, looking at figure 3.4, it is fairly clear that the shape does not resemble that

of an arc. From a purely observational standpoint, the shape seems to take on a more

elliptical shape when propagating past the node. Therefore, after the size of each of the

preserve regions was found, a shape that better fits the strain propagation was also found.

A shape is considered to fit the preserve region better if there is less variation in strain

values along the line of the boundary.
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Figure 3.4: Preserve region strain map

To find the most suitable shape for the ellipse, an ellipse-fitting script was used [57]. It

takes a set of coordinates and generates an ellipse that best fits those values, defining the

major axis (A), minor axis (B) and centre (X0, Y0). This script was used in conjunction

with a set of points where the strain is constant to find a shape that best describes the

preserve region boundary. When selecting the value of strain that this boundary must

adhere to, the largest value of strain along the arc that defines the size of the preserve

region was used.

The model setup for the preserve region shape analysis can be seen in figure 3.5. It

consists of an arc with multiple vertical lines as well as a horizontal line in the centre

of the arc. All of these lines force the FEA software to place nodes along them. It also

allows a strain probe to be placed along the line to see how the strain changes. All

of the strain values from the vertical lines were then extracted and moved to an Excel

spreadsheet, where the vertical destination of the node with a strain closest to the target

value was found. If the nearest value of strain was more than 10% out, the simulation

would be redone with a finer mesh, and if the value was between 5 and 10% out, a simple

interpolation of the vertical distance was used. If the value is within 5% of the target

strain value, it was considered to be the correct location.
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Figure 3.5: Model setup for shape analysis

The distance from the vertical line to the node is considered to be thex coordinate

in the ellipse �tting function, while the height of the node extracted is considered they

coordinate. The horizontal line in the centre gives anx coordinate when they coordinate

is 0. In �gure 3.6a, an example of the coordinates extracted can be seen. Using the

elliptical �tting script, the shape is output in the form of �gure 3.6b.

(a) (b)

Figure 3.6: Ellipse �tting a) Raw coordinates extracted b) Elliptically �tted coordinates
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To ensure that this shape accurately describes the preserve region, a �nal step was

involved to verify. In �gure 3.7, the models used to verify the accuracy of the shapes can

be seen. The �rst model was used to see the variation in strain values. Much like in �gure

3.5, the strain along the elliptical line is measured, and the variance in values is noted.

The second model was used to verify that the amount of error in this shape is the same as

the error found when it was described as an arc. This was done by separating the model

into a 
exible body and a rigid body (much like in �gure 3.1.2). The 
exible section

encompasses the node as well as the now elliptical preserve region. The tip displacement

value of this new 
exible region was compared to the tip displacement using the arc found

in the size analysis. In testing, the error between the elliptical shape and the arc shape

never exceeded a value of 0.3%.

Figure 3.7: Shape veri�cation

3.1.4 E�ective Compliance

Finding the e�ect that the preserve region has involved an analysis of the setup using

a full model with a full mesh. As seen in �gure 3.8, the mechanism was �xed in place

by the two holes on the left, and the load was applied to the holes on the right. The

goal of this step was to establish the mechanism's true or \e�ective" compliance. This

involved applying loads in di�erent areas and measuring the displacements and rotations

at di�erent points to conclude what the compliance was with the preserve region included.

Following will be the process used to �nd each of the compliances in the compliance

matrix after the translation. After the translated compliances are found, they must be

translated back to �nd the e�ective compliance of the node.
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Figure 3.8: Full model loading

Cux� fx

For the analysis performed, the compliance in thex direction due to a force in thex

direction was assumed to remain the same as the theory. This is due to this compliance

not contributing to the displacement in the given loading scenario.

Cuy� fy

The e�ective compliance in they direction due to a force in they direction was found by

applying a load at one of the holes on the mechanism and measuring the displacement of

the point where the force was applied. The compliance was then found by dividing the

displacement in they direction by the force in they direction.
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Cuy� mz

Quantifying the true compliance in they direction due to a moment in thez direction

was more involved. To achieve a moment about thez direction, a force was applied o�set

from the reference pointO. This induced ay displacement aboutO due to the moment

generated from the load. However, there was also ay displacement induced due to a force

in the y direction at O. This led to the following force matrix aboutO:

h
0 Fy D � Fy

i
(3.1)

An issue arose when quantifying they displacement due to the moment, as it was not

clear which portion of they displacement was due to the force in they direction and

which portion was due to the moment about thez direction. This can be resolved by

taking the compliance in they direction due to a force in they direction found in the

previous section and multiplying it by the load. Since:

h
ux uy �z

i
=

2

6
6
6
4

Cux � fx 0 0

0 Cuy � fy Cuy � mz

0 Cuy � mz C�z � mz

3

7
7
7
5

�
h
0 Fy D � Fy

i
(3.2)

uy = Cuy � fy � Fy + Cuy � mz � D � Fy (3.3)

Cuy � mz =
uy � Cuy � fy � Fy

D � Fy

As uy and D can be measured on Ansys andFy is an input variable, usingCuy � fy from

the previous part of the method, the compliance in they direction due to a moment about

the z direction can be found
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C�z � mz

Determining the angular compliance about thez direction due to a moment about the

z direction required some manipulation of the equations as well. As mentioned before,

this compliance refers to the change in angle per Newton meter of moment about thez

axis, or C�z � mz = � �z
mz . The issue arises because, in a loading scenario, when a moment

is present due to an o�set load, the force also contributes to the angular deformation

of the mechanism. As the compliance in they direction due to a moment about thez

axis has already been found in the previous section, and sinceCuy � mz = C�z � F y , this

value was used for isolating the impact that the angular compliance in thez direction

due to a moment about thez direction has. Two loading scenarios were used to isolate

the impact that the moment has on the angular deformation. The �rst loading scenario

was where the loadFy was directly on the reference pointO. O is L1 meters from the

end of the node. In this scenario, there was no angular deformation due to a moment

as there is no moment. This value of angular de
ection was measured using a probe in

Ansys and is labelled�z 1. The second loading scenario was when the loadFy is applied

L2 meters from the end of the node and o�set from theO. The angular deformation was

also measured using a probe and is labelled�z 2. With all these variables, the following

equation was found.

h
ux uy �z

i
=

2

6
6
6
4

Cux � fx 0 0

0 Cuy � fy Cuy � mz

0 Cuy � mz C�z � mz

3

7
7
7
5

�
h
0 Fy D � Fy

i
(3.4)

�z = Cuy � mz � Fy + C�z � mz � D � Fy (3.5)

After this process has been completed, the result is the compliance matrix of the

mechanism after the translation. Getting this matrix by measuring the responses using

FEA means that this compliance matrix includes the compliance gained from the preserve
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region. This matrix, however, is speci�cally aboutO, o�set from the node. This means

that this compliance matrix in its current form needed to be translated back to the

node allowing the true compliance matrix of the node to be found. This true value of

compliance will be more accurate than the compliance found using the theory alone, as it

encompassed the preserve region as well. The equation for �nding the true compliance

matrix of the node was found using the following method:

[Ct ] = [ T]T � [Cn ] � [T]

2
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uy � fy = Cn

uy � fy � 2Cn
uy � mz � � x + Cn

�z � mz � x2 (3.6)

Ct
uy � mz = Cn

uy � mz � Cn
�z � mz � � x (3.7)

Ct
�z � mz = Cn

�z � mz (3.8)

The above matrix of equations can then be rearranged to �nd the true compliances of

the node. These values were compared and contrasted to the value expected to be seen

by the theory and were found for varying geometries to see if a trend formed between the

change in certain dimensions and the change in certain compliances.

3.2 FEA Validation

As many of the conclusions were drawn through the use of FEA simulations, experimental

data was needed to see if they were true for practical applications. Seeing as these

conclusions were heavily related to the way strain propagated past the node, it would
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prove very useful to have a type of testing that can analyse strain across an area of a

sample. It is for this reason that digital image correlation (DIC) was used. DIC allows for

a full 2D analysis of strain across a sample. It also allows strain values to be extracted

from the di�erent points on that sample.

Figure 3.9: Digital image correlation setup

3.2.1 Experimental Samples

The samples that were used with the DIC system were similar to those used in the FEA.

In total, there were four di�erent samples tested. These mechanisms were modelled in

SolidWorks, after which they were used in Ansys to acquire the FEA results. The models

were then cut from a 10mm thick sheet of polypropylene using a CNC mill for experimental

testing. Polypropylene was selected as the material as it is one of the best materials to

make compliant mechanisms from and also due to its availability and ease of manufacture.

These cut parts were then spray painted and speckled to be used with the DIC setup.

The strain values across the preserve region were analysed and compared.

The �rst type of node investigated was the circular hinge, as seen in �gure 3.10a. This

refers to a node type that has a varying thickness that is represented by a circle. This

type of node only has two geometrical variables to consider: the radius of the circle (R)

and the minimum thickness of the node (T). The radius of the circle a�ects both the �llet

size and the length of the node.
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The second type was the circular �lleted node and can be seen in �gure 3.10b. This is

very similar to the circular hinge. However, it also includes a 
at section in the middle

where the node is rectangular. This node shape is very common and, therefore, was the

baseline for many of the results during the preserve region analysis. This node shape

contains three di�erent geometrical variables that can be considered: the length of the

node (Ln ), the minimum thickness of the node (T) and the radius of the �llet ( R).

The third type of node was the elliptical hinge, which can be seen in �gure 3.10c. This

node varies in thickness in the shape of an ellipse. With the previous two analyses, when

changing the radius of both the circular hinge and the �llets on the circular �lleted node

leads to both an increase in the overall thickness of the node as well as an increase in

the thickness of the interface between the node region and the rigid region. Investigating

an elliptical shape allowed conclusions to be drawn about whether the impact a circular

�llet has on the accuracy of the results is due to just an overall thicker sample or due

to the di�erent sizes of the interface between regions. With this node, there are three

main geometrical values that can be adjusted: the minimum thickness of the node (T),

the major axis of the ellipse (A) and the minor axis of the ellipse (B). Similarly to the

circular hinge, the length of the node is dependent on the size of the major axis of the

ellipse, making it unclear if any changes in accuracy are due to the increase in length of

the node or due to the change in the value of the major axis.

The �nal node geometry investigated was the elliptically �lleted node and is shown in

�gure 3.10d. For the same reason both the circular hinge and the circular �lleted hinge

are investigated, the elliptically �lleted hinge allows the impact the major axis has on

accuracy to be isolated by including a 
at section in the centre of the node. This node

has the most possible variables worth analysing, that being the length of the node (Ln ),

the minimum thickness of the node (T), the major axis of the �llet ( A) and the minor

axis of the �llet ( B ).
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(a) (b)

(c) (d)

Figure 3.10: Key node geometries analysed: a) Circular hinge b) Circular �lleted hinge
c) Elliptical hinge d) Elliptically �lleted hinge

To help gain an understanding of how the type of geometry can impact the accuracy of

the results, the sample's dimensions were carefully considered. When deciding on speci�c

geometries, the �rst mechanism designed was the circular hinge mechanism. This was

used as a baseline for all the other geometric con�gurations, as this one had the least

amount of variables that could be changed, allowing for more freedom when making all the

samples. For this con�guration, a circular hinge with a radius of 17.5mm and a minimum

thickness of 5mm was decided upon. These geometries were selected as they allowed for a

substantial amount of tip displacement while maintaining a maximum stress value that is

below the yield stress of polypropylene.

With this baseline mechanism designed, the compliances were theoretically calculated

using the method mentioned in section 2.1.1. The compliance in they direction due to a

force in they direction was then selected as the target value. This target value is what the

other geometric con�gurations try to achieve. To do this, each geometric con�guration

had a geometric variable that was set as unknown. Having one geometry unknown but

knowing what the compliance of the mechanism must be, means that there is only 1
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unknown variable. This means that instead of solving the compliance equation forCy� fy ,

the equation is now solved for an unknown geometry for each node type.

Table 3.1: Unknown dimensions values

Geometric Con�guration Unknown Variable Value (mm)
Circular hinge Radius (R) 17.5

Circular �lleted Node Length (Ln) 25.75
Elliptical hinge Major Axis (A) 11.5
Elliptical hinge Node Length (Ln) 24.95

The remaining dimensions were as follows. The circular �lleted node had a thickness

of 6mm and a radius of 6mm. The elliptically �lleted node had a thickness of 6mm, a

major axis of 6mm and a minor axis of 4mm and the elliptical hinge had a thickness of

5mm and a minor axis of 5mm.

All of these nodes mentioned above theoretically have a compliance of 6.28E-4 after

being translated to point O. This means that, in theory, all of them should displace 3.01

millimetres due to a force of 4.8N in they direction. In the results section, observations

were made into how each of the types of geometric con�gurations di�ered in results.

3.2.2 Experimental Setup

To compare the results from the FEA to DIC, a means of applying the load is required. It

is for this reason that a testing rig was designed to apply a force accurately to the samples

discussed in section 3.2.1.

In �gure 3.11, the rig used to test the samples can be seen. It used minitec cross

sections to allow for the testing sample to be elevated above the bench. The samples were

bolted onto the minitec with washers between the sample and the rig to ensure that there

was no friction present. The sample then had a weight placed on the end of 500g. The

reason weights were used is to try to minimise the e�ect of creep by loading the samples

instantaneously as opposed to gradually.
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