The Pennsylvania State University
The Graduate School
College of Engineering

DESIGN AND OPTIMIZATION OF CONTACT-AIDED COMPLIANT MECHANISMS
WITH NONLINEAR STIFFNESS

A Dissertation in
Mechanical Engineering
by
Yashwanth Tummala

 2013 Yashwanth Tummala

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

December 2013

The dissertation of Yashwanth Tummala was reviewed and approved* by the following:

Mary I. Frecker
Professor of Mechanical Engineering
Dissertation Advisor
Chair of Committee

George A. Lesieutre
Professor of Aerospace Engineering

Matthew B. Parkinson
Associate Professor of Mechanical Engineering

Christopher D. Rahn
Professor of Mechanical Engineering

Karen A. Thole
Professor of Mechanical Engineering
Department Head of Mechanical and Nuclear Engineering

*Signatures are on file in the Graduate School
ii

ABSTRACT
Contact-aided compliant mechanisms are a class of compliant mechanisms where parts of
the mechanism come into contact with one another to perform a specific task or to improve the
performance of the mechanism itself. This dissertation presents design, optimization, and testing
of novel, monolithic, contact-aided compliant mechanisms with nonlinear stiffness. They are
called compliant spine, bend-and-sweep compliant element and twist compliant element. Such
mechanisms have been designed to achieve passive wing morphing of flapping wing unmanned
aerial vehicles or ornithopters thus improving their steady level flight performance. Ornithopters
have a unique potential in revolutionizing both civil and military sectors.
A compliant spine is a novel contact-aided compliant mechanism with nonlinear stiffness
in the bending direction alone. Such a mechanism is very flexible when bent in one direction and
is very stiff when bent in the other direction because of contact. This mechanism was designed to
achieve passive bending of ornithopter wings during upstroke, while remaining fully extended
and rigid during downstroke. The bend-and-sweep compliant element has nonlinear stiffness in
two orthogonal directions, namely, bending and sweep directions. This mechanism was designed
to achieve simultaneous passive bending and sweep of ornithopter wings during upstroke. During
downstroke, this mechanism is very stiff in both bending and sweep directions because of contact,
thus causing the wings to remain fully extended. Finally, twist compliant mechanism was
designed to achieve passive twisting of ornithopters wings during upstroke. This mechanism is
very flexible when twisted in the counter-clockwise direction but is very stiff when twisted in the
clockwise direction because of contact between the parts of the mechanism.
To design these contact-aided compliant mechanisms for ornithopter applications a new
design optimization procedure was developed as part of this research. This procedure involves
solving a multi-objective optimization problem using genetic algorithms with geometrical
constraints. The objectives of the optimization problem were to minimize the mass and maximum
von Mises stress while maximizing the deflections observed. The optimization problem was
solved for compliant spine, bend-and-sweep compliant element and twist compliant element
using numerical computing software, MATLAB and finite element software, ANSYS. The
optimal solutions obtained from the optimization procedures were then fabricated and tested.
Based on the optimization results for compliant spine and bend-and-sweep compliant
elements, it was found that adding a compliant joint adds a small amount of mass but decreases
iii

their stiffness at the same time. The thickness of the optimal compliant hinges is dependent on the
type of loads applied on the compliant elements. Based on the optimization results for twist
compliant element, it was found that stiffness of a twist compliant element in its flexible direction
is independent of the number of sectors while its stiffness in the stiff direction is dependent on the
number of sectors and the thickness of the sectors.
Testing of the compliant spine and bend-and-sweep compliant elements was done by our
collaborators Ms. Aimy Wissa and Dr. James E. Hubbard Jr. at University of Maryland, College
Park. Bench top testing of compliant spine showed that it results in a decrease in the power
consumption of an ornithopter by 45% and increase its lift by 16%. Ornithopters with compliant
spines were also successfully free flight tested at Air Force Research Lab - Wright Patterson Air
Base indoor flight facility. Bench testing of the bend-and-sweep compliant element showed that
simultaneous, passive bending and sweep of ornithopter wings is possible. The twist compliant
element was tested for its nonlinear stiffness in the twisting direction.
Finally, a mathematical model using rods and springs was developed to represent the
leading edge spar of an ornithopter with bending compliant elements in it. Equations of motion
for the mathematical model were derived using Newtonian mechanics and solved numerically. A
shape matching optimization problem was formulated and solved to determine optimal locations
of bending compliant elements in the leading edge spar thus achieving shape tailoring of
ornithopters wings during the whole flapping cycle.

iv

TABLE OF CONTENTS
LIST OF FIGURES ................................................................................................................. viii
LIST OF TABLES ................................................................................................................... xix
ABBREVIATIONS ................................................................................................................. xx
GLOSSARY ............................................................................................................................ xxi
NOMENCLATURE ................................................................................................................ xxii
ACKNOWLEDGEMENTS ..................................................................................................... xxvi
Chapter 1 Introduction ............................................................................................................ 1
1.1 Compliant Mechanisms Literature Review ................................................................ 2
1.1.1 Pseudo Rigid Body Model Approach .............................................................. 6
1.1.2 Topology Optimization Methods .................................................................... 8
1.1.3 Shape Optimization Methods .......................................................................... 9
1.2 Aircraft Wing Morphing Literature Review .............................................................. 11
1.2.1 Morphing in Fixed Wing UAVs ...................................................................... 13
1.2.2 Morphing in Flapping Wing UAVs................................................................. 16
1.3 Research Objectives ................................................................................................... 19
1.4 Outline of Dissertation ............................................................................................... 20
Chapter 2 Compliant Elements and Design Optimization ...................................................... 21
2.1 Introduction ................................................................................................................ 21
2.2 Compliant Spine......................................................................................................... 21
2.3 Bend-and-sweep Compliant Element......................................................................... 27
2.4 Twist Compliant Element .......................................................................................... 31
2.5 Ornithopter Application ............................................................................................. 34
2.6 Ornithopter Wing Design Requirements.................................................................... 38
2.7 Design Optimization Methodology ............................................................................ 41
2.8 Summary .................................................................................................................... 44
Chapter 3 Quasi-static Analysis of a Compliant Spine ........................................................... 46
3.1 Introduction ................................................................................................................ 46
3.2 Preliminary Quasi-Static Analysis ............................................................................. 46
3.2.1 Downstroke Simulation ................................................................................... 47
3.2.2 Upstroke Simulation........................................................................................ 50
3.3 Gen 1 Prototype Design and Fabrication ................................................................... 52
3.4 Summary and Conclusions ........................................................................................ 57
Chapter 4 Design Optimization of Compliant Spine .............................................................. 58
v

4.1 Introduction ................................................................................................................ 58
4.2 Design Optimization of Compliant Spine .................................................................. 58
4.2.1 Deflection Estimation ...................................................................................... 62
4.2.2 Load Estimation .............................................................................................. 63
4.3 Compliant Spine Optimization Results ...................................................................... 66
4.3.1 CS Results with Distributed Loads ................................................................. 67
4.3.2 CS Results with Tip Loads .............................................................................. 69
4.3.3 CS Results with Pure Moments ....................................................................... 74
4.4 Discussion .................................................................................................................. 76
4.5 Flight Testing of Gen 2 Compliant Spines................................................................. 78
4.6 Summary and Conclusions ........................................................................................ 80
Chapter 5 Design Optimization of Bend-and-sweep Compliant Element .............................. 82
5.1 Introduction ................................................................................................................ 82
5.2 Bend-and-sweep Compliant Element......................................................................... 82
5.2.1 Gen 1 BSCE Design ........................................................................................ 82
5.2.2 Gen 2 BSCE Design ........................................................................................ 84
5.2.3 Gen 3 BSCE Design ........................................................................................ 86
5.3 Design Study of Gen 1, Gen 2 and Gen 3 BSCEs ..................................................... 87
Discussion ................................................................................................................ 92
5.4 Design Optimization of Gen 3 BSCE ........................................................................ 98
5.4.1 Optimization Problem ..................................................................................... 98
5.4.2 Optimization Results and Discussion .............................................................. 101
5.5 Prototyping and Testing Results ................................................................................ 111
5.6 Summary and Conclusions ........................................................................................ 113
Chapter 6 Design Optimization of Twist Compliant Element ................................................ 114
6.1 Introduction ................................................................................................................ 114
6.2 Design Optimization of Twist Compliant Element .................................................... 114
6.3 Optimization Results .................................................................................................. 117
6.4 Prototyping and Testing ............................................................................................. 123
6.5 Summary and Conclusions ........................................................................................ 129
Chapter 7 Dynamic Model and Shape Tailoring of Leading Edge Spar................................. 130
7.1 Introduction ................................................................................................................ 130
7.2 Rigid Link Nonlinear Spring Dynamic Model .......................................................... 130
7.2.1 Case Study: Two Rods-One Spring RLNSD Model ....................................... 133
7.2.2 Case Study: Three Rods-Two Springs Model ................................................. 137
7.3 Shape Tailoring .......................................................................................................... 143
Case Study: Shape Matching for Two Rod One Spring RLNSD Model ................. 145
7.4 Summary .................................................................................................................... 148
Chapter 8 Conclusions and Future Work ................................................................................ 150
8.1 Summary and Conclusions ........................................................................................ 150
8.2 Research Contributions .............................................................................................. 152
vi

8.3 Recommendations for Future Work ........................................................................... 154
Appendix A Assumptions ....................................................................................................... 156
Appendix B Dimensions of Designs Used in Chapter 2 ......................................................... 158
Appendix C DelrinTM Material Properties .............................................................................. 163
Appendix D Testing and Analysis by Ms. Aimy Wissa ......................................................... 164
Appendix E Dimensions of a Single Compliant Joint ............................................................ 180
Appendix F Dimensions of Gen 1 CS Design Used for Testing............................................. 181
Appendix G Optimal CS Designs Used for Flight Testing ..................................................... 182
Appendix H BSCE Designs .................................................................................................... 186
Appendix I TCE Design Used for Testing .............................................................................. 192
Bibliography ............................................................................................................................ 193

vii

LIST OF FIGURES
Figure 1-1 Applications of compliant mechanisms are shown. (a) Bicycle brakes [3] (b)
Robot end effector [3] (c) Compliant die gripper [3] (d) Bi-stable mechanism for
chord extension of rotor blade [6] (e) Compliant pliers [3] (f) Compliant
multifunctional scissors-forceps [7]. ................................................................................ 3
Figure 1-2 Lamina emergent Pantograph mechanism is shown. (a) Schematic of the
Pantograph mechanism. Dark sections represent flexible elements. (b) A
polypropylene prototype of the same mechanism [12]. ................................................... 4
Figure 1-3 Contact-aided compliant mechanisms. (a) Polypropylene prototype of a
displacement delimited contact-aided compliant gripper [4]. The output port is
marked by a circle (b) Contact-aided compliant structure: left photo shows initial
configuration and right photo shows deformed configuration and contact [14]. ............. 6
Figure 1-4 (a) A compliant four-bar mechanism (b) A pseudo rigid body model of the
same compliant four-bar mechanism[27]......................................................................... 7
Figure 1-5 Two types of shape optimization techniques. (a) Optimizing the boundary
shapes of holes (b) Optimizing the skeletal curves of the segments [26]. ....................... 10
Figure 1-6 Definitions of UAVs and MAVs [47]. ................................................................... 12
Figure 1-7 Morphing wing (a) Expanded state (b) Folded state [50]. ..................................... 14
Figure 1-8 Linkages used by Heryawan et. al. [50]. ................................................................ 14
Figure 1-9 MAV fixed wing morphing attempts (a) A gull with its wing changing its
shape during flight (b) Rear View with Wing Curl achieved using a single servo that
is attached to the trailing-edge outboard of each wing using a Kevlar strand. (c) Rear
View with Wing Twist achieved using torque rods attached to the wing. (d) Top
View with Wing Gull incorporating shoulder-elbow concept to change the dihedral
angle of the wing (e) Front View with Wing Sweep [51]. ............................................... 15
Figure 1-10 (a) Model of a flapping wing vehicle with a flapping mechanism for out-ofplane insect wing like motion with twist inspired by the oars of a boat (b) Close-up
view of flapping mechanism [59]. ................................................................................... 17
Figure 1-11 Test ornithopter (UAV) with passive torsional spring inserted at wing half
span [60]........................................................................................................................... 18
Figure 1-12 (a) Flapping mechanism with flexural members (b) Load cell used to
evaluate lift and thrust performance of MAV concepts [61]. .......................................... 19
Figure 1-13 (a) Schematic of a Delrin-carbon fiber hinge during both upstroke and
downstroke (b) Folding wings with Delrin-carbon fiber hinge during upstroke [61]. ..... 19
viii

Figure 2-1 Schematic of a Compliant Spine. ........................................................................... 22
Figure 2-2 Nonlinear stiffness curve of a compliant spine is compared to the stiffness of a
rigid spar and a torsional spring. ...................................................................................... 23
Figure 2-3 Single compliant joint with its parts that determine the stiffness of the
compliant joint. ................................................................................................................ 23
Figure 2-4 Solidworks model of a CS with three CJs. ............................................................. 24
Figure 2-5 Stiffness plot of a CS showing its nonlinear force-deflection curve. ..................... 25
Figure 2-6 Deflection contours of a CS in (a) flexible direction (b) stiff direction. ................ 26
Figure 2-7 Gen 1 Bend-and-sweep compliant element. ........................................................... 28
Figure 2-8 Gen 2 Bend-and-sweep compliant element. ........................................................... 28
Figure 2-9 Gen 3 Bend-and-sweep compliant element. This mechanism has three angled
compliant joints. ............................................................................................................... 28
Figure 2-10 Deformed Gen 3 BSCE. (a) Deformation in –X and –Z direction. Gen 3
BSCE is very flexible in these directions. (b) Deformation in +X and +Z directions.
Gen 3 BSCE is very stiff in these directions. ................................................................... 29
Figure 2-11 Stiffness plot illustrating nonlinear stiffness properties of a sample Gen 3
BSCE................................................................................................................................ 30
Figure 2-12 (a) Bending and sweep loads applied in the flexible direction. (b) Bending
and sweep loads applied in the stiff direction. Red arrows represent loads in the
bending direction while yellow arrows represent loads in the sweep direction. .............. 30
Figure 2-13 Twist compliant element (a) Cross-section (b) Loading conditions used to
analyze its stiffness .......................................................................................................... 32
Figure 2-14 The twist compliant element exhibits nonlinear stiffness. ................................... 32
Figure 2-15 Twisting of TCE in (a) counter-clockwise direction (b) clockwise direction. ..... 33
Figure 2-16 Continous Vortex Gait Wake [66]. ...................................................................... 36
Figure 2-17 During the continuous vortex gait the wings are fully extended at mid
downstroke (left) and bent, twisted, and swept at mid upstroke (right) [68]. .................. 36
Figure 2-18 Compliant elements inserted in the wings of a test ornithopter. .......................... 37
Figure 2-19 The compliant spine is inserted into the leading edge spar to mimic the
function of an avian wrist................................................................................................. 37
ix

Figure 2-20 Ornithopter wing with dimensions (adapted from [69]) ...................................... 38
Figure 2-21 Deflection parameters of a wing [70]. .................................................................. 39
Figure 2-22 A cantilever beam of rectangular cross-section with a quasi-static tip load. ....... 41
Figure 2-23 Flow chart showing the design optimization methodology for compliant
elements ........................................................................................................................... 44
Figure 3-1 CJ is the fundamental element of a CS. Loading conditions used during the
downstroke analysis are also shown here......................................................................... 47
Figure 3-2 Solidworks schematic of a single compliant joint used during downstroke
simulation. ........................................................................................................................ 48
Figure 3-3 Effect of contact gap (gc) for a single compliant joint during downstroke.
Bending deflection (tip deflection) of the compliant joint decreases with the contact
gap. ................................................................................................................................... 49
Figure 3-4 Effect of contact angle (ϕ) at a gap size of 0.5mm for a single compliant joint
during downstroke. Bending deflection (tip deflection) of the compliant joint
decreases as the contact angle increases. ......................................................................... 49
Figure 3-5 (a) Design parameters and loading conditions used in compliant hinge shape
optimization (quasi-static) procedure. (b) Optimal compliant hinge shape (shown in
black lines) resulting from the optimization and reference semi-circular hinge
(shown in blue dotted lines). ............................................................................................ 52
Figure 3-6 (a) Deflection and (b) stress contours observed in the gen 1 design obtained
from static analysis during upstroke (in the flexible direction). The bending
deflection of this CS during upstroke is about 12.27mm. ................................................ 54
Figure 3-7 (a) Deflection and (b) stress contours for gen 1 compliant spine obtained from
static analysis during downstroke (in the stiff direction). The bending deflection of
this CS during downstroke is about 1.66 mm. ................................................................. 55
Figure 3-8 The compliant spine was attached to the spar with the help of 10-32 Nylon
bolts. The bolts were glued to both ends of the spar as shown in (b) and (c). Then the
spars were screwed into the ends of the spine as shown in (d) and (e). ........................... 56
Figure 3-9 Solidworks model of a compliant spine-spar assembly that was used for modal
analysis. Boundary conditions used during the analysis are also shown here. ................ 56
Figure 4-1 A compliant spine with three CJs and nine geometric variables. ........................... 60
Figure 4-2 Lateral flapping sequence for a cockatiel in a wind tunnel during one wing
beat cycle [79]. The wing flapping cycle shown here starts from upstroke (upper left
corner). The pictures are to be read down the column first and then from the top of
the next column. ............................................................................................................... 63
x

Figure 4-3 Leading edge spar of the test ornithopter with the loading conditions being
analyzed in ANSYS. The leftmost node is fixed while a fixed uniform force was
applied on each of the nodes to simulate a distributed aerodynamic load. ...................... 65
Figure 4-4 Different loading conditions used during CS optimization. (a) Distributed
loads (b) Tip loads (c) Pure moments. All of these loading conditions were used
during the design optimization procedure to understand the effect of different
loading conditions on optimal CS designs. ...................................................................... 66
Figure 4-5 Deflection vs stress Pareto plot for distributed loads. ............................................ 68
Figure 4-6 Stress vs mass Pareto plot for distributed loads. .................................................... 68
Figure 4-7 Deflection vs mass Pareto plot for distributed loads. ............................................. 69
Figure 4-8 Deflection vs stress Pareto plot for tip loads. ......................................................... 70
Figure 4-9 Stress vs mass Pareto plot for tip loads. ................................................................. 70
Figure 4-10 Deflection vs mass Pareto plot for distributed loads. ........................................... 71
Figure 4-11 Optimal compliant spines obtained from tip loads. .............................................. 71
Figure 4-12 Frequency response showing resonant frequencies of an optimal three CJCS,
was obtained by applying sinusoidal tip loads ................................................................. 73
Figure 4-13 Bending modes of vibration of an optimal three CJCS (a) First mode which
is also the first bending mode of vibration (b) Third mode which is the second
bending mode of vibration (c) Seventh mode which is the third bending mode of
vibration. .......................................................................................................................... 73
Figure 4-14 Deflection vs stress Pareto plot for pure moments. .............................................. 74
Figure 4-15 Stress vs mass Pareto plot for pure moments. ...................................................... 75
Figure 4-16 Deflection vs mass Pareto plot for pure moments. ............................................... 75
Figure 4-17 Optimal compliant spines that were used for successful flight testing. These
designs were obtained from pure moment loading conditions. ........................................ 79
Figure 4-18 Compliant spine-spar assembly. (a) Delrin collar (b) Carbon fiber spar glued
into a delrin collar (c) A CS with tabs on either ends (d) Complete CS, delrin collar
and carbon fiber spar assembly with the bolts. ................................................................ 80
Figure 5-1 Gen 1 bend-and-sweep compliant element. This design has CJs in two
orthogonal planes causing two independent DOF motion in the respective
orthogonal planes. ............................................................................................................ 83

xi

Figure 5-2 Stiffness plot of Gen 1 bend-and-sweep compliant element. The stiffness is
nonlinear in nature and the mechanism becomes stiffer after contact. ............................ 84
Figure 5-3 Fundamental compliant element of the first design. The geometric variables
shown affect the stiffness in both bending and sweep directions..................................... 84
Figure 5-4 Gen 2 BSCE. This design also has two CJs in two orthogonal planes but the
joints are interconnected causing the sweep CJ to lock whenever the bending CJ is
locked. .............................................................................................................................. 85
Figure 5-5 Stiffness plot of Gen 2 BSCE. The stiffness is nonlinear in nature and the
mechanism becomes stiffer after contact. ........................................................................ 86
Figure 5-6 Fundamental element of Gen 2 BSCE. The geometric variables shown affect
the stiffness in both bending and sweep directions. ......................................................... 86
Figure 5-7 Fundamental element of Gen 3 BSCE called ACJ. The geometric parameters
that affect the stiffness of this mechanism are shown in the figure. ................................ 87
Figure 5-8 Applied loads and boundary conditions on BSCE designs during the upstroke.
Red arrows indicate drag forces, dashed arrows indicate lift forces. ............................... 89
Figure 5-9 Applied loads and boundary conditions on BSCE designs during downstroke.
Red arrows indicate drag forces, dashed arrows indicate lift forces. ............................... 90
Figure 5-10 Bending and sweep deflections. Gen 2 BSCE designs are comparatively less
stiff than Gen 1 or Gen 3 BSCE designs during upstroke which is desired. But they
are less stiff during downstroke as well which is undesired. ........................................... 90
Figure 5-11 Bending displacement and maximum von Mises stress. Almost all the Gen 1
and Gen 3 BSCE designs are acceptable while only four of the Gen 2 BSCE designs
are acceptable. .................................................................................................................. 91
Figure 5-12 Sweep displacement and maximum von Mises stress. Sweep displacement is
always negative because the drag forces do not change direction during a flapping
cycle. Gen 3 designs have very small sweep displacement during downstroke which
is desired. ......................................................................................................................... 91
Figure 5-13 (a) Deformed shape of a typical Gen 1 BSCE design during upstroke. The
undeformed shape is indicated by the dashed lines. (b) Back view of the von Mises
stress contour plot for the same design during upstroke. The von Mises stress is
highest during sweep. ....................................................................................................... 94
Figure 5-14 (a) Deformed shape of a typical Gen 1 BSCE during downstroke. The
undeformed shape is indicated by the dashed lines. (b) Back view of the von Mises
stress contour plot for the same design during downstroke. Some sweep deformation
is observed during downstroke......................................................................................... 95

xii

Figure 5-15 (a) Deformed shape of a typical Gen 2 BSCE design during upstroke. The
undeformed shape is indicated by the dashed lines. (b) Back view of the von Mises
stress contour plot for the same design during upstroke. The von Mises stress is
highest during sweep. ....................................................................................................... 96
Figure 5-16 (a) Deformed shape of a typical Gen 2 BSCE design during downstroke. The
undeformed shape is indicated by the dashed lines. (b) Back view of the von Mises
stress contour plot for the same design during downstroke. Both the sweep and
bending CJs are locked during downstroke...................................................................... 97
Figure 5-17 Loading conditions used during upstroke and downstroke simulations.
Bending loads on the mechanism change direction between upstroke and
downstroke while sweep loads do not. ............................................................................. 101
Figure 5-18 Advancement of the Pareto front of a Gen 3 BSCE with 2 ACJs for upstroke
from the 10th generation to the 145th generation shows that the objectives are being
minimized. Members of the earlier generations include infeasible designs and are
less spread out. ................................................................................................................. 103
Figure 5-19. Pareto fronts of BSCEs with one and two ACJs comparing bending and
sweep deflections. BSCEs with two ACJs generally have more bending and sweep
deflections than the ones with one ACJ. .......................................................................... 104
Figure 5-20. Pareto fronts of BSCEs with one and two ACJs comparing bending
deflection and mass of the designs. BSCEs with two ACJs have more mass than the
ones with one ACJ. .......................................................................................................... 104
Figure 5-21 Pareto fronts of BSCEs with one and two ACJs comparing sweep deflection
and mass of the designs. ................................................................................................... 105
Figure 5-22 Pareto fronts of BSCEs with one and two ACJs comparing maximum von
Mises stress and mass. ..................................................................................................... 105
Figure 5-23 Pareto fronts of BSCEs with one and two ACJs comparing bending
deflection and maximum von Mises stress. For a particular von Mises stress value,
the Gen 3 BSCEs with two compliant joints exhibit more bending deflections than
those with one ACJ. ......................................................................................................... 106
Figure 5-24. Pareto fronts of BSCEs with one and two ACJs comparing sweep deflection
and maximum von Mises stress. For a particular von Mises stress value, the BSCEs
with two compliant joints exhibit more sweep deflection than those with one ACJ. ...... 106
Figure 5-25. Pareto front of Gen 3 BSCE optimization with one ACJ during upstroke
using dynamic analysis. As the compliant joint angle becomes obtuse the sweep and
bending deflection of the BSCE increases ....................................................................... 109
Figure 5-26. Pareto front of Gen 3BSCE optimization with two ACJs during upstroke
using dynamic analysis. As the deflections increase, stresses in the designs increase. ... 109
xiii

Figure 5-27. Pareto front of Gen 3 BSCE optimization with one ACJ during upstroke
using quasi-static analysis. Quasi-static analysis takes large deformations into
account. ............................................................................................................................ 110
Figure 5-28. Pareto front of Gen 3 BSCE optimization with one ACJ during downstroke
using quasi-static analysis. For the BSCE to be stiff during downstroke, the
compliant joint angle must be close to 90°. ..................................................................... 110
Figure 5-29 (a) BSCE 34PM for the right wing (b) BSCE 35PM for the right wing. ............. 111
Figure 5-30 BSCE 34PM fabricated as a monolithic piece with two different materials
using Objet’s polyjet 3-D printing process. The compliant hinges were made of
different material. ............................................................................................................. 112
Figure 5-31 Steps involved in attaching BSCE 34PM and BSCE 35PM to the leading
edge spars. ........................................................................................................................ 112
Figure 6-1 (a) Geometric parameters that affect the stiffness of the twist compliant
element. (b) Loading conditions used during the design optimization. ........................... 115
Figure 6-2 An ornithopter wing with center of pressure. ......................................................... 117
Figure 6-3 Dynamic optimization results for three, four, and five sector designs. Marker
size represents the relative mass of each of the designs. .................................................. 120
Figure 6-4 Quasi-static upstroke results for three sector TCMs. Marker size represents the
relative mass of each of the designs. ................................................................................ 120
Figure 6-5 Quasi-static downstroke results for three sector TCMs. Marker size represents
the relative mass of each of the designs. .......................................................................... 121
Figure 6-6 Solidworks model and prototype of an optimal TCE design (TCE 5sector31)
that was used for testing purposes are shown here........................................................... 124
Figure 6-7 (a) TCE 5sector31 with wood dowel rods glued at either ends is shown. (b)
CDI Torque tester with 2001-I-MT sensor was used for measuring torque. Ratchet is
also shown attached to the sensor. (c) Test setup showing wooden support with TCE
5sector31 clamped on a bench vise. ................................................................................. 125
Figure 6-8 The complete test setup with bench vise, ruler, TCE 5sector31 mechanism,
Torque tester, sensor, and ratchet used to twist the mechanism are shown in this
picture............................................................................................................................... 125
Figure 6-9 Screenshots of TCE designs taken during testing are shown here. These
pictures were taken by Cannon 7D camera using Cannon 60 mm macro lens. (a)
Picture of TCE 5sector31 before twisting. (b) Picture of a three sector TCE when
twisted in the CCW direction. .......................................................................................... 126

xiv

Figure 6-10 Two frames of TCE 5sector31 taken from testing videos are shown here. (a)
The mechanism deforms with large twist angles and the sectors open up when it is
twisted in the CCW direction. (b) The mechanism becomes stiff because of the
contact when it is twisted in the CW direction................................................................. 126
Figure 6-11 Experimental results compared with simulation results are shown in this plot.
The mechanism shows nonlinear stiffness. Linear material properties were used
during the simulation although nonlinear material properties are better suited for the
simulation. ........................................................................................................................ 128
Figure 6-12 TCE 5sector31 with 16 inner nubs was used in ANSYS to simulate the actual
testing environment. ......................................................................................................... 128
Figure 7-1 Stiffness curve of a CS presented in Chapter 2. ..................................................... 131
Figure 7-2 Rigid link nonlinear spring dynamic model of a leading edge spar with three
bending compliant elements in it is shown here. ............................................................. 132
Figure 7-3 (a) Two rod one spring model for a leading edge spar with a single CS. (b)
Angles of the rods, center of mass and the global coordinate system. (c) ....................... 134
Figure 7-4 (a) Numerical solution of θ2(t) with C1 as 0.01 Nm.s. (b) Numerical solution
of θ21(t) with C1 as 0.01 Nm.s. (c) Animation of the model at Mid-upstroke. (d)
Animation of the model at upstroke-downstroke transition. (e) Animation during
downstroke. (f) Animation during downstroke-upstroke transition. ................................ 136
Figure 7-5(a) Numerical solution of θ2(t) with C1 as 0.1 Nm.s. (b) Numerical solution of
θ21(t) with C1 as 0.1 Nm.s. (c) Numerical solution of θ2(t) with C1 as 0.005 Nm.s.
(d) Numerical solution of θ21(t) with C1 as 0.005 Nm.s. .................................................. 137
Figure 7-6 (a) Three rod two spring model with two viscous dampers and boundary
conditions is shown. (b) The three DOF of this model is shown here. ............................ 140
Figure 7-7 (a) Free body diagram of first rod is shown. (b) Free body diagram of second
rod is shown. (c) Free body diagram of third rod is shown. ............................................ 141
Figure 7-8 (a) Numerical solution of θ2(t) with C1 as 0.1 Nm.s. (b) Numerical solution of
θ3(t) with C1 as 0.1 Nm.s. (c) Numerical solution of θ21(t) with C1 as 0.1 Nm.s. (d)
Numerical solution of θ32(t) with C1 as 0.1 Nm.s............................................................. 141
Figure 7-9 (a) Animation of the model at mid-upstroke is shown. (b) Animation of the
model at upstroke-downstroke transition. (c) Animation during downstroke. (d)
Animation during downstroke-upstroke transition. ......................................................... 142
Figure 7-10 (a) Numerical solution of θ21(t) with C1 as 0.01 Nm.s. (b) Numerical solution
of θ32(t) with C1 as 0.01 Nm.s. (c) Numerical solution of θ21(t) with C1 as 0.005
Nm.s. (d) Numerical solution of θ32(t) with C1 as 0.005 Nm.s. ....................................... 142

xv

Figure 7-11 Design profile, target profile and actual profile of the leading edge spars are
shown here. ...................................................................................................................... 143
Figure 7-12 Steps involved in solving a shape matching optimization problem for
RLNSD model are shown in this flow chart. ................................................................... 145
Figure 7-13 (a) Shape of an ornithopter's wing with Gen 1 CS at mid-upstroke is shown.
(b) A mathematical equation of the shape at mid-upstroke obtained from photo in
(a). .................................................................................................................................... 146
Figure 7-14 (a) Numerical solution for θ2(t) obtained from the optimization. (b)
Numerical solution for θ21(t) obtained from the optimization. (c) Design profile and
actual profile obtained from the optimization results are shown. .................................... 148
Figure B-1 A Solidworks schematic of the compliant spine.................................................... 158
Figure B-2 A Solidworks schematic of bend-and-sweep compliant element. ......................... 160
Figure B-3 A Solidworks schematic of the twist compliant element....................................... 162
Figure C-1 Stress strain curve for Delrin 100ST [64]. ............................................................. 163
Figure D-1 Example desired ornithopter bending deflection function (Courtesy: Ms.
Wissa) .............................................................................................................................. 164
Figure D-2 Example Integrated Lift Loads for an Ornithopter (Courtesy: Ms. Wissa) ........... 164
Figure D-3 (a) Test ornithopter mounted on a six channel load cell to measure the lift and
thrust produced at various flapping frequencies. (b) The compliant spine was
inserted at the leading edge spar of the test ornithopter at 37% of the wing half span
to mimic the function of an avian wrist. (Courtesy: Ms. Wissa)...................................... 166
Figure D-4 (a) Red markers at the wing leading edge used for capturing wing bending
deflections at the wing root, the compliant spine tip and the wing tip, (b) Green
markers used to measure wing twist deflection at the wing leading and trailing
edges, and (c) High speed camera used to capture a lateral view to measure the twist
deflection. A second high speed camera was used the capture the front view and to
measure the bending deflections. (Courtesy: Ms. Wissa) ................................................ 166
Figure D-5 The electric power required vs. flapping frequency plot shows that the
ornithopter with the compliant spine inserted in its wings (“compliant”) use less
electric power than the ornithopter with the solid spar for any given flapping
frequency. The stroke angle of the flapping mechanism for both the compliant and
solid cases was same. (b) The ornithopter with the compliant spine inserted in its
wing (“compliant”) flaps at a higher frequency than the ornithopter with the solid
spar. The increase in flapping frequency can lead to thrust gains. (Courtesy: Ms.
Wissa) .............................................................................................................................. 167

xvi

Figure D-6 (a) The ornithopter with the compliant spine inserted in its wings produces
more net mean lift than the ornithopter without the compliant spine for any given
throttle setting. (b) The thrust versus throttle position plot shows that there are no
thrust penalties due to the insertion of the compliant spine. (Courtesy: Ms. Wissa) ....... 168
Figure D-7 (a) Wing bending deflections at mid downstroke for the ornithopter with the
solid spar, i.e., without the compliant spine. (b) Wing bending deflections at mid
downstroke for the ornithopter with the compliant spine. Both (a) and (b) show
comparable deformation indicating that the compliant spine is acting like the solid
spar. (Courtesy: Ms. Wissa) ............................................................................................. 169
Figure D-8 (a) Wing bending deflections at mid upstroke for the ornithopter with the
solid spar, i.e., without the compliant spine. (b) Wing bending deflections at mid
upstroke for the ornithopter with the compliant spine. The ornithopter with the
compliant spine exhibits large bending deflections when compared with the
ornithopter with the solid spar. (Courtesy: Ms. Wissa).................................................... 169
Figure D-9 (a) Wing twisting deflections at mid downstroke for the ornithopter without
the compliant spine. (b) Wing twisting deflections at mid downstroke for the
ornithopter with the compliant spine. (Courtesy: Ms. Wissa).......................................... 170
Figure D-10 (a) Wing twisting deflections at mid upstroke for the ornithopter without the
compliant spine. (b) Wing twisting deflections at mid upstroke for the ornithopter
with the compliant spine. (Courtesy: Ms. Wissa) ............................................................ 170
Figure D-11 Desired wing tip bending deflection function for the test ornithopter, derived
from a cockatiel, for one wing beat cycle (Courtesy: Ms. Wissa). .................................. 171
Figure D-12 (a) Strain gages mounted on the leading edge spar at the locations of the CS
root and tip. (b) Experimental setup for measuring the aerodynamic loads on the CS
[78]. (Courtesy: Ms. Wissa) ............................................................................................. 172
Figure D-13 Inboard and outboard strains at the location of the CS root and CS tip [78].
(Courtesy: Ms. Wissa)...................................................................................................... 173
Figure D-14 Wing Reflective Markers Placement. Markers were distributed over both
wings to balance the weight and they were placed asymmetrically to aid with
tracking and post processing. (Courtesy: Ms. Wissa) ...................................................... 174
Figure D-15 Vertical acceleration of the fuselage center of mass for the solid (black),
Comp 24PM (red), and Comp 4PM (green) configurations versus time normalized
by the period of one flapping cycle. (Courtesy: Ms. Wissa) ............................................ 175
Figure D-16 The Z position of the reflective markers mounted at the right wing leading
edge spar versus the normalized span location at mid upstroke. (Courtesy: Ms.
Wissa) .............................................................................................................................. 176

xvii

Figure D-17 The Z position of the reflective markers mounted at the right wing leading
edge spar versus the normalized span location at mid downstroke. (Courtesy: Ms.
Wissa) .............................................................................................................................. 176
Figure D-18 Position of the tip of a leading edge spar with BSCE 34PM compared with
the position of a solid spar during upstroke. (Courtesy: Ms. Wissa) ............................... 178
Figure D-19 Position of the tip of a leading edge spar with BSCE 34PM compared with
the position of a solid spar during downstroke. (Courtesy: Ms. Wissa) .......................... 179
Figure E-1 Solidworks schematic of a single compliant joint used for downstroke analysis
in Chapter 3 ...................................................................................................................... 180
Figure F-1 CS design used for testing...................................................................................... 181
Figure G-1 Comp 4PM design used for flight testing. ............................................................. 182
Figure G-2 Comp 14PM design used for flight testing. ........................................................... 183
Figure G-3 Comp 24PM design used for flight testing. ........................................................... 183
Figure G-4 Delrin collar used to connect CSs and carbon fiber spar during flight testing. ..... 184
Figure H-1 Gen 1 BSCE design that was used to create the stiffness plot in Chapter 5. ......... 186
Figure H-2 Gen 2 BSCE design that was used to create the stiffness plot in Chapter 5.......... 187
Figure H-3 Gen 3 BSCE 34PM used in the right wing of the ornithopter. .............................. 187
Figure H-4 Gen 3 BSCE 34PM used in the left wing of the ornithopter. ................................ 188
Figure H-5 Gen 3 BSCE 35PM used in the right wing of the ornithopter. .............................. 190
Figure H-6 Gen 3 BSCE 35PM used in the left wing of the ornithopter. ................................ 190
Figure I-1 TCE 5sector31 that was used for prototyping and testing purposes in Chapter
6........................................................................................................................................ 192

xviii

LIST OF TABLES
Table 2-1 Ornithopter Wing Dimensions for the Park Hawk Model ....................................... 38
Table 3-1 Values used for the Shape Optimization Case Study .............................................. 51
Table 3-2 Natural frequencies of the compliant spine-spar assembly ..................................... 56
Table 4-1 Parameters used in the CS optimization .................................................................. 62
Table 4-2 Parameters of the spar used in FEA......................................................................... 64
Table 4-3 Strain gage and simulation results ........................................................................... 66
Table 4-4 Fundamental frequencies of an optimal three CJCS................................................ 72
Table 5-1. Different cases that were considered during design optimization of Gen 3
BSCE................................................................................................................................ 102
Table 5-2. Upper and lower bounds used on the geometric parameters during design
optimization of Gen 3 BSCE............................................................................................ 102
Table 5-3 Other parameters that were used during the design optimization. ........................... 102
Table 6-1 Different simulation cases that were considered during design optimization of
TCM. ................................................................................................................................ 118
Table 6-2 Upper and lower bounds on the geometric parameters used during design
optimization of TCM. ...................................................................................................... 118
Table 6-3 Other parameters used during design optimization of TCM. .................................. 119
Table 7-1 Parameters used in the case study............................................................................ 136
Table 7-2 Parameters used in the simulation. .......................................................................... 140
Table 7-3 Comparison of optimization solution and actual test setup. .................................... 147
Table C-1 Table to generate multi-linear stress strain curve for Delrin 100ST ....................... 163
Table D-1 The bending deflections at the location of the compliant spine tip relative to
the spine root for Comp 4PM, Comp 14PM, and Comp 24PM wing configurations at
upstroke. (Courtesy: Ms. Wissa) ...................................................................................... 177

xix

ABBREVIATIONS

ANSYS
BSCE
CAD
CCM
C3M
CCW
CE
CH
CJ
CJCS
CS
CVG
CW
DC
FEA
Four CJCS
MAV
MOEA
NSGA
PAM
PRBM
RLNSD
SIMP
TCE
Three CJCS
Two CJCS
UAV

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

Commercial Finite Element Software used for finite element analysis
Bend-and-sweep Compliant Element
Computer Aided Design
Contact-aided Compliant Mechanism
Contact-aided Compliant Cellular Mechanism
Counter-clockwise
Compliant Element
Compliant Hinge
Compliant Joint
Compliant Joint Compliant Spine
Compliant Spine
Continuous Vortex Gait
Clockwise
Direct Current
Finite Element Analysis
A compliant spine with four compliant joints
Micro Air Vehicle
Multi-Objective Evolutionary Algorithm
Non-dominated Sorting Genetic Algorithm
Pneumatic Artificial Muscle
Pseudo Rigid Body Model
Rigid Link Nonlinear Spring Dynamic Model
Simple Isotropic Material with Penalization
Twist Compliant Element
A compliant spine with three compliant joints
A compliant spine with two compliant joints
Unmanned Aerial Vehicle

xx

GLOSSARY

Angled
Compliant Joint
ANSYS
Bend-and-sweep
Compliant
Element
Compliant
Element
Compliant
Hinge
Compliant Joint
Angle
Compliant Spine
Contact Angle
Contact Gap
Contact Surface
Crossmember
Eccentricity
Inner Core
Inner Radius
MATLAB
Ornithopter
Outer Radius
RLNSD
Sectors
Twist Compliant
Element

Fundamental element of a bend-and-sweep compliant element
Commercial Finite Element Software used for finite element analysis
A novel contact-aided compliant mechanism with nonlinear stiffness in
both bending and sweep directions.
Novel contact-aided compliant mechanism designed and presented in
this dissertation
Semi-circular part of a compliant spine or bend and sweep compliant
element
Angle of an angled compliant joint, geometric parameter of a bend-andsweep compliant element.
A contact-aided compliant mechanism for passive bending
A geometric parameter that defines the angle of contact surfaces in
compliant spine and bend-and-sweep compliant element.
Shortest distance between two contact surfaces of a compliant spine or
bend-and-sweep compliant element
Part of compliant spine or bend-and-sweep compliant element
Part of twist compliant element.
Geometric parameter that defines the shape of a compliant hinge
Part of a twist compliant element
Geometric parameter of a compliant spine or bend-and-sweep compliant
element
Commercial numerical computing software developed my MathWorks.
A flying robot bird that is used as a research test platform
Geometric parameter of a compliant spine or bend-and-sweep compliant
element
Rigid Link Nonlinear Spring Dynamic Model used to model leading
edge spar with bending compliant elements
Part of a twist compliant element
A contact-aided compliant element with nonlinear stiffness in twisting.

xxi

NOMENCLATURE
α
β
δ
γ
η
η
λ
ρ
ρdelrin
σallow
σcutoff
σmax
σpenalty
σyield
ϕ

cj
k
k cj
te
ω

Δei
Δe
Δegi
Δet
Δx*
Δz*
Θy*
Ψ
Ψ*
Ψd
Ψmax
Ψpenalty
bb
e
ek

= Parameter to determine cutoff stress in the design optimization
procedures
= Scaling parameter used to calculate the tip force on the CE
= Scaling parameter for bending deflection
= Scaling parameter for sweep deflection
= Scaling parameter for twist angle
= Penalizing factor in SIMP method
= Binary variable used in the design optimization procedures
= Density of the material (kg/m3)
= Density of DelrinTM (kg/m3)
= Maximum allowable stress in the designs (MPa) of optimization
procedure
= Stress limit on designs used during optimization procedure (Pa)
= Maximum von Mises stress observed in a design during optimization
procedure obtained from FEA (MPa)
= Penalty value for stress objective function (Pa) used in the optimization
procedure
= Yield stress of Delrin, material used during the optimization procedure
(MPa)
= Contact angle between the contact elements of a single compliant joint
(degrees)
= Compliant joint angle of the ACJ (degrees)
= Contact angle of the kth ACJ (degrees)
= Compliant joint angle of the kth ACJ (degrees)
= Angle of teeth (degrees)
= Frequency at which the load on the CS was applied during CS design
optimization
= Shape matching error for an ith rod of a RLNSD model at a particular goal
point.
= Shape matching error of a RLNSD model at a particular goal point
= Shape matching error of the RLNSD model at the ith goal point
= Total shape matching error in RLNSD model
= Desired tip deflection of compliant element in X – direction (m)
= Desired tip deflection of compliant element in Z – direction (m)
= Desired rotation of compliant element about Y-axis (Twist angle) (rad)
= Twist of the wing about its Y axis (rad)
= Desired twist of the ornithopter wing tip at a goal point (m)
= Desired twist deflection function of the wing about its Y axis (rad)
= Maximum twist angle observed in a TCM (rad)
= Penalty value for twist angle objective function (rad)
= Width of the cantilever beam
= Eccentricity of the compliant hinge (m)
= Eccentricity of the kth compliant hinge
xxii

f1
f2

lhc
lte
lvc

= Mass objective function used in optimization procedures
= Bending or twist deflection objective function used in optimization
procedures
= Stress objective function used in optimization procedures
= Sweep deflection objective function used in BSCE optimization
procedure
= Horizontal distance between the contact surfaces of a compliant joint (m)
= Number of goal points in shape tailoring optimization problem
= Perpendicular distance between contact surfaces of a compliant joint (m)
= Variable used to represent a CJ’s or ACJ’s number
= Linear coefficient in the nonlinear torsional spring model (Nm)
= Linear coefficient of the ith nonlinear torsional spring stiffness used in
rigid link model (Nm)
= Coefficient of the exponential term in the nonlinear torsional spring
model (Nm)
= Coefficient of the exponential term in the ith nonlinear torsional spring
stiffness used in rigid link model (Nm)
= Coefficient of the exponential power in the nonlinear torsional spring
model
= Coefficient of the exponential power in the ith nonlinear torsional spring
stiffness used in the rigid link model
= Length of the cantilever beam (m)
= Length of the horizontal cut in fundamental element of Gen 2 BSCE (m)
= Length of teeth (m)
= Length of vertical cut in fundamental element of Gen 2 BSCE (m)

lb
lb cj
lbc in
lbc out
lbe
lbf in
lbf out
lbin
lbout
lbt
mi
n
nte
r
t
t
tb
tcm
ub
ub cj
ubc in
ubc out

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

f3
f4
g
gp
gc
k
ka
ka i
kc
kc i
kd
kd i
lb

Lower bound on the contact angle of an ACJ
Lower bound on the compliant joint angle of an ACJ
Lower bound on the inner radius of the core
Lower bound on the outer radius of the core
Lower bound on the eccentricity of a compliant hinge
Lower bound on the inner radius of the sector
Lower bound on the outer radius of the sector
Lower bound on the inner radius of a compliant hinge
Lower bound on the outer radius of a compliant hinge
Lower bound on the thickness of the cross-members
Mass of the ith rod in the rigid link model (kg)
Number of sectors in the twist compliant element
Number of teeth
Number of rods in RLNSD model
Thickness (into the plane) of the compliant hinge (m)
Intermediate time during a flapping cycle (s)
Thickness of the cantilever beam
Thickness of the crossmembers in the TCE
Upper bound on the contact angle of an ACJ
Upper bound on the compliant joint angle of an ACJ
Upper bound on the inner radius of the core
Upper bound on the outer radius of the core
xxiii

ube
ubf in
ubf out
ubin
ubout
ubt
xe
A

=
=
=
=
=
=
=
=
=

Ci

=

D1
D2
Ee
E0
Eb
F

=
=
=
=
=
=

F
Fo

=
=

FCE
Fd
Ib
Ki
L
Li
Lt
Ls
M
Mi
Mpenalty
N
Pb
Peq
Psize
Rc in
Rc out
Rf in
Rf out
Rin
Rin

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

Rk in

=

yl

Upper bound on the eccentricity of a compliant hinge
Upper bound on the inner radius of the sector
Upper bound on the outer radius of the sector
Upper bound on the inner radius of a compliant hinge
Upper bound on the outer radius of a compliant hinge
Upper bound on the thickness of the crossmembers
Density of an element in the SIMP method
Any wing leading spar location (m)
Area of the compliant hinge on which pressure was applied as a loading
condition (m2)
Viscous damping coefficient of the ith damper in the rigid link
mathematical model (Nm s)
Distance between the wing root and the root of the compliant spine (m)
Distance between wing root and the compliant spine tip (m)
Young’s modulus of an element
Young’s modulus of the material in SIMP method
Young’s modulus of beam’s material
Static force applied on a single compliant joint during its downstroke
analysis (N)
Dynamic load applied on a CS design during CS optimization
Amplitude of sinusoidal tip load acting on a CS design during CS
optimization
Force on the compliant element tip (N)
Integrated lift forces acting on the ornithopter (N)
Moment of inertia of the beam
Nonlinear spring stiffness of the ith spring in the rigid link model (Nm)
Half wing span of a test ornithopter (m)
Length of the ith rod in the rigid link model (m)
Length of the twist compliant element
Length of the compliant spine (m)
Mass of the compliant element
Mass of the ith bending compliant element in the rigid link model (kg)
Penalty value for mass objective function (kg)
Factor of safety
Tip load on the cantilever beam (N)
Pressure applied on the hinge during shape optimization (Pa)
Population size used during the design optimization procedures
Inner radius of the inner core in the twist CE (m)
Outer radius of the inner core in the twist CE (m)
Inner radius of the sectors in the twist CE (m)
Outer radius of the sectors in the twist CE (m)
Inner radius of a single compliant hinge (m)
Inner radii of the control points used for shape optimization of a single
compliant hinge (m)
Inner radius of the kth compliant hinge (m)
xxiv

Rk out
Rout
Rout
Sz*
T
T
Tk
U
U*
Ud
W
W*
Wd

Wing
SpanOrnithopter
Wing
SpanCockatiel

= Outer radius of the kth compliant hinge (m)
= Outer radius of a single compliant hinge (m)
= Outer radii of the control points used for shape optimization of a single
compliant hinge(m)
= Integrated forces acting on the ornithopter at a goal point (N)
= Period of one flapping cycle (s)
= Maximum number of CJs in a CS or ACJs in a Gen 3 BSCE
= Torque required for the nonlinear torsional spring
= Sweep deflection of the wing (m)
= Desired sweep deflection of the ornithopter wing tip at a goal point (m)
= Desired sweep deflection function of the wing (m)
= Bending deflection of the wing (m)
= Desired bending deflection of the ornithopter wing tip at a goal point (m)
= Desired bending deflection function of the wing (m)
= Wing span of the test ornithopter
= Wing span of a Cockatiel

Xmax
Xpenalty
Y
Z1

=
=
=
=

Z2

=

Z3

=

ZCockatiel
Zdeflection

=
=

Zmax
Zpenalty
Zreq

=
=
=

Zreqd

=

Sweep tip deflection observed in a BSCE (m)
Penalty value used for sweep deflection objective function (m)
Direction along the length of a compliant element
Mass, first objective function used in compliant hinge shape optimization
(kg)
Error in deflection, second objective function used in compliant hinge
shape optimization(m)
Error in stress, third objective function used in compliant hinge shape
optimization (MPa)
Cockatiel’s wing tip bending deflection at a goal point.
Bending tip deflection obtained from FEA for a compliant spine design or
single compliant joint
Bending deflection of a hinge or CS or Gen 3 BSCE (m)
Penalty value used for bending deflection objective function (m)
Minimum required bending deflection of the compliant spine to achieve
CVG
Desired bending deflection of the hinge (m)

xxv

ACKNOWLEDGEMENTS
I would like to first gratefully acknowledge the funding provided by Air Force Office of
Scientific Research and the computational resources funded by National Science Foundation. I
would like to thank my advisor, Dr. Mary Frecker, from the bottom of my heart for her guidance,
advice, and support. I am grateful for all the things she taught me during my years as a PhD
student. I learned a lot from her. I especially appreciate her patience with my writing and would
also like to thank her for helping me improve my technical writing skills and English. I would
like to thank our collaborators Dr. James E. Hubbard Jr. and Ms. Aimy Wissa for testing my
mechanisms and providing constructive feedback. I would like to thank Dr. George Lesieutre, Dr.
Matthew Parkinson, and Dr. Christopher Rahn for serving on my committee and for reading this
dissertation. I would like to thank Dr. Eric Mockensturm and Dr. Christopher Rahn for their help
with the mathematical modeling of the leading edge spar.
I would like to thank the TAs at the Learning Factory for helping me with the water jet
cutter, laser cutter and all the other tools whenever necessary. I would like to thank Ms. Amanda
Baker (MRI laser cutter) for teaching me how to use a laser cutter through which I made my very
first compliant spine prototypes. Mr. Phil Irwin along with the Instrument Room staff in the
Reber basement were a great resource when I needed help with making display cases for my
prototypes or testing twist compliant mechanisms. Mr. Irwin sometimes had great ideas. I would
like to thank him and his staff in the instrument room. I would like to thank Mr. Akaash Raja,
EDOG lab members, and EDOG alumni. Mr. Raja helped me make the compliant spines for
flight testing and also the initial prototypes of bend-and-sweep compliant mechanisms during the
summer of 2012. It was always fun to have conversations with EDOG lab members and alumni
about research and everything else under the sun. Many of these conversations helped me rethink
my research problem differently and taught me numerous other things. I would like to thank my
friends and extended family for their support and friendship.
I would like to thank my parents and sister for their unconditional love and support. They
have always been there for me whenever I needed them. I am grateful for their trust and
confidence in me, my choices, and decisions. Pursuing a PhD wouldn’t have been possible
without them. Finally, I would like to thank God for everything He has given me so far.

xxvi

DEDICATION
I dedicate this dissertation work to my maternal grandmother, Sesharatnam Talluri. Her
amazing personality, love, and hardworking nature inspire me every day. Her incredible vision to
have her kids and grandkids well educated motivated me to pursue my PhD.

xxvii

1

Chapter 1

Introduction
Compliant mechanisms are flexible structures that deliver a desired motion by
undergoing elastic deformation, as opposed to the rigid body motions of conventional
mechanisms [1]. They have numerous advantages over rigid link mechanisms, e.g., they are
easier and cheaper to fabricate, they have fewer number of parts thus reducing the manufacturing
and assembly time, and they are lighter than their rigid link counterparts. This chapter presents a
literature review of compliant mechanisms, the process involved in designing them and their
applications.
A morphing aircraft can be defined as an aircraft that changes its configuration to
maximize its performance at radically different flight conditions [2]. One application of
compliant mechanisms is in aircraft morphing. Wing morphing is a major part of current aircraft
morphing research. A literature survey of aircraft wing morphing is also presented here.
This chapter is organized as follows. In the compliant mechanisms literature review
section, the history of compliant mechanisms is presented first. Then literature review on
applications of compliant mechanisms, and finally design and optimization of compliant
mechanisms are presented. The aircraft wing morphing literature review section surveys the
research work that was done in the field of aircraft wing morphing for Unmanned Aerial Vehicles
(UAVs). This section has two subsections. The first subsection presents the literature review of
fixed wing morphing while the second subsection presents the literature review of flapping wing
morphing. Both fixed wing and flapping wing morphing can be achieved with the help of active
or passive mechanisms. Active mechanisms usually involve rigid link mechanisms with feedback
while passive mechanisms primarily involve compliant mechanisms.
Finally, this chapter concludes with a statement of the research objectives and an outline
of the remainder of the dissertation.

2
1.1

Compliant Mechanisms Literature Review

Compliant mechanisms are flexible mechanisms which transfer or transform motion,
force, or energy with the help of their flexible members [3]. They derive a part or whole of the
relative motion between their members from intentional elastic deformation of the members
rather than from conventional rigid link kinematic pairs alone [4]. Such mechanisms are usually
monolithic. Long before the field of compliant mechanism research started (in 1991), such
mechanisms were called flexible link mechanisms. A survey of such flexible link mechanisms
was published in 1971 [5].
Some of the advantages of compliant mechanisms over their rigid link counterparts
include: they do not need assembly if they are monolithic; they do not have backlash error; and
most of the time they are easier and cheaper to fabricate. These numerous advantages of
compliant mechanisms make them popular for a myriad of applications. Some examples of the
applications of compliant mechanisms are bicycle brakes (Figure 1-1(a)) [3], robot end effectors
(Figure 1-1(b)) [3], compliant die grippers (Figure 1-1(c)) [3], chord extension of rotor blades
(Figure 1-1(d)) [6], compliant pliers (Figure 1-1(e)) [3], surgical tools (Figure 1-1(f)) [7,8],
micro-electro-mechanical systems [9], fastener-free clamps [10], nano-imprint lithography [11].
All of these examples are either monolithic in nature or have reduced number of parts compared
to their counterpart rigid link mechanisms, thus reducing the manufacturing cost and assembly
time. The die gripper (Figure 1-1(c)) faces harsh environments and hence is better than its metal
rigid link counterpart. The multi-functional forceps (Figure 1-1(f)) was designed for minimally
invasive surgery, while all other examples shown here are designed for macro applications.
Amongst the designs shown in Figure 1-1, the die gripper, bi-stable mechanism, compliant pliers
and multi-functional forceps are fully compliant while bicycle brakes and robot end effector are
partially compliant. This illustrates the fact that compliant mechanisms can be fully compliant or
partially compliant and they can be used in many applications, from small micro applications to
large helicopter rotor blade extension, and also for normal environments to harsh environments.
Although compliant mechanisms have numerous advantages, there are some
disadvantages which cannot be overlooked. Compliant mechanisms usually yield motions that are
smooth and continuous. They are also usually planar in nature. It is difficult to create intermittent
motion or 3D motion with traditional compliant mechanisms. To overcome these disadvantages
and others, two new classes of compliant mechanisms called lamina emergent compliant
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mechanisms and Contact-aided Compliant Mechanisms (CCMs) are being researched recently
[4,12].
Lamina emergent mechanisms are mechanical devices fabricated from planar materials
with motion that emerges out of the fabrication plane [12]. Jacobsen et. al. [12] report that these
mechanisms can achieve sophisticated mechanical tasks with a simple topology and they can be
fabricated from planar layers, which makes fabrication easy. An example of such a lamina
emergent mechanism is shown in Figure 1-2. This pantograph mechanism is a multi-degree-offreedom device which can be used for scaling force or motion. Some of the advantages of such a
mechanism are: it is monolithic in nature, has flat initial stage, can be fabricated in a plane and
also can generate 3D motion, thus overcoming one of the disadvantages of traditional compliant
mechanisms.

Figure 1-1 Applications of compliant mechanisms are shown. (a) Bicycle brakes [3] (b) Robot end effector [3] (c)
Compliant die gripper [3] (d) Bi-stable mechanism for chord extension of rotor blade [6] (e) Compliant pliers [3]
(f) Compliant multifunctional scissors-forceps [7].
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(a)

(b)

Figure 1-2 Lamina emergent Pantograph mechanism is shown. (a) Schematic of the Pantograph mechanism.
Dark sections represent flexible elements. (b) A polypropylene prototype of the same mechanism [12].

Contact-aided compliant mechanisms are a class of compliant mechanisms where parts of
the mechanism come into contact with one another to perform a specific task or to improve the
performance of the mechanism itself. A wide variety of contact interactions, from a simple case
involving single point contact to a complex case of multiple contacts between different parts of
the compliant mechanism itself, can be used to perform special tasks. Such mechanisms were first
introduced in the literature by Mankame and Ananthasuresh in 2002 [4]. Contact-aided compliant
mechanisms, can be designed for non-smooth path, motion and function generation as well as for
non-smooth force deflection characteristics [4], whereas traditional compliant mechanisms could
not achieve these. Contact interactions can also be used to obtain stress relief in the compliant
mechanisms [13,14,15]. Stress relief can improve the performance of the mechanism intended for
a task.
Some examples of contact-aided compliant mechanisms are shown in Figure 1-3. The
displacement delimited contact-aided compliant gripper (Figure 1-3 (a)) is the first CCM that was
presented in the literature by Mankame and Ananthasuresh [4]. The output port of this
mechanism, represented by pink circle (Figure 1-3(a)), traces a non-smooth path as the
mechanism is actuated. Mankame and Ananthasuresh have also presented a CCM which uses
intermittent contacts to convert reciprocating translation into two output curves to enclose a two
dimensional region [16]. They have also presented another CCM called compliant transmission
mechanism that doubles the frequency of a cyclic input with the help of intermittent contacts [17].
Mehta et. al. have designed honeycomb cells with contact elements called Contact-aided Cellular
Compliant Mechanisms (C3Ms), shown in Figure 1-3 (b), to obtain stress relief. A structure with
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many such cells will have an increased load bearing capability due to stress relief than a structure
without the contact elements [14]. Cirone et. al. have designed these C3Ms with curved walls for
high strain applications [18,19]. Halverson et. al. have designed a bi-axial CCM for spinal
arthroplasty [20]. Cannon and Howell have designed a contact-aided compliant revolute joint
[21]. While not a contact-aided compliant mechanism, a unique revolute flexure joint called splittube flexure that enables compliant mechanism designs with considerably larger range-of-motion
than a conventional thin beam flexure has been designed by Goldfarb and Speich [22].
Topology optimization is one of the methods used by the above researchers to design
CCMs [23,24]. Reddy et. al. have proposed a method to design CCMs that can trace large, nonsmooth paths using topology optimization [25]. Although there are many CCMs which can
generate non-smooth paths, have high strain capabilities or can replace traditional joints, design
of CCMs with nonlinear stiffness properties has not been addressed in the literature. Hence, one
of the goals of this research is to design a class of CCMs called compliant elements which have
nonlinear stiffness properties.
In the literature, compliant mechanisms have been categorized into lumped and
distributed compliant mechanisms [1]. A compliant mechanism with a discrete number of flexural
pivots possesses lumped compliance. Conversely, distributed compliant mechanisms have a
continuously distributed flexibility throughout the entire mechanism. Numerous design
approaches have been proposed to design both lumped and distributed compliant mechanisms.
The first step in the design of a compliant mechanism is the generation of the concept
[26]. This concept can be derived from a rigid link mechanism or based on experience or trial and
error methods. Methods used to derive a compliant mechanism from a rigid link mechanism
usually result in lumped compliant mechanisms such as those obtained using the Pseudo Rigid
Body Model (PRBM). There are three levels of hierarchy that define the geometry of a compliant
mechanism: topology, shape and size. Topology refers to the number of segments in the
mechanism and the way they are connected to one another. Once the topology is fixed, shapes
and sizes of individual segments need to be determined. This is done with the help of shape and
size optimization. Some popular design approaches used to design compliant mechanisms
including PRBM, topology and shape optimization are described below in more detail.
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Figure 1-3 Contact-aided compliant mechanisms. (a) Polypropylene prototype of a displacement delimited
contact-aided compliant gripper [4]. The output port is marked by a circle (b) Contact-aided compliant
structure: left photo shows initial configuration and right photo shows deformed configuration and contact [14].

1.1.1

Pseudo Rigid Body Model Approach
A pseudo rigid body model is a mechanical model of a compliant mechanism with

flexible members modeled as discrete torsional springs attached to rigid links, where the rigid
links represent the more rigid segments of the compliant mechanism [27]. The purpose of the
pseudo rigid body model is to provide a means by which a compliant mechanism may be modeled
as a rigid link mechanism with springs. This also allows well known rigid link mechanism
analysis methods to be used in the analysis of compliant mechanisms. As an example, a
compliant four-bar mechanism and its pseudo rigid body model are shown in Figure 1-4(a) and
(b), respectively.
Analyzing compliant mechanisms is an important part of the design process. Howell and
Midha presented ways to analyze compliant mechanisms in [27]. Compliant mechanisms could
be analyzed by solving second-order, nonlinear differential equation using elliptic integrals. The
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advantage of this solution technique is that it provides exact, closed-form solutions. The
disadvantage is that the derivations are cumbersome and solutions only exist for relatively simple
geometries and loadings. Another method to analyze compliant mechanisms is to use large
deformation analysis using finite elements. The disadvantage of conventional large-deflection
finite element analysis is the computation time involved in the solution. Howell and Midha also
describe a number of different ways to analyze compliant mechanisms in [28]. Amongst these
methods, analyzing the performance of a compliant mechanism using its pseudo rigid body model
is relatively easier and requires less computational power than large deformation finite element
analysis, although it gives an approximate solution.

Figure 1-4 (a) A compliant four-bar mechanism (b) A pseudo rigid body model of the same compliant four-bar
mechanism[27]

Designing compliant mechanisms using pseudo rigid body models involve the following
sub-steps. Design specifications are first obtained. Based on these design specifications, a rigid
body mechanism is synthesized or generated. From this rigid body mechanism, a pseudo rigid
body model is generated. This pseudo rigid body model is then analyzed to obtain a fully
compliant mechanism. This fully compliant mechanism is then analyzed again to see if the design
specifications have been met. A number of iterations take place before a prototype compliant
mechanism is built [27]. Some of the advantages of pseudo rigid body models are that compliant
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mechanisms can be created without prior experience and analyzed easily without involving
complex nonlinear differential equations. On the other hand, some of the constraints of the
pseudo rigid body models include the assumptions of perfectly elastic, linear material behavior
and the inability to predict stresses in the design.
Other approaches, like topology and shape optimization methods, that are used to design
compliant mechanisms are described in the following subsections.

1.1.2

Topology Optimization Methods
In a topology optimization problem, the design space or design domain is defined as a

continuous region (2D or 3D) on which structural optimization is performed to obtain an optimal
solution, subject to given loads and boundary conditions. Topology refers to the number of holes
in the design space and how different regions of the design space are connected to one another
[26]. Topology optimization of solid structures involves the determination of features such as the
number, location, and shape of the holes in the design space along with the connectivity of
different regions in the design space [29]. Topology optimization techniques were first used to
design elastic structures with least weight and maximum stiffness [29]. Later on this was also
extended to design of compliant mechanisms. A typical topology optimization method involves
the following steps. The design specifications are first obtained which involve boundary
conditions, locations and magnitudes of input forces or displacements, and locations and
magnitudes of desired output forces or displacements. Based on these requirements, the design
space is discretized into small elements and certain objective function(s) are chosen. Using these
elements, different topologies are evaluated and optimized using the objective function(s) with
the help of an optimization algorithm.
One of the popular topology optimization methods is the homogenization method first
presented by Bendsoe and Kikuchi [30]. In this method a rectangular cell-based microstructure is
created in the design domain. Each cell with a rectangular hole in it has three parameters that
determine the size of the hole and the orientation of the cell. Based on the values of the
parameters the cell can be an empty space (void) or can be completely filled with material, or can
give rise to a porous structure. Using these parameters as the design variables, an optimal
structure is found.
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Another popular topology optimization technique in the literature is the Solid Isotropic
Material with Penalization (SIMP) method [31]. In this method, the design domain is discretized
into very fine cells or finite elements. These finite elements in the design domain should be either
solid or void. But to decrease the complexity of such a problem, the material density in each
element is allowed to take intermediate values between a very small density value and the actual
density of the solid material. This also makes sure that there is continuity in the structure. For all
elements, the element density variable xe is related to its Young’s modulus Ee, as shown in
Equation 1.1.
Ee = (xe)η E0 , e = 1,…,N

(1.1)

In Equation 1.1, E0 is Young’s modulus of solid material, and η > 1 is a penalization
factor that is used to enforce extreme values for the density of the material. Thus this penalization
factor ensures that elements with intermediate densities are uneconomical in the optimal design.
The above two topology optimization methods have been used in compliant mechanism
synthesis by various researchers. For example, Nishiwaki et. al. [32] have used homogenization
method to design compliant mechanisms while Jiangzi et. al. [33] have used SIMP to develop a
new scheme for topology optimization of compliant mechanisms. During the implementation of
these optimization methods different objective functions have been used. Deepak et. al. present a
comparative study of five popular formulations for topology optimization of compliant
mechanisms that are reported in the literature [34]. Topology optimization was also applied to
design of contact-aided compliant mechanisms [35]. Mankame and Ananthasuresh [35] have
developed systematic methods to design contact-aided compliant mechanisms for a specified nonsmooth behavior in terms of either the force-deflection characteristics or the output path. Mehta
et. al. have also used topology optimization to design C3Ms [15,24].

1.1.3

Shape Optimization Methods
Once the topology of a compliant mechanism is determined, shape optimization can be

used to optimize the shapes and sizes of different segments [26]. Shape optimization can also be
considered as a second stage of optimization, after the topology of a compliant mechanism is
fixed. A review of structural shape optimization techniques is presented by Haftka and Grandhi in
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[36]. According to Xu and Ananthasuresh [26], there are two types of shape optimization for
compliant mechanisms: (1) optimizing the shapes of holes as shown in Figure 1-5(a), and
(2) optimizing the skeletal curves of the segments as shown in Figure 1-5(b). Both methods yield
almost the same results. Shape optimization of structures or compliant mechanisms can be done
with the help of gradient based methods [37] or with non-gradient based methods like genetic
algorithms [38,39]. Recently, parametric and feature based CAD modeling is becoming a
powerful tool in shape optimization. The geometry is first parameterized using certain
parameters. Then CAD models are generated and finally Finite Element Analysis (FEA) is
performed on these models in the optimization procedure. This is due to the advancement in the
CAD and CAE interface in recent years [26].

Figure 1-5 Two types of shape optimization techniques. (a) Optimizing the boundary shapes of holes (b)
Optimizing the skeletal curves of the segments [26].

Most of the above mentioned methods have been developed to design compliant
mechanisms for quasi-static applications. Flapping wing aircraft morphing is the intended
application for the contact-aided compliant mechanisms designed as part of this research. Since
this application is dynamic in nature, a literature survey of dynamic analysis and optimization of
structures and compliant mechanisms was also done. Pierson presents a literature survey of early
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work on optimal structural design under dynamic constraints in [40]. Most of those studies are
analytical in nature. Icerman [41] presents an analytical method to design minimum-weight
optimal structures with known harmonic loads and a desired dynamic response. Examples in this
paper include structural optimization of rods, beams and trusses [41]. Complex geometries of
compliant mechanisms make analytical dynamic response optimization difficult and inaccurate at
times.
Recently, a review of dynamic response optimization of structures was presented by
Byung-Soo et. al. in [42]. Dynamic response optimization is solved using both gradient-based
optimization methods and non-gradient based optimization methods [42]. Due to the complexity
of nonlinear governing equations and the computational effort that is involved, nonlinear models
in dynamic optimization are less frequently used [43]. One of the objectives in a traditional
dynamic optimization problem is to minimize the volume of the structure subject with constraint
on the first natural frequency to time varying loads and boundary conditions.
One of the early works incorporating FEA and modal analysis with structural
optimization under dynamic loads was presented by Feng et. al. [44]. Min et al [45] solve a
structural optimization problem subjected to dynamic loads using the homogenization design
method. Their method is utilized to obtain an optimal topology and can be applied to structures
subjected to impulsive-type dynamic loadings. Li and Kota have also proposed a method for
dynamic analysis of compliant mechanisms in [46]. This proposed method is analytical in nature
and thus may not be applicable to complex geometries of compliant mechanisms used for aircraft
morphing.
Dynamic response optimization of CCMs has not been done so far in the literature.
CCMs typically have nonlinear behavior. Hence, dynamic optimization of CCMs should be able
to take into account material nonlinearities and geometric nonlinearities. Such an analysis could
be computationally expensive. The next section presents the literature review of aircraft wing
morphing.

1.2

Aircraft Wing Morphing Literature Review

A morphing aircraft can be defined as an aircraft that changes its configuration to
maximize its performance at radically different flight conditions [2]. This change in configuration
can occur in any part of the aircraft like fuselage, wing, engine, and tail. The wings of an aircraft
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are one of the most important parts because their shape and size determine the suitability of the
aircraft to a particular mission [2]. Thus, wing morphing is an important area in aircraft morphing
research. Changes in wing parameters like span, chord length, camber, dihedral and sweep of an
aircraft’s wing during its flight to improve its performance can be defined as wing morphing.
Aircraft morphing concepts can be used for morphing of large-scale manned aircraft or
small-scale Unmanned Aerial Vehicles (UAVs). Mueller defines Unmanned Aerial Vehicles and
Micro Air vehicles (MAVs) based on their payload mass and their wingspan (Figure 1-6) [47].
The distance from one wingtip to the other wing tip is called the wingspan and the mass that a
vehicle can carry is its payload mass. Mueller’s definitions of UAVs and MAVs will be used
from here on.

Figure 1-6 Definitions of UAVs and MAVs [47].

The first known attempt to morph aircraft wings was made by the Wright brothers. They
used a technique known as wing warping, or twisting the wings to control the roll of the aircraft
[48]. Morphing wings have been of great interest to many researchers since then. Most of the
literature review presented here is related to wing morphing of UAVs.
There are three kinds of UAVs: fixed wing, flapping wing and rotary wing. The next two
sub-sections summarize the research efforts by different groups in morphing of fixed wing and
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flapping wing UAVs and MAVs. Morphing concepts are classified as active or passive. I propose
the following definitions for active and passive morphing approaches. Any application where
morphing is executed with the help of control algorithms or non-aerodynamic forces is
considered to be active morphing. On the other hand, any application where morphing occurs
naturally due to the aerodynamic forces themselves is considered to be passive morphing. Some
of the advantages of active morphing are: they provide greater control on wing morphing, specific
parts of the wing can be morphed as desired, and are easy to design. However, active mechanisms
have primarily involved rigid link mechanisms which tend to add a significant amount of weight
to the vehicles. Passive morphing, on the other hand, has the following advantages: they are easy
to implement, do not need additional power, do not need robust control and the mass added to the
vehicle is minimal.

1.2.1

Morphing in Fixed Wing UAVs
Morphing of fixed wing UAVs and MAVs can be achieved with the help of active or

passive mechanisms. A summary of morphing in fixed wing UAVs was presented by Gomez and
Garcia in [49]. Gomez and Garcia have categorized the existing morphing concepts into the
following categories: planform morphing which involves telescoping and sweeping of wings, and
out-of-plane morphing which involves folding, varying camber, twisting of wings and morphing
of winglets. Among these morphing concepts, a couple of them are shown here as examples.
Heryawan et. al. have designed a motor-driven small-scale expandable wing for MAV class
vehicles [50]. Based on the above classification, this is a planform morphing technique in which
the wing sweeps. The wing span in its expanded state is about 29cm (Figure 1-7(a)) while it is
26cm in the folded state (Figure 1-7(b)). This expandable wing was driven by rigid links, gears
and a DC motor. The mechanism used to control the state of the wing is shown in Figure 1-8.
Actuators were also used to change the wing camber during wing fold/expansion.
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(a)

(b)

Figure 1-7 Morphing wing (a) Expanded state (b) Folded state [50].

Figure 1-8 Linkages used by Heryawan et. al. [50].

Abdulrahim and Lind have used bio-inspired approaches to achieve wing morphing in
MAVs [51]. They have implemented several different kinds of wing morphing, inspired by birds,
on fixed wing MAVs. Some examples of their work are shown in Figure 1-9. All of their designs
used servo motors and rigid links to achieve the desired morphing in the wings. They achieved
wing curling (Figure 1-9(b)), wing twisting (Figure 1-9(c)), change in dihedral angle of the wing
(Figure 1-9(d)), and wing sweep (Figure 1-9(e)). Except for the wing sweep which is a type of
planform morphing, all others belong to the out-of-plane morphing category defined by Gomez
and Garcia.
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Figure 1-9 MAV fixed wing morphing attempts (a) A gull with its wing changing its shape during flight (b) Rear
View with Wing Curl achieved using a single servo that is attached to the trailing-edge outboard of each wing
using a Kevlar strand. (c) Rear View with Wing Twist achieved using torque rods attached to the wing. (d) Top
View with Wing Gull incorporating shoulder-elbow concept to change the dihedral angle of the wing (e) Front
View with Wing Sweep [51].

Hetrick et. al. have designed and tested a mission adaptive compliant wing [52]. This
wing has an adaptive trailing edge flap and was designed using algorithms to optimize the
topology and shape of an internal compliant structure. Thus they rely on highly tailored internal
structure and a conventional skin material to allow trailing edge camber change. Their method is
an out-of-plane type of morphing. This technology could be used for trailing edge morphing of
both small-scale and large-scale UAVs.
Trease and Kota have used optimization to design an active compliant structure with
embedded actuators and sensors that can be used for fixed wing morphing of UAVs [53]. They
have presented an algorithmic framework for distributed actuation and sensing within an active
compliant structure, and used this algorithm to design a shape-morphing aircraft wing as a case
study.
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Bubert et. al. have designed and fabricated a morphing aircraft skin to achieve 100%
increase in span of a UAV [54]. Their method is a type of planform morphing because the skin
changes shape along with the wingspan of the UAV. This skin consisted of an elastomer, carbon
fibers and a zero Poisson ratio honeycomb substructure. The span morphing skin required low inplane actuation and stiffness, high out-of-plane stiffness to withstand aerodynamic forces, and a
high strain capability. This skin and the accompanying assembly were actuated by a spanmorphing Pneumatic Artificial Muscle (PAM). Such a skin was fabricated and tested in a wind
tunnel by Vocke III et. al [55].
Many researchers have also tried to design active structures to achieve twisting of wings.
Some of those efforts are listed here. Lachenal et. al. have developed a multi-stable composite
twisting structure for morphing applications [56]. This structure consists of two pre-stressed flat
flanges connected by rigid spokes and has zero-stiffness along the axis of twist. Schultz has
developed an air-foil like structure capable of twisting [57]. This structure consists of two curved
shells that are joined to form an airfoil-like structure with two stable configurations. The structure
is transformed between the stable states by a snap-through action which occurs because of the
piezocomposite actuators. This structure is active in nature. Many other researchers have also
developed active composite structures to achieve twisting. One such recent effort is by Palmre et.
al. where they have developed a IPMC-enabled bio-inspired bending/twisting fin for underwater
applications[58]. All the above examples of wing morphing presented here are active in nature.

1.2.2

Morphing in Flapping Wing UAVs
Flapping wing vehicles are usually UAVs or MAVs. To improve the performance of

these vehicles two approaches are employed. The first approach is to achieve a specific kind of
flapping motion of the wings during a flapping cycle. The second approach is to achieve wing
morphing during flapping. Both of these approaches can be implemented by active or passive
mechanisms.
Most of the efforts in the design of flapping wing UAVs use the first approach, i.e., they
are geared towards designing flapping mechanisms using active mechanisms so that the wings
achieve a desired flapping motion. Such efforts are also considered here as part of flapping wing
morphing literature survey. Active wing morphing of flapping wing vehicles has not been tried so
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far, but there have been a few efforts to achieve passive wing morphing of flapping wing
vehicles.
Banala and Agrawal have designed a rigid link mechanism (see Figure 1-10(a)) that can
generate insect-wing like motion [59]. This motion includes both flapping out of the stroke plane
in addition to twist of the wing. The mechanism shown in Figure 1-10(b) employs a five-bar
mechanism in addition to an auxiliary four-bar mechanism.

Figure 1-10 (a) Model of a flapping wing vehicle with a flapping mechanism for out-of-plane insect wing like
motion with twist inspired by the oars of a boat (b) Close-up view of flapping mechanism [59].

There have been two known attempts, reported in the literature, of passive wing
morphing of flapping wing UAVs. The first one was by Billingsley et. al. where they imitate the
function of a bird’s wrist in an avian-scale ornithopter by inserting a passive torsional spring in
the leading edge spar of each of its wings [60]. They installed these springs at the wing half span
to exploit the advantages of a surface area reduction of the wing during its flapping cycle. These
springs were designed to deflect on the upstroke only and lock in place during downstroke, thus
imitating a real bird’s flapping motion. Figure 1-11 shows nine frontal views of the wing during
the wing beat cycle. The top left picture shows the shape of the locked wings during mid
downstroke while the picture in the center shows the shape of the bent wings during midupstroke. The results of this experiment showed a 300% increase in net lift, but also significant
thrust penalties [60].
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Torsional Spring

Figure 1-11 Test ornithopter (UAV) with passive torsional spring inserted at wing half span [60].

The second attempt at passive morphing in flapping wing UAVs was by Mueller et. al.
where they insert a DelrinTM hinge in a small UAV wing to achieve passive wing morphing [61].
They developed a flapping wing small UAV with non-folding wings and a flapping mechanism
with flexural members (shown in Figure 1-12(a)). This vehicle had a wing span of 57.2 cm.
Flexural members were used in the flapping mechanism because they are easily manufacturable,
have less weight and minimize the losses due to friction. They also designed and tested the nonfolding wings using a load cell to evaluate lift and thrust performance (shown in Figure 1-12(b)).
The mean lift generated by non-folding wings was always zero because of the symmetry between
the upstroke and downstroke. To improve the lift generated by these wings, they designed folding
wings with three types of hinges. One of those three is a Delrin-carbon fiber hinge. A schematic
of such a Delrin hinge and an actual prototype are shown in Figure 1-13 (a) and Figure 1-13 (b),
respectively. It can be seen from Figure 1-13(a) that this hinge bends significantly during
upstroke and doesn’t bend as much during downstroke, thus causing asymmetry during the
flapping cycle. Figure 1-13(b) shows an actual bent hinge in the wing during upstroke. Amongst
the three hinges that they have proposed, only this hinge proved to be effective at producing lift
and thrust.
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Figure 1-12 (a) Flapping mechanism with flexural members (b) Load cell used to evaluate lift and thrust
performance of MAV concepts [61].

Figure 1-13 (a) Schematic of a Delrin-carbon fiber hinge during both upstroke and downstroke (b) Folding
wings with Delrin-carbon fiber hinge during upstroke [61].

1.3

Research Objectives

Based on the above literature survey, it is evident that there is not a lot of research
directed at achieving passive wing morphing of both fixed wing and flapping wing UAVs. Very
few attempts were made in the field of flapping wing vehicles to achieve wing morphing both
actively and passively. Recently, flapping wing UAVs or ornithopters have shown an enormous
potential for revolutionizing both civil and military sectors. Many tasks which usually put humans
at risk can be performed by these ornithopters [62]. Morphing can lead to improved payload
capability and endurance in these UAVs.
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A hypothesis of this research is that passive wing morphing of ornithopters can be
achieved with the help of contact-aided compliant mechanisms. Such an application requires
CCMs with nonlinear stiffness properties. Also to design such mechanisms, a design
methodology is necessary. Hence the main objectives of this research are as follows:
1. To develop a new class of Contact-aided Compliant Mechanisms with nonlinear stiffness
called Compliant Elements (CEs).
2. To develop a design optimization methodology for compliant elements and to tailor their
deflections leading to nonlinear stiffness for both quasi-static and dynamic applications.
3. To fabricate optimal compliant elements for bench top and inflight testing of passively
morphing ornithopters.
4. To develop a mathematical model for shape tailoring of the leading edge spar.

1.4

Outline of Dissertation

The remainder of the dissertation is organized as follows. Chapter 2 presents the concepts
of three compliant elements, namely, compliant spine, bend-and-sweep compliant element, and
twist compliant element, with nonlinear stiffness properties. This chapter also presents the
ornithopter application where these compliant elements will be used to achieve passive wing
morphing of ornithopters. A generalized design optimization methodology defined to design these
compliant elements for ornithopter application is also presented in Chapter 2.
Chapter 3 presents the quasi-static analysis of the compliant spine and bench testing of an
ornithopter with compliant spines. Chapter 4 presents the results of formal design optimization
methodology applied to compliant spine and the flight testing of the optimal compliant spines.
Chapter 5 presents the design optimization of bend-and-sweep compliant element while Chapter 6
presents the design optimization of twist compliant element. Chapter 7 discusses the
mathematical model that was developed to tailor the shape of a leading edge spar with bending
compliant elements during a flapping cycle. Finally, Chapter 8 concludes this dissertation with
some discussion of future work.
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Chapter 2

Compliant Elements and Design Optimization

2.1

Introduction

Three novel, monolithic, contact-aided compliant mechanisms called Compliant
Elements (CEs) are introduced in this chapter. The first compliant element is called Compliant
Spine (CS). The second compliant element is called Bend-and-Sweep Compliant Element
(BSCE) and the third compliant element is called Twist Compliant Element (TCE). All these
three compliant elements have nonlinear stiffness properties and use self-contact to achieve
nonlinear stiffness behavior. Such compliant elements can be used in applications which require
compliant mechanisms with nonlinear stiffness properties. These compliant mechanisms are
preferable to rigid link mechanisms because they are monolithic in nature, hence light in weight,
need no assembly, and are also easier to fabricate.
One application of these compliant elements is in passive wing morphing of ornithopters.
This chapter presents the passive wing morphing problem after introducing the three compliant
elements. The design requirements of the compliant elements for passive wing morphing are
described. Based on these requirements, a new design optimization methodology is developed to
design compliant elements for the ornithopter application. This methodology is also presented in
this chapter. Later in chapters 4, 5, and 6, this design optimization methodology is used to design
all the three compliant elements.
All the assumptions made in this chapter as part of the design requirements and elsewhere
are summarized in Appendix A.

2.2

Compliant Spine

A compliant spine (CS) is a novel monolithic contact-aided compliant mechanism with
nonlinear bending stiffness properties. A schematic of a compliant spine is shown in Figure 2-1.
Such a mechanism will have two different stiffnesses when it is bent in two different directions. It
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will be very stiff in one direction, called the ‘stiff direction’, because parts of the mechanism
come into contact with one another. On the other hand, it is flexible in the other direction, called
the ‘flexible direction’, because of the semi-circular compliant hinges. A schematic of the
stiffness curve of such a compliant spine with its nonlinear stiffness properties is shown in Figure
2-2. In this figure, the compliant spine’s bending stiffness is compared to the stiffness of a solid
beam and a torsional spring where the stiffness is linear and is the same in both directions.
Another property of such a compliant mechanism is that, its stiffness (in both directions) can be
tailored to specific requirements by varying the number of Compliant Joints (CJs) and their
locations. A schematic of a single compliant joint is shown in Figure 2-3(a). The stiffness of a
compliant spine can also be tailored by changing the design/geometry of each of the compliant
joints that make up the compliant spine.
The stiffness of a compliant joint in its ‘flexible direction’ is defined by the geometry of
the Compliant Hinge (CH), shown in Figure 2-3(a). A compliant hinge’s geometry can be
determined by the shape of both inner and outer surfaces of the compliant hinge (shown as red
and brown dashed lines in Figure 2-3(b)).
When the compliant spine is bent in the ‘stiff direction’, the contact surfaces (shown as
dashed black lines in Figure 2-3(a)) come into contact with one another, making the CS very stiff.
The contact gap of a compliant joint is defined as the perpendicular distance (shown as gc in
Figure 2-3(b)) between these contact surfaces. The parameter g, shown in Figure 2-3(b), is the
horizontal distance between the contact surfaces and is related to the contact gap as shown in
Equation 2.1. The contact angle of a CJ (shown as ϕ in Figure 2-3(b)) is the angle between the
contact surface closest to the CH root and the horizontal line drawn at the root of the compliant
hinge. The contact gap and contact angle of a CJ determine its stiffness in the stiff direction. The
upper limit on the stiffness of a CS in its ‘stiff direction’ is that of a solid beam.
gc = g * Sin (180˚ - ϕ)

Figure 2-1 Schematic of a Compliant Spine.

(2.1)
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Figure 2-2 Nonlinear stiffness curve of a compliant spine is compared to the stiffness of a rigid spar and a
torsional spring.

(a)

(b)

Figure 2-3 Single compliant joint with its parts that determine the stiffness of the compliant joint.

A Solidworks model of a compliant spine is shown in Figure 2-4 where the contact gap is
very small (0.16% of the total length). The root of a CS is the location where the CS is
constrained while the tip of a CS is the location where the loads are applied (Figure 2-4). The
compliant joint closest to the tip is the first compliant joint and the rest are numbered starting
from the tip to the root. For instance, the compliant joint closest to the root of the CS shown in
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Figure 2-4 is the third one. This counting notation is used from here on until the end of this
dissertation. The compliant spine (Figure 2-4), whose dimensions are given in Appendix B, was
analyzed in ANSYS (finite element software), using quasi-static analysis, to determine its
stiffness properties and also to confirm the nonlinear stiffness behavior. The loading conditions
used during the analysis are shown in Figure 2-4. To obtain the stiffness of the design in its stiff
direction, the direction of tip forces (shown are red arrows in Figure 2-4) is reversed. During the
quasi-static FEA, Solid45 elements, frictionless contact and multi-linear material properties of
Delrin (Dupont polymer) were used [63,64]. Material data used for Delrin is given in Appendix
C. During the analysis of the CS in its stiff direction, contact elements (CONTA173 and
TARGE170) were used to simulate contact between the contact surfaces. The stiffness plot
obtained from such a quasi-static analysis is shown in Figure 2-5. The deflection contours of a
compliant spine, obtained from ANSYS, in both flexible and stiff directions are shown in Figure
2-6(a) and (b) respectively. It can be seen from the figures that a compliant spine can have a
significant amount of tip deflection in its flexible direction while having very little deflection in
its stiff direction.
It is evident from Figure 2-5 that the CS has nonlinear bending stiffness. The stiffness
changes when contact occurs which is represented by point A in Figure 2-5. Such a compliant
element can be used in applications which require nonlinear stiffness properties.

Figure 2-4 Solidworks model of a CS with three CJs.
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Stiffness plot of a Compliant Spine
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Figure 2-5 Stiffness plot of a CS showing its nonlinear force-deflection curve.
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Figure 2-6 Deflection contours of a CS in (a) flexible direction (b) stiff direction.
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2.3

Bend-and-sweep Compliant Element

The Bend-and-Sweep Compliant Element (BSCE) is a novel contact-aided compliant
mechanism with nonlinear stiffness properties in two orthogonal directions. This mechanism has
two degrees of freedom, one that will allow in-plane bending and another that will allow out-ofplane bending called sweep. Three generations of BSCEs were considered. Figure 2-7 shows Gen
1 BSCE, Figure 2-8 shows Gen 2 BSCE while Figure 2-9 shows Gen 3 BSCE. Based on a design
study presented in Chapter 5, Gen 3 BSCE was chosen for design optimization and testing
purposes.
An Angled Compliant Joint (ACJ) is the fundamental element of a Gen 3 BSCE. A Gen 3
bend-and-sweep compliant element with three ACJs is shown in Figure 2-9. For this mechanism,
bending is in the Z-direction while sweep is in the X-direction. Each ACJ has a CH at an angle.
This BSCE is flexible when it is deformed in the –Z and –X directions because of the large
deformations of the CH (Figure 2-10(a)).
The contact surfaces of ACJ are very similar to the contact surfaces of a compliant spine
(Figure 2-3) but they are at an angle, i.e., normal to the contact surfaces is not along Y-axis. The
contact gap for the angled contact surfaces is defined as the shortest distance between the
surfaces. The Gen 3 BSCE is very stiff when it is deformed in the +X and +Z directions due to
the angled contact surfaces (Figure 2-10(b)). During such deformations, these surfaces come into
contact. Thus the mechanism has nonlinear stiffness properties in the in-plane and out-of-plane
bending directions.
The nonlinear stiffness of a Gen 3 BSCE is both contact-based and geometry-based. The
stiffness in the –X and –Z directions is based on the compliant hinge geometry while stiffness in
the +X and +Z directions is based on the width of the contact gap, the angle and location of the
contact surfaces. The stiffness plot (Figure 2-11) was generated using a Gen 3 BSCE with one
ACJ (shown in Figure 2-10). Detailed dimensions of this design are presented in Appendix B.
The right face of the single jointed Gen 3 BSCE used during the simulation was fixed (as shown
in Figure 2-12) and equal tip loads were applied in the X and Z directions. Bending tip loads
(shown as red arrows in Figure 2-12) and sweep tip loads (shown as yellow arrows in Figure
2-12) were applied in the flexible and stiff directions. During the quasi-static FEA, Solid45
elements, Conta173, Targe170, frictionless contact and Delrin (Dupont polymer) multi-linear
material properties were used [63,64].
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Figure 2-7 Gen 1 Bend-and-sweep compliant element.

Figure 2-8 Gen 2 Bend-and-sweep compliant element.

Figure 2-9 Gen 3 Bend-and-sweep compliant element. This mechanism has three angled compliant joints.

29

Figure 2-10 Deformed Gen 3 BSCE. (a) Deformation in –X and –Z direction. Gen 3 BSCE is very flexible in
these directions. (b) Deformation in +X and +Z directions. Gen 3 BSCE is very stiff in these directions.
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Figure 2-11 Stiffness plot illustrating nonlinear stiffness properties of a sample Gen 3 BSCE.

Figure 2-12 (a) Bending and sweep loads applied in the flexible direction. (b) Bending and sweep loads applied in
the stiff direction. Red arrows represent loads in the bending direction while yellow arrows represent loads in
the sweep direction.
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2.4

Twist Compliant Element

The third compliant element is the TCE which is designed to have nonlinear stiffness in
twisting. A Solidworks model of such a compliant element is shown in Figure 2-13. The circular
part of the mechanism at the center is called the inner core. Members that are connected to this
inner core are called crossmembers (Figure 2-13(a)). The other four members that are connected
to the crossmembers are called sectors (Figure 2-13(a)). This design, whose dimensions are given
in Appendix B, was also analyzed in ANSYS. The loading conditions used in this analysis are
shown in Figure 2-13(b). An important part of this mechanism is its end face as shown in Figure
2-13(b). The end face includes the surfaces of the inner core, crossmembers and the surface of the
sectors at the base. For the mechanism to work as intended, this end face needs to be fixed, i.e.,
all DOF are constrained to be zero as shown in Figure 2-13(b). Torque on the TCE is simulated
by applying pressure on the crossmembers as shown in Figure 2-13(b). Solid45 elements,
Conta173, Targe170, frictionless contact and Delrin multi-linear material properties were used in
the analysis. The direction of applied pressure is reversed when the stiffness is analyzed in the
other direction. The stiffness plot obtained from the analysis is shown in Figure 2-14. It is evident
from the plot that the stiffness of the twist compliant element is nonlinear in nature. For such a
mechanism, to get 0.25 rad (14°) rotation in the clockwise direction, a pressure equivalent to 44%
of yield stress (20MPa) is required while to get the same 0.25 rad (14°) rotation in the counterclockwise direction only 22% of yield stress (10MPa) is required (Figure 2-14). This is because
the twist compliant element resists rotation more in the clockwise (stiff) direction. Hence more
pressure is required to achieve the same amount of rotation.
Deformations of a TCE during the simulation in clockwise (CW) and counter-clockwise
(CCW) directions are shown in Figure 2-15. It can be seen from Figure 2-15(a) that, when this
element is twisted in counter-clockwise direction, the sectors do not come into contact with the
crossmembers and the CE twists easily. On the other hand, when this design is twisted in the
clockwise direction, the sectors come into contact with the crossmembers making it very stiff in
the clockwise direction. Large twisting deformations of TCE are possible because the end face is
fixed. If the whole end face was not fixed, and only the inner core was fixed, then the sectors will
not open (Figure 2-15(a)) or close (Figure 2-15(b)).
The next two sections present passive wing morphing of ornithopters where these
compliant elements will be used. Stiffness of each of the compliant elements can be varied by
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changing the geometry and number of compliant joints, sectors and the crossmembers. Thus, to
design a compliant element with desired deflection, optimal shape and size of compliant joints,
sectors, and crossmembers are necessary. This warrants a need for design optimization procedure.
Such a design optimization procedure for all the CEs is presented after the ornithopter application
description.

(a)

(b)

Figure 2-13 Twist compliant element (a) Cross-section (b) Loading conditions used to analyze its stiffness

Figure 2-14 The twist compliant element exhibits nonlinear stiffness.
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Figure 2-15 Twisting of TCE in (a) counter-clockwise direction (b) clockwise direction.
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2.5

Ornithopter Application

One application of the compliant elements is in passive wing morphing of ornithopters.
Over the last few decades, flapping wing Unmanned Aerial Vehicles (UAVs), or ornithopters,
have shown the potential for advancing and revolutionizing UAV performance in both civil and
military sectors [62]. An ornithopter is unique in that it can combine the agility and
maneuverability of rotary wing aircrafts with excellent performance in low Reynolds number
flight regimes. These traits could yield optimized performance over multiple mission scenarios
[62]. Nature achieves such performance in birds using wing gaits that are optimized for a
particular flight condition [65,66].
The aerodynamic performance of the ornithopter during steady level flight can be
improved by implementing the Continuous Vortex Gait (CVG), a bio-inspired flight gait [66]. In
this gait, vortices are shed continuously during upstroke and downstroke, as illustrated in Figure
2-16. Using CVG, birds produce positive lift during both upstroke and downstroke. In CVG,
during downstroke, the outer section of the wing is fully extended to produce maximum possible
lift and thrust. During upstroke, the outer section of the wing is flexed to minimize the amount of
negative lift and thrust produced due to wing’s angle of attack and upward motion [66]. CVG is
one of the bird gaits that can be achieved passively. To implement the CVG in ornithopters,
specifically defined kinematics for the wing are required such that the wing morphs accordingly.
The outer section of the wing has to bend, sweep and twist simultaneously during the upstroke,
while remaining fully extended during the downstroke (Figure 2-17). In other words, during
upstroke the wing is required to bend, sweep and twist, while a wing with a structure similar to a
rigid spar is desired during the downstroke. During a flapping cycle, the best sequence of
bending, sweep and twist to achieve passive morphing is not known. That is, the desired schedule
of bending, sweep and twist during upstroke is unknown. Also, the desired magnitudes of
bending, sweep and twist during the upstroke are unknown. Hence, in this research it is assumed
that all three deflections should be achieved passively and simultaneously. It is anticipated that
after successfully achieving passive morphing, an optimal schedule of bending, sweep, and twist
during a flapping cycle may be able to be determined. In nature, an avian wrist is the primary
joint responsible for radical shape changes of a bird’s wing in the CVG. Bending, sweeping and
twisting of the ornithopters’ wings can be achieved passively by inserting various compliant
elements in the wing structure. The compliant elements will deform as a natural consequence of
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the aerodynamic loads encountered during flight. Passive morphing requires no external actuators
and hence no additional power. It is easy to implement, does not need closed loop control and
also does not add mass to the vehicle. The compliant elements presented in this chapter can
potentially be inserted in the wings of a test ornithopter as shown in Figure 2-18.
As a proof of concept and to demonstrate the feasibility of such a passive morphing
approach, only bending of the wings was considered initially. To implement passive bending in
the wings, a compliant spine (first compliant element) was inserted in the leading edge spar of an
ornithopter to mimic the function of an avian wrist. A schematic of the location of a compliant
spine prototype in an ornithopter’s wing is shown in Figure 2-19. Successful results of such an
experiment are described in the next two chapters.
An ornithopter flight test platform (Figure 2-18) has been developed by our collaborators
at the University of Maryland. Some key features are described here. The test ornithopter is a
commercially available Park Hawk Model, which has a wing span of 1.07m. The ornithopter’s
mass without any payload is 425 g. It has a flapping rate between 4 and 6 Hz, a forward speed
range from 10 to 30 km/h and a distance range of 0.8 km [67]. This ornithopter’s wing which was
used as a research and flight platform is shown in Figure 2-20. The green box in the figure shows
the location of the compliant spine on the leading edge spar with respect to the wing root, which
represents the location of a typical bird’s wrist. The distance between the wing root and the root
of the CS is D1. The length of the compliant spine is represented by Ls, as shown in the figure,
and D2 is the distance from the wing root to the compliant spine tip. All distances are defined as
percentages of the wing half span, L. The dimensions of each of these distances for the Park
Hawk Model are given in Table 2-1.
In order to achieve the desired wing kinematics for an ornithopter, passively, morphing
wing design requirements need to be defined. These morphing wing design requirements in terms
of the above defined distances are defined and presented in the next section.
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Figure 2-16 Continous Vortex Gait Wake [66].

Figure 2-17 During the continuous vortex gait the wings are fully extended at mid downstroke (left) and bent,
twisted, and swept at mid upstroke (right) [68].
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Figure 2-18 Compliant elements inserted in the wings of a test ornithopter.

Figure 2-19 The compliant spine is inserted into the leading edge spar to mimic the function of an avian wrist.
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Figure 2-20 Ornithopter wing with dimensions (adapted from [69])
Table 2-1 Ornithopter Wing Dimensions for the Park Hawk Model

Dimensions of a Park Hawk Model used for

Percentage of Wing half span,

bench top testing (m)

L (%)

L

0.533

100

D1

0.197

37

Ls

0.064

12

D2

0.261
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Variable

2.6

Ornithopter Wing Design Requirements

This section presents the design requirements necessary for the design of compliant
elements for passive morphing of ornithopters. This formulation can be also used for passive
morphing of other UAVs.
The design requirements for wing morphing of ornithopters are defined in terms of
desired wing deformations, namely bending, sweep and twist. These wing deformations and their
relation to the X, Y, Z axes for a section of a wing are shown in Figure 2-21. The deflection of a
wing in the Z-direction is denoted by W and is called the bending displacement. U represents the
deflection in X-direction and is called the sweep displacement. The twist of the wing about Yaxis is represented by Ψ. For the ornithopter application, the desired bending, sweep and twist at
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the tip of the ornithopter’s wing are defined as Wd, Ud, and Ψd, respectively. Each of these wing
tip deflection functions is a function of the flapping wing cycle, represented as Ud, (t/T), Wd (t/T)
and Ψd (t/T), where t is time, and T is the period of one flapping cycle. The integrated lift force
function acting on the ornithopter is defined as Fd which is also a function of time.

Figure 2-21 Deflection parameters of a wing [70].

First certain ‘goal points’ are chosen which are at specific times during a flapping cycle.
Such goal points can be the desired deflections of the wing tip at mid-upstroke or middownstroke or at some other preferred time during a flapping cycle. The desired sweep, bending
and twist of the ornithopter wing tip at a goal point, denoted by U*, W* and Ψ*, respectively, are
obtained from the desired wing tip deflections as shown in Equations 2.2, 2.3, and 2.4. Also, the
integrated lift load acting on the wing at a goal point, denoted by Sz*, can be obtained from the
integrated lift force function, Fd using Equation 2.5.
An example of the desired wing tip bending deflection function, Wd (t/T) during one
wing beat cycle for a test ornithopter is shown in Figure D-1 (Appendix D). This desired bending
deflection function was obtained from data taken from a pigeon with CVG in a wind tunnel test
flying at 20 m/s [65]. The bending deflection plot is later used in Chapter 3 to estimate desired
bending deflections for compliant hinges. An example of the integrated aerodynamic lift load
function, Fd (t/T), acting on the ornithopter for a single flapping cycle is shown in Figure D-2.
These loads were measured on a test ornithopter during bench testing using a 6 channel force
balance [67]. The green dotted vertical lines in both these figures represent mid-upstroke and
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mid-downstroke (sample goal points). This plot is later used in Chapter 3 to get an estimate for
forces acting on compliant joints.
W* = Wd (t/T) |t/T = goal point
*

(2.2)

U = Ud (t/T) | t/T = goal point

(2.3)

Ψ* = Ψd (t/T) | t/T = goal point

(2.4)

Sz* = Fd (t/T) | t/T = goal point

(2.5)

The desired deflections of the tip of the compliant elements (including the compliant
spine), and the effective load acting on them, are found by scaling the wing tip deflections (U*,
W*, Ψ*) and the integrated lift load on the ornithopter (Sz*) using appropriate scaling factors β, δ,
γ, η (Equations 2.6, 2.7, 2.8, 2.9). The scaling parameters are related to the wing geometry and
are given by Equation 2.10. This equation is derived based on the assumption that CE tip
deflection is proportional to the wing tip deflection for the same load. β is fixed at 0.5 (Equation
2.11) because there are two wings. Hence, the design goal for the ornithopter application is to
design compliant elements with the desired deflections (Δz*, Δx*, Θy*) when subject to loads given
by FCE.
FCE = β Sz*

(2.6)

Δz = δ W

(2.7)

*

Δx = γ U
*

*

*

(2.8)

Θy* = η Ψ*

(2.9)

(

)

(

)

(

)}

β = 0.5

(2.10)

(2.11)

Compliant elements with optimal geometries will have to be designed to satisfy the above
mentioned design requirements. Such optimal compliant elements can be designed by using the
design optimization methodology described in the next section.
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2.7

Design Optimization Methodology

Each of the compliant elements presented here can be parameterized using geometric
variables. For example, the geometric variables for a compliant spine are the contact gap, contact
angle and variables representing the shape of the compliant hinges. Such geometric variables
define the stiffness of the compliant elements. This section presents a generalized optimization
problem and a design methodology which can be used to design each of the compliant elements
for both static and dynamic applications.
Consider a cantilever beam of rectangular cross-section with length

, width bb, and

thickness tb (Figure 2-22). Let the quasi-static tip load acting on the cantilever beam be Pb. The
area moment of inertia (Ib) of the beam about the neutral axis is given by Equation 2.12. Based on
Euler-Bernoulli’s beam theory for small deflections, the maximum stress and tip deflection
observed in the cantilever beam are given by Equations 2.13 and 2.14, respectively.

Figure 2-22 A cantilever beam of rectangular cross-section with a quasi-static tip load.

(2.12)
(2.13)
(2.14)

Based on this theory, for a fixed length of the cantilever beam, the tip deflection is
dependent on the load Pb and bending stiffness EbIb. If the load and material of the cantilever
beam are fixed, then the tip deflection is dependent only on Ib. The geometric parameters that
determine this factor are the width (bb) and the thickness (tb) of the beam cross-section. Hence to
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design a cantilever beam with desired tip deflection, the factors bb and tb need to be determined.
This theory works very well for small deflections only.
Unlike a beam, simple analytical, continuous model for deflections of compliant elements
has its own limitations. All the compliant elements have complex geometries and hence finding
an area moment of inertia might be difficult and not accurate. Compliant elements made out of
Delrin or similar material exhibit nonlinear material properties. Even if a material with linear
properties is chosen, the following reasons make analytical analysis difficult. Most of the
deflections observed in the compliant elements are large deflections. All the compliant elements
use self-contact. It is possible that an analytical model with masses and nonlinear springs could be
developed to estimate the deflections and the performance of the compliant elements. But such
models and the accompanying analysis will be incomplete because those models will not be able
to predict the stresses in the designs; although they can be used as a first step in the design
optimization of compliant elements. An essential design constraint that is involved in the
compliant element design process is the stress constraint. The stresses observed in the compliant
elements are a function of the loading conditions and various geometric variables that define the
compliant element.
Considering the above mentioned issues, finite element analysis is a feasible option for
designing compliant elements. Commercial FEA software can take into account nonlinear
material properties, large deflections, and self-contact. For dynamic applications, FEA can also
perform steady state dynamic analysis to account for the inertia effects. Hence FEA will be used
in the CE design methodology. An analytical model could be used as a first step in the CE design
methodology and help efficiently produce initial designs that can be used in the FEA design
process. To design a compliant element, the loading and boundary conditions on the CE need to
be determined as well based on the application. Then FEA should be used in the design
optimization procedure.
The goal of the CE design process is to design CEs with desired deflections subject to
certain loading conditions. The deflections observed in the compliant elements, under specified
loads, can be used as an implicit measure of their stiffness. For a specific compliant element
design problem with specified loading conditions and stress limits, there are numerous feasible
compliant elements with different geometric variables that will achieve the desired deflection.
Such desired deflections could be bending deflections of compliant spines or twisting deflections
of twist compliant elements, etc. Applications where compliant elements can be used will usually
require minimal weight addition to the existing systems. However, evaluating all the possible
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compliant elements in a certain design space which is constrained by desired deflection, mass,
and stress limits is practically not possible. This warrants the need for an optimization
methodology which, when implemented, will give the designer a set of compliant element
choices to choose from. One such design optimization methodology is presented here. In this
methodology, a multi-objective optimization problem is first formulated. This problem can then
be implemented by following the steps shown in the flow chart of Figure 2-23.
The optimization problem has three objective functions: minimize mass, minimize
maximum von Mises stress observed in the CE, and maximize the deflections observed at the tip
of the CE. Mathematically this optimization problem is represented by Equations 2.14 and 2.15.
Minimize M, σmax
Maximize (Δz) or (Δz and Δx) or (Θy)

(2.14)
*

(2.15)

S.T. Geometrical constraints
*

The deflections used in the optimization function are selected based on the type of CE being optimized

and type of analysis, quasi-static or dynamic.

Where,
M = Mass of the CE
σmax = Maximum von Mises stress observed in the CE
Δz = Bending tip deflection for a compliant spine
Δz and Δx = Bending and sweeping tip deflection of a bend-and-sweep CE
Θy = Twist deflection observed at the tip of the twist compliant element.
An effective approach to solving the optimization problem is to use heuristic optimization
algorithms like Multi-Objective Evolutionary Algorithms (MOEAs). Zhou et al. [71] present a
survey of the state of the art MOEAs. Amongst these, Non-dominated Sorting Genetic Algorithm
(NSGA-II) is quite effective for complex multi-objective optimization problems with a small
number of variables, and hence will be used for solving this optimization problem. This design
optimization problem can be implemented as shown in the flow chart in Figure 2-23. The first
step in this methodology is to generate the initial CE geometries. Models of these geometries are
then built, using a commercial finite element package. Then, a quasi-static or steady state
dynamic FEA is performed on the models as required by the application, and the objective
functions are calculated accordingly. These objective function values are then used by the genetic
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algorithm as fitness values to generate a new set of geometries which are better than the older
ones while adhering to the geometric constraints. This process continues until a convergence
criterion is met by the genetic algorithm. More description on the convergence criterion is given
in Chapter 4. The genetic algorithm, after converging, gives a set of optimal compliant elements
which can then be used by the designer to choose an appropriate one for fabrication and testing
purposes. This methodology has been used to design CEs and the results from such a process are
presented in Chapters 4, 5, and 6.

Figure 2-23 Flow chart showing the design optimization methodology for compliant elements

2.8

Summary

Three novel contact-aided compliant mechanisms called compliant elements were
presented in this chapter. They were the compliant spine, bend-and-sweep compliant element and
twist compliant element. All of these compliant elements have nonlinear stiffness properties and
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use self-contact to achieve the nonlinear stiffness. One application of such novel compliant
mechanisms is in passive wing morphing of ornithopters.
Passive morphing of ornithopter wings which includes bending, sweep, and twist, can be
achieved by inserting these compliant elements in the wings. The requirements of such a design
problem, which includes desired deflections, have also been presented in this chapter. Finally, a
design optimization procedure which was developed to design optimal CEs for a specific
ornithopter application has also been presented. As part of this procedure a generalized multiobjective optimization problem is formulated and will be solved using NSGA-II. The following
two chapters present the design, optimization and testing of compliant spine for ornithopter
application.

3

Chapter 3

Quasi-static Analysis of a Compliant Spine

3.1

Introduction

The deflection properties of a compliant spine depend on the geometry of the compliant
joints that make up the compliant spine. To understand the effect of the geometric parameters on
the deflection of a single compliant joint, a quasi-static finite element study was first performed
on a single compliant joint. Contact analysis for the downstroke simulation is possible only in the
quasi-static case. Dynamic analysis and design optimization using dynamic analysis and multiple
compliant joints are presented in the next chapter.
When bending alone is considered, the wing must bend during upstroke but has to be
very stiff during the downstroke. This nonlinear stiffness can be achieved using the flexible and
stiff bending properties of the compliant spine. As a preliminary study, a single compliant joint is
first analyzed and the results are presented in section 3.2. The results obtained from the
preliminary quasi-static analysis are used to design a compliant spine for ornithopter wing
bending, called Gen 1 CS. Assumptions made during this process are summarized in Appendix A.
Later, bench top experimental results of the Gen 1 CS are also presented in this chapter.
These experiments were conducted by Ms. Aimy Wissa and Dr. James E. Hubbard Jr. (our
collaborators at University of Maryland) and their experimental work is summarized in Appendix
D for the purpose of validating the analysis and design method.

3.2

Preliminary Quasi-Static Analysis

The fundamental element of a CS is a CJ (Figure 3-1). Since a compliant spine is usually
made up of many such CJs, a single CJ is first analyzed. The design parameters that affect the
deflection of a compliant joint are shape of the compliant hinge, contact angle () and contact gap
(gc). The deflection of a CJ in flexible direction, actuated during upstroke, is primarily because of
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the compliant hinge while deflection of the compliant joint in the stiff direction, actuated during
downstroke, is primarily dependent on contact angle and contact gap.

Figure 3-1 CJ is the fundamental element of a CS. Loading conditions used during the downstroke analysis are
also shown here.

3.2.1

Downstroke Simulation
To understand the effect of the contact gap on downstroke deflection, finite element

analysis simulations of a single compliant joint (whose dimensions are given in Appendix E)
were conducted with varying contact gaps of gc = 0.5mm (0.02”) to 12.2mm (0.48”) (in steps of
0.02”) while fixing the contact angle (ϕ) at 80°, 90°, 110°, and 130°. Then, another design study
was conducted with varying contact angles of 30° to 145° (in steps of 5°) while fixing the contact
gap at 0.5mm (0.02”). The loading and boundary conditions used for this analysis are shown in
Figure 3-1, where the force, F, is a static load applied on the compliant joint to approximate the
lift load during downstroke. Since this design study was performed to understand the effects of
contact gap and contact angle on a CJ, approximate dimensions were chosen for the CJ. Similarly
the magnitude of F was chosen to be 667.23N (150lbf) such that the contact surfaces come into
contact even when the contact gap is as large as 12.2mm (0.48”). The material that was selected
for the compliant spine was DuPont Delrin 100ST. Delrin was chosen because of its good fatigue
properties, elastic strength, manufacturability and availability. Multi-linear isotropic material
properties of Delrin (refer to data in Appendix C) were used during the analysis [63,64]. Large
displacement analysis and Plane42 elements were used in ANSYS during the simulation. The
maximum nodal y-displacement observed after the contact was taken to be the corresponding tip
deflection (Zdeflection) of each of the designs.
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Figure 3-3 and Figure 3-4 show the effect of the contact gap (gc) and the contact angle
(ϕ), respectively, on bending tip deflection (Zdeflection) in a single compliant joint during the
downstroke. It is evident from Figure 3-3 that as gc increases, Zdeflection, for a given contact angle,
also increases. This means that the contact gap must be as small as possible to achieve the least
Zdeflection during downstroke. Also, from the graph it should be noted that as the contact angle (ϕ)
increases, Zdeflection decreases for a given contact gap.
Figure 3-4 shows the Zdeflection of a single compliant joint during the downstroke as a
function of contact angle (ϕ) for a fixed contact gap gc, of 0.5 mm. It is evident from this plot that
the Zdeflection is minimum for a contact angle of 130°. During the simulation, it was observed that
the contact surfaces slide relative to each other after coming into contact. But as the contact angle
increases, this sliding reduces and hence Zdeflection decreases. This suggests that the Zdeflection should
keep decreasing as the contact angle increases. But that is not the case after 130° as is evident
from Figure 3-4. This is because of the ‘step’ and the ‘tapered part’ of the CJ joint. The step and
the tapered part in a CJ design are shown in Figure 3-2. More details on the CJ design are given
in Appendix E. As the loading increases (in sub steps) or the geometry changes during
simulation, the surfaces of the step come into contact as well, along with the contact surfaces.
When that happens, the stiffness of the CJ increases further. Because of the geometry (gc, ϕ) and
the deformation during the simulation, contact surfaces of this step come into contact till 130°.
After 130°, the contact surfaces of the step do not come into contact thus reducing the compliant
joint’s stiffness. Also, as ϕ increases, the area of contact between the contact surfaces and the
length of the tapered end increases. This causes more deformation of the tapered end. As a result
Zdeflection increases after 130°. The upper limit of this Zdeflection would be that of a solid beam with
no CJs. The step in the CJ design was removed from all the subsequent designs because the step
resulted in a decrease in the Zdeflection of only 0.05% of the total length compared to a design
without a step. Also to keep the CJ design simple, easy to design, analyze and fabricate this step
was removed.

Figure 3-2 Solidworks schematic of a single compliant joint used during downstroke simulation.
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3.2.2

Upstroke Simulation
During the upstroke, the compliant spine should be flexible enough to mimic the avian

wrist and achieve the desired bending deflection without exceeding the material stress limit. The
deflection of a compliant spine in its bending direction is dependent on the geometry of the
compliant hinges of each of the compliant joints. To determine the best shape of a compliant
hinge which can achieve desired bending deflection, a quasi-static, multi-objective design
optimization problem was formulated. This optimization problem, methodology and the results
obtained are presented in this section.
It is assumed that the upstroke tip deflection of a compliant spine is obtained due to the
compliant hinges themselves, i.e., the compliant hinges are much more flexible than the portions
connected to the contact surfaces. Hence, shape optimization of a single compliant hinge was first
performed. This optimization of the compliant hinge was performed by parameterizing the
compliant hinge using control points, shown as black dots in Figure 3-5 (a). Their locations
relative to the center point (*) form the decision variables in the optimization problem. Nineteen
control points were used to represent the inner and outer surfaces of the compliant hinge, so that
each of the control points are spaced 10° apart. There were 38 decision variables, 19 inner radii,
Rin (a row vector), and 19 outer radii Rout (a row vector), which represent the radial coordinates of
the control points relative to the origin (red star in Figure 3-5(a)). The loading and boundary
conditions applied to each of the designs are shown in Figure 3-5(a), where Peq is the equivalent
pressure applied on the top surface of the hinge. This pressure is calculated by dividing the static
load, F (shown in Figure 3-1), by the area on which the pressure was applied. To estimate the
magnitude of F, previous experimental results using an ornithopter without a compliant spine
were used [67]. The integrated force acting on the test ornithopter at mid upstroke, Sz*, was
measured as 12.44 N (Figure D-2); since the ornithopter has two wings, the integrated force
acting on one wing is 6.22N. The static load applied to the tip of the compliant hinge, F, was then
assumed to be equal to the integrated force acting on the whole wing, namely 6.22N (β= 0.5)
[69]. As a conservative estimate, a tip load equivalent to the integrated force is assumed to be
acting on the wing. The moment generated by such a tip load at the wing root or CS root is much
greater than the moment generated by a distributed load with the same magnitude. Since the
simulation is quasi-static in nature, the reaction force at the tip of the CS is equal to the entire
load. Also, it was initially assumed that the compliant spine will have only one single CJ. Hence,
a pressure equivalent to the static force of 6.22N was applied on the compliant hinge designs.
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Mid-upstroke was chosen as the desired goal point for the deflection, for this
optimization. Given the dimensions of the test ornithopter, the scaling factor δ was determined to
be 0.189 using Equation 2-10. For this goal point, the bending deflection values were derived
from Figure D-1. All these parameters used in the optimization are shown in Table 3-1.

Table 3-1 Values used for the Shape Optimization Case Study

Symbol
Sz*
FCE
A
Peq
W*
*
Δz = Zreqd
σallow

Expression
Fd (t/T)|t/T = 0.75
β · Sz*
t · (Rout (1) - Rin(1))
FCE/A
Wd (t/T) |t/T = 0.75
δ · W*
σallow/N

Value
12.44N
6.22N
9.025mm2
0.69Mpa
40mm
7.6mm
21.5 MPa

The shape optimization problem that was used in the optimization is as follows:

Minimize

Z1 = A · t · ρ
Z2 = |Zmax – Zreqd|
Z3 = |σmax – σallow|

The objectives of this optimization problem were to minimize the mass of the hinge (Z1),
the error in bending deflection compared to the desired deflection (Z2), and also the error in stress
compared to the maximum allowable stress (Z3). Multi-linear material properties of Delrin (refer
Appendix C), large displacement analysis and Plane42 elements in ANSYS were used for the
finite element simulations.
This multi-objective shape optimization procedure was performed using Non Dominated
Sorting Genetic Algorithm–II (NSGA-II). Each population member in the genetic algorithm
represents a possible shape of the compliant hinge. The procedure was carried out with a
population size of 100 and was run for 300 generations. A population size of 100 was chosen to
generate sufficient variety in the population without compromising on the computational time.
The advancement of the Pareto front was analyzed regularly after certain generations to check for
progress in the generations. Such a procedure is termed as off-line analysis and it is not done
during the optimization but is done separately. Based on the off-line analysis performed on the
optimization results, it was decided that the optimization has converged after 300 generations.
The original code for NSGA-II is available on the internet [72]; a Matlab compatible code was
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used for the optimization [73]. The optimization procedure was initiated by randomly creating the
first generation population in Matlab. Then, each of these cross-sections was exported to ANSYS,
loads were applied and the static problem was solved using large deformation FEA. The fitness of
each of these population members was then evaluated by using the mass, stress and deflection
values returned from ANSYS.
One of the optimal solutions of the genetic algorithm is shown (as black lines) in Figure
3-5(b). The shape of this optimal compliant hinge is shown compared to a semi-circular hinge for
reference (shown in dotted blue lines). The positions of the control points in the optimal crosssections show an increased thickness at radial positions of around 90° and 170°. These locations
on the hinge are the places where stresses tend to be large. Based on this result, a parameter called
eccentricity of a compliant hinge was introduced and used in the CS optimization procedure
presented in the next chapter. This result also suggests that the optimal compliant hinge shape can
be approximated to be a semi-circular hinge. Such semi-circular hinges were used in the design of
the Gen 1 compliant spine prototype described in the next section.

(a)

(b)

Figure 3-5 (a) Design parameters and loading conditions used in compliant hinge shape optimization (quasistatic) procedure. (b) Optimal compliant hinge shape (shown in black lines) resulting from the optimization and
reference semi-circular hinge (shown in blue dotted lines).

3.3

Gen 1 Prototype Design and Fabrication

Based on the quasi-static analyses, an acceptable yet conservative compliant spine design
was designed for prototyping and testing. The compliant spine (dimensions given in Appendix F)

53
that was used for testing had three compliant hinges, with each compliant hinge consisting of two
concentric semicircles. For each of the CHs, the radius of the inner semi-circle was 1mm and the
radius of the outer semi-circle was 4mm. Thus each hinge had a uniform thickness of 3mm. The
contact gap (gc) that was achieved using the water jet machining process was 0.03” or 0.762mm,
and the contact angle (ϕ) was 130°.
The deflection and von mises stress contours of this CS design, obtained from a quasistatic analysis, during upstroke are shown in Figure 3-6(a) and Figure 3-6(b), respectively. The
deflection and von Mises stress contours of the same design during downstroke are shown in
Figure 3-7(a) and Figure 3-7(b). The bending deflection of this CS during upstroke is about
12.27mm (Figure 3-6(a)) while its deflection during downstroke is about 1.66mm (Figure 3-7(a))
for the same magnitude of loads. This suggests that this CS is flexible during upstroke and is very
stiff during downstroke. For both these cases, the maximum von Mises stress observed is less
than the yield stress.
The fabrication procedure that was used to fabricate and assemble the design is described
below.


First a 0.5” (12.7mm) thick Delrin sheet was purchased from McMaster Carr. Then, a CS
(dimensions is given in Appendix F) with 25.4mm (1”) taps on either ends was cut out of this
sheet with the help of water jet cutter that is available at the Penn State Learning Factory. A
Solidworks drawing of the design was used for this purpose. The desired CS length was
63.5mm (2.5”), but the 1” tabs on either ends were added to accommodate attachment to the
leading edge spar of the ornithopter. This spar is a GraphliteTM carbon fiber rod.



The spars, because they could not be threaded, were attached to the CS using 10-32 Nylon
bolts (Figure 3-8). The OD of the spar is 3.96mm. The ends of the spar that connect to the
compliant spine were turned down to 2.4mm diameter (Figure 3-8(a)).



Then, blind holes with 2.65mm diameter were drilled into the 10-32 nylon bolts, without their
heads, along their lengths. These bolts were then glued to the turned down ends of the spars
using Permabond 268 (Figure 3-8 (b)). This glue was also purchased from McMaster Carr.



Finally, 1” deep threaded blind holes were made in the taps on either ends of the CS such
that a 10-32 bolt could be screwed into them.



Then, the spars with the Nylon bolts on their ends were screwed into the CS taps as shown in
Figure 3-8(d).
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Figure 3-6 (a) Deflection and (b) stress contours observed in the gen 1 design obtained from static analysis
during upstroke (in the flexible direction). The bending deflection of this CS during upstroke is about 12.27mm.
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Figure 3-7 (a) Deflection and (b) stress contours for gen 1 compliant spine obtained from static analysis during
downstroke (in the stiff direction). The bending deflection of this CS during downstroke is about 1.66 mm.
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Thus the CS-spar assembly (Figure 3-8(e)) was fabricated and assembled for testing
purposes. Benchtop experiments have shown that an ornithopter with CSs had a power reduction
of 44.7 % and a lift gain of 16%. Details of bench tests and experimental results are presented in
Appendix D. Later this compliant spine-spar assembly (Figure 3-9) was simulated and analyzed
in ANSYS to understand the effects of resonance. Based on the modal analysis and the extracted
natural frequencies it was concluded that resonance does not come into play when this
mechanism is inserted in the wing because the operating frequency of the ornithopter is about
5Hz while the first natural frequency of the assembly is about 12.69 Hz (Table 3-2).

Figure 3-8 The compliant spine was attached to the spar with the help of 10-32 Nylon bolts. The bolts were glued
to both ends of the spar as shown in (b) and (c). Then the spars were screwed into the ends of the spine as shown
in (d) and (e).

Figure 3-9 Solidworks model of a compliant spine-spar assembly that was used for modal analysis. Boundary
conditions used during the analysis are also shown here.

Table 3-2 Natural frequencies of the compliant spine-spar assembly

Mode Number
1
2
3
4
5

Natural Frequency (Hz)
12.69
19.37
49.67
66.50
219.29
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3.4

Summary and Conclusions

The overall goal of the ornithopter application was to improve the steady level flight
performance via passive wing morphing using compliant elements. In this chapter passive
morphing, primarily bending was achieved with the help of a Gen 1 CS. Based on the design
study, for optimal performance of the CJ during downstroke, the contact gap of the compliant
joint must be as small as possible and the contact angle must be 130°. Based on the quasi-static
optimization of a CH, it was found that the optimal shape of the CH could be approximated to a
semi-circle.
Using the results from the design study and quasi-static optimization, an acceptable yet
conservative design of compliant spine was tested as a proof of concept. The presence of the
compliant spine in the ornithopter wing was found to introduce an asymmetry between the
upstroke and the downstroke. For any given flapping frequency, the ornithopter with the
compliant spine consumed less electric power than the same ornithopter without the compliant
spine. It was also found that for any given throttle input, the ornithopter with the compliant spine
flapped at a higher flapping frequency, produced more mean lift and did not incur any thrust
penalties when compared to the ornithopter without the compliant spine. Moreover, at the
flapping frequency of interest, 4.7 Hz, the ornithopter with the compliant spine achieved 44.7%
reduction in the power required and 16% lift gain. Thus the steady level flight performance was
improved due to the presence of the compliant spine. In the next chapter, design optimization of
CSs with numerous CJs and different loading conditions along with flight testing of optimal
compliant spines is presented.

4

Chapter 4

Design Optimization of Compliant Spine

4.1

Introduction

A multi-objective design optimization procedure was developed to design compliant
elements and presented in Chapter 2. In this chapter, details of that optimization procedure used
to design a compliant spine for ornithopter application are presented. That involves desired
deflection estimate, appropriate loads estimate, and parameters used during the optimization. The
results of such an optimization procedure and the accompanying discussion are also presented in
this chapter and published in part in [74]. Finally, optimal compliant spines obtained from the
optimization were prototyped. These prototypes were flight tested by our collaborator Ms. Aimy
Wissa. The results of the flight tests are summarized in Appendix D and published in part in [75].

4.2

Design Optimization of Compliant Spine

As was mentioned earlier, passive morphing of ornithopters requires the wings to bend,
sweep and twist during upstroke while remaining very stiff during the downstroke. The feasibility
of using a compliant spine for passive morphing in an ornithopter wing was described in Chapter
3. The compliant spine was designed for bending only, and resulted in performance
improvements. Here, the compliant spine is optimized under dynamic loading conditions for
flight testing purposes. A compliant spine can be made up of one or more CJs. A schematic of a
single CJ is shown in Figure 3-1. The parameters that affect the performance of a compliant spine
are the number of compliant joints (T) and the design of each CJ. Design parameters that affect
the design of a single CJ are the contact angle (ϕ), contact gap (gc), and the geometry of
compliant hinges.
The effects of contact gap and contact angle on the downstroke performance of a single
compliant joint were studied and presented in Chapter 3. It was found that the contact angle (ϕ)
must be 130° and that the contact gap in a CJ must be as small as possible for minimum
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downstroke deflection of the CS. The minimum contact gap size is based on the manufacturing
process used to fabricate the CS. All of the compliant spine designs will be fabricated using a
water jet cutter, and based on the kerf width of the water jet available in the Penn State Learning
Factory, the minimum possible value of g was found to be 300 μm. This value of g was thus fixed
for all the joints in any CS design presented in this chapter.
The focus here is on the variables affecting the upstroke. Based on the results obtained
from quasi-static analysis (Chapter 3) for the CH design, the inner and outer surfaces of the
compliant hinges are assumed to be semi-circles. The geometry of a CH is parameterized using
three variables; inner radius of the compliant hinge (Rk in), outer radius of the compliant hinge
(Rk out), and eccentricity (ek) of the compliant hinge (Figure 4-1). The subscript k in these variable
names corresponds to the kth CJ. Each CJ will thus have three design variables. The black dots in
the figure represent the centers of the outer semi-circles and the red stars represent the centers of
the inner semi-circles of each of the compliant hinges. The eccentricity of a kth compliant hinge is
shown as ek. The value of ek is positive if the black dot is to the right of the red star and is
negative if it is otherwise, except when the black dot and red star coincide, then ek has a value of
zero.
A two compliant joint compliant spine (CJCS) is defined as a compliant spine with two
compliant joints. Similarly, a three CJCS is a compliant spine with three compliant joints, and so
on. This terminology will be used from here on in this chapter. The ornithopter application
imposes dimensional constraints on the CS designs. The CS design for the test ornithopter
mentioned in Section 2.6 should not be more than 63.5mm long, 12.7mm wide and 12.7mm thick.
These dimensional constraints limit the number of compliant joints that can be accommodated in
a single CS. As a case study, CSs with two, three and four compliant joints were considered.
Since each CJ has three geometric variables that define its geometry, a three CJCS will have nine
design variables (Figure 4-1). Similarly there will be six and twelve design variables,
respectively, for the two CJCS and four CJCS optimization problems. The multi-objective
optimization problem (generalized form presented in Section 2.7) that was used for design
optimization of CS is shown in Equations 4.1 – 4.11.
Minimize (f1, f3)
Maximize (f2)

(4.1)
(4.2)
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S.T.

Where,

𝑅𝒌 𝑖𝑛
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𝜆∗ 𝑍
(1 𝜆) ∗ 𝑍𝑝𝑒𝑛 𝑡𝑦
𝜆∗
+ (1 𝜆) ∗ 𝑝𝑒𝑛 𝑡𝑦
𝜆

1𝑖
{
0𝑖

𝑐𝑢𝑡𝑜𝑓𝑓

>

𝑐𝑢𝑡𝑜𝑓𝑓

σcutoff = α * σyield
𝑀𝑝𝑒𝑛 𝑡𝑦 ≫ 𝑀
𝑍𝑝𝑒𝑛 𝑡𝑦 ≪ 𝑍
𝑝𝑒𝑛 𝑡𝑦 ≫

(4.3)

(4.4)
(4.5)
(4.6)
(4.7)
(4.8)
(4.9)
(4.10)
(4.11)

Figure 4-1 A compliant spine with three CJs and nine geometric variables.

The first objective function, f1, minimizes the mass of the compliant spine (M). The
second objective function, f2, maximizes the peak bending deflection at the tip of the compliant
spine (Zmax), and the third objective function, f3, minimizes the peak von Mises stress observed in
the compliant spine design under the dynamic loading conditions (σmax). The objective functions
f1, f2, and f3, given by Equations 4.4, 4.5, and 4.6, respectively, are calculated by performing FEA
in ANSYS, using steady state dynamic analysis. Geometrical constraints on the design variables,
given by Equation 4.3, ensure that the inner and outer semi-circles of the hinges never intersect,
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thus creating feasible compliant hinges for all the CS designs. A controlled elitist genetic
algorithm, a variant of NSGA-II [76,77], was used for the optimization here. This genetic
algorithm is part of the optimization toolbox provided in MATLAB.
The objective functions are formulated using the penalty values 𝑀𝑝𝑒𝑛
𝑝𝑒𝑛 𝑡𝑦

𝑡𝑦 ,

𝑍𝑝𝑒𝑛𝑎𝑙𝑡 , and

and the binary variable λ. These penalty values (Equations 4.9, 4.10, and 4.11) are chosen

such that an infeasible design, determined by Equation 4.7, is assigned a poor value of the
objective function; such designs are terminated and not allowed to propagate into future
generations. Computational time is also an important factor in this optimization because dynamic
analysis is being performed on each of the CS designs in each generation. Taking the
computational resources and complexity of the problem into consideration, penalty values have
proven to be very effective in driving the optimization towards feasible regions in the design
space. A CS design is considered to be infeasible if the maximum von Mises stress in the design,
after dynamic analysis, is greater than a cutoff stress limit, calculated from Equation 4.8. This
limit is controlled by choosing an appropriate value for α, which can be a function of the safety
factor for the material.
Linear isotropic material properties of Delrin (Young’s Modulus 1.4 GPa and Poisson’s
ratio 0.3) were used during the analysis because ANSYS cannot account for multi-linear material
properties using steady state dynamic analysis. Solid45 elements were used to mesh the CS
designs. The forcing frequency (ω) of the dynamic loads applied was 5 Hz, corresponding to the
ornithopter operational flapping frequency. Specific values of parameters that were used during
the two, three and four CJCS optimizations are given in Table 4-1. For each of the optimization
problem, the number of compliant joints, the number of design variables and number of
geometrical constraints are the only parameters that are different. The upper and lower bounds on
the design parameters were chosen based on experience and on limitations on the dimensions of a
CS.
The required bending deflection Δz* of the compliant spine and the equivalent load FCE
acting on the compliant spine must be estimated first to perform the finite element analysis. The
following sub-sections describe the deflection estimation and load estimation, which follow the
procedure outlined in Section 2.6.
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Table 4-1 Parameters used in the CS optimization

Variable
α
σyield



g
Fo
ω
T
lbin
ubin
lbout
ubout
lbe
ube
Mpenalty
Zpenalty
σpenalty
Psize
ρdelrin
Mmax

4.2.1

Value
1
45*106 Pa
130˚
300 μm
10 N
5 Hz
2 or 3 or 4
0.0004 m
0.005 m
0.0004 m
0.005 m
-0.004 m
0.004 m
14.2*106 kg
1000 m
10000 * 106 Pa
100
1420 kg/m3
0.0145 kg

Deflection Estimation
The test ornithopter has a wing span of 1.07m (Section 2.5) and the desired deflections

for the ornithopter are derived from that of a cockatiel. Figure 4-2 shows nine lateral views of the
cockatiel during one wing beat cycle.
The wing tip bending deflections of a cockatiel during a flapping cycle were captured
using a camera and digitized by Ms. Wissa [78]. Then, the equivalent desired ornithopter wing tip
deflections, called desired bending deflection function (refer Section 2.6) were attained by scaling
the cockatiel’s wing tip deflections using the ratio between the ornithopter's and the cockatiel's
wing spans (Equation 4.12). This gave the desired bending deflection function, over one wing
beat cycle (shown in Figure D-11). Such linear scaling (Equation 4.12) was used to get the
desired deflection of the ornithopter during upstroke alone. Linear scaling down of wing tip
deflection (Equation 2.10) was used to get the desired deflection of the CS, during upstroke,
because it was assumed that deflection at the wing tip is due to the bending in the CS alone and
not due to the bending of the spar.
For the design optimization problem with this desired deflection function, the mid
upstroke was chosen as a goal point, t/T = 0.25 (shown as a red dashed line in Figure D-11).
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Using Equation 2.2, the desired wing tip deflection for the ornithopter, at the goal point W*, was
then found to be 4.45cm. Using this value of W* and Equation 2.7, the minimum desired
deflection (Zreq) of a CS such that the wing imitates the CVG of the cockatiel was calculated to be
8.42 mm. The scaling parameter δ, for the test ornithopter was calculated to be 0.189. Dimensions
mentioned in Table 2-1 were used in the calculation of δ.

(

)

𝑖𝑛
𝑖𝑛

𝑝 𝑛
𝑝 𝑛

∗𝑍

𝑜𝑐

𝑡𝑖𝑒

(4.12)

Figure 4-2 Lateral flapping sequence for a cockatiel in a wind tunnel during one wing beat cycle [79]. The wing
flapping cycle shown here starts from upstroke (upper left corner). The pictures are to be read down the column
first and then from the top of the next column.

4.2.2

Load Estimation
To estimate the aerodynamic loads acting on the CS, an experiment was conducted by

Ms. Wissa and is summarized in Appendix D.
Experimentally it was observed that maximum compressive inboard strain was 1975.4µε
and the maximum compressive outboard strain was 1317.4µε. Actual values from the plot in
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Figure D-13 are -1975.4µε and -1317.4µε for inboard strain and outboard strain, respectively.
These values occur at the transition point from upstroke to downstroke.
The same spar was then modeled in ANSYS under steady state dynamic loading
conditions at 5Hz. The parameters of the spar that were used during the simulation are given in
Table 4-2. These values were obtained from the manufacturer of the spars, The Composites Store,
Inc., by Ms. Wissa. To approximate the distributed aerodynamic loads acting on the spar, a
uniform load with a fixed magnitude was applied on each of the nodes as shown in Figure 4-3.
The red arrows show that the loads are of equal magnitude and are acting on all the 99 nodes, in
the negative Y-direction. The left end of the spar is fixed. After the steady state dynamic analysis,
bending strains (on the –Y side of the beam) at 40th node for inboard strain and 52nd node for
outboard strain were extracted from ANSYS. These node locations are at the CS root and the CS
tip locations on the spar, respectively. During the simulation, the magnitude of the dynamic load
on each of the nodes was incremented slowly until the resulting strains at these node locations
were very close to the measured strains. It was observed that for a force of 0.174N on each of the
nodes, the strains observed were close to the experimental values (see Table 4-3). Using this
value, the net force acting on the spar starting from the 41 st node till the 99th node is 10.266N (=
0.174*59). It is assumed here that only this load will be acting on the CS. It is also assumed here
that there are no loads transmitted onto the CS due to the connection between the wing root and
the CS root, in the direction of integrated lift load. The value of 10.266N was then approximated
to be 10N for the sake of simplicity.

Table 4-2 Parameters of the spar used in FEA

Name of the parameter
Length
Radius of circular cross-section
Number of finite elements
Type of finite element
Length of each finite element
Young’s modulus(Eb)
Poisson’s ratio
Density (ρ)
Number of nodes
Node number corresponding to
inboard strain gage location
Node number corresponding to
outboard strain gage location

Value of the parameter
0.49 m
0.00198 m
98
BEAM188
0.005 m
1.34 · 1011 N/m2
0.1
1600 kg/m3
99
40
52
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Since the actual aerodynamic load distribution acting on the wings or on the CSs is
unknown, three different loading conditions were considered, as shown in Figure 4-4. Figure
4-4(a) shows aerodynamic lift loads during upstroke approximated as uniform pressure acting on
the top surface of the CSs. Figure 4-4(b) shows lift loads approximated as tip loads. Figure 4-4(c)
shows lift loads approximated as pure moments at the tip. The figure shows a three CJCS;
analogous loading conditions were used for two and four CJCS. Based on the above mentioned
experimental and simulation analysis, the tip loads (Figure 4-4(b)) were approximated to be 10 N
(Fo in Figure 4-1). Using this as a basis, a more conservative loading pattern (Figure 4-4(c)) and a
less conservative loading pattern (Figure 4-4(a)), in terms of the bending moments generated at
the root of a CS, were used to analyze the CSs. For the distributed loading condition, the uniform
pressure applied on the top surface of a CS was calculated by dividing 10 N by the total surface
area on the top surface of the CS. For the pure moment case, the moment observed at the root of
the CS (10 N * length of the CS) during a tip loading condition was chosen to be applied as a
uniform moment. Hence, a pure bending moment of magnitude 0.635 Nm was applied on the
CSs, shown in Figure 4-4(c). The optimization problem presented in this section was solved using
the algorithm presented in Figure 2-23. All the three different loading conditions were used
during the optimization. Results obtained are presented in the next section.

Figure 4-3 Leading edge spar of the test ornithopter with the loading conditions being analyzed in ANSYS. The
leftmost node is fixed while a fixed uniform force was applied on each of the nodes to simulate a distributed
aerodynamic load.
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Figure 4-4 Different loading conditions used during CS optimization. (a) Distributed loads (b) Tip loads (c) Pure
moments. All of these loading conditions were used during the design optimization procedure to understand the
effect of different loading conditions on optimal CS designs.

Table 4-3 Strain gage and simulation results

Data type

Force applied on the nodes

Experimental data
Simulation

Unknown
0.174N

4.3

Strain at 40th node
(inboard strain)
-1975.4 µε
-1982.8 µε

Strain at 52nd node
(outboard strain)
-1317.4 µε
-1263.6 µε

Compliant Spine Optimization Results

This section presents the CS optimization results. The multi-objective optimization
problem had three objective functions. The algorithm (Figure 2-23), that was used to solve the
optimization problem was stopped when convergence was achieved. Convergence of a multiobjective optimization problem can be determined with the help of a convergence metric
proposed by Deb and Jain [80]. Deb’s metric is widely used in the field of multi-objective
evolutionary algorithms to test convergence. This metric, as was shown in [80], is a measure of
the average distance between the reference set and the non-dominated population members of
each of the generations; this average distance is normalized to always lie between 0 and 1. The
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optimization algorithm is said to have converged when the actual average distance is less than
0.06.
After convergence, the Pareto front obtained as a solution is 3D in nature. A Pareto front
is a set of optimal solutions that are not strictly dominated by any other designs of the design
space. In other words, members of the Pareto front are among the best performing designs of the
design space. A Pareto front member will not perform better than any other member with respect
to a particular objective function without sacrificing performance in another objective function.
The Pareto fronts of the optimization problems comparing two objectives at a time are shown in
Figure 4-5-Figure 4-16. The axes on all these plots are normalized. The tip deflection (Zmax) of the
CSs is normalized with the desired tip deflection (Zreq), 8.42 mm as mentioned in Section 4.2.1.
The maximum von Mises stress (σmax) observed in each of the designs is normalized with the
yield stress of Delrin (σyield). The mass of the designs (M) was normalized with the mass of a
Delrin block with dimensions 63.5 mm x 12.7 mm x 12.7 mm (Mmax), corresponding to a solid
beam with no CJs.

4.3.1

CS Results with Distributed Loads
The optimization problem with distributed loads was solved for CSs with two, three and

four CJs, separately. Based on the convergence metric, 2 CJCS, 3 CJCS and 4 CJCS converged
after 120, 150 and 80 generations, respectively. The Pareto front thus obtained is presented in
Figure 4-5-Figure 4-7. Figure 4-5 compares deflection and stress objective, Figure 4-6 compares
stress and mass objectives while Figure 4-7 compares deflection and mass objectives. The
discussion of the results is presented in Section 4.4.
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Figure 4-5 Deflection vs stress Pareto plot for distributed loads.
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Figure 4-6 Stress vs mass Pareto plot for distributed loads.
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Figure 4-7 Deflection vs mass Pareto plot for distributed loads.

4.3.2

CS Results with Tip Loads
The optimization problem with tip loads was solved for CSs with two, three and four CJs,

separately. 2 CJCS, 3 CJCS and 4 CJCS converged after 165, 115 and 95 generations,
respectively. The Pareto fronts obtained are presented in Figure 4-8-Figure 4-10. These results are
discussed in Section 4.4. Figure 4-8 compares deflection and stress objective, Figure 4-9
compares stress and mass objectives while Figure 4-10 compares deflection and mass objectives.
Four sample optimal designs obtained from this optimization procedure (a, b, c, and d) are shown
in Figure 4-11 and their locations in the Pareto fronts are shown in Figure 4-8. A common feature
that can be observed from these figures is that the CH close to the tip is very thin compared to the
rest of the CHs.
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Figure 4-8 Deflection vs stress Pareto plot for tip loads.
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Figure 4-11 Optimal compliant spines obtained from tip loads.
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Modal analysis of a three CJCS (Figure 4-11(b)) resulted in natural frequencies which are
listed in Table 4-4. The first natural frequency is 104.79 Hz which is not close to the flapping
frequency of 5 Hz. This suggests that the effects of resonance will not be apparent. Based on this
study, it is also expected that the first natural frequency of all the CSs will be far away from the
flapping frequency. Figure 4-12 shows the frequency response of the optimal CS to a sinusoidal
tip load with magnitude 10N. Amongst the first 10 natural frequencies listed in Table 4-4, only
the first, third and seventh natural frequencies and their corresponding mode shapes affect the
upstroke bending of a CS, as is evident from Figure 4-12. Thus only those modes of vibration
which affect the upstroke bending of the CS are extracted and presented in Figure 4-13. These
three modes shapes are similar to the first, second and third bending modes of a simple cantilever
beam and therefore affect the bending of a CS. The other natural frequencies listed in Table 4-4,
are related to twisting, sweeping and elongation modes of vibration of the CS, and do not affect
bending.

Table 4-4 Fundamental frequencies of an optimal three CJCS

Mode Number

Natural Frequency(Hz)

1

104.79

2

233.91

3

283.12

4

785.55

5

837.17

6

923.79

7

1256.0

8

1526.7

9

2134.3

10

2139.0
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Figure 4-12 Frequency response showing resonant frequencies of an optimal three CJCS, was obtained by
applying sinusoidal tip loads

Figure 4-13 Bending modes of vibration of an optimal three CJCS (a) First mode which is also the first bending
mode of vibration (b) Third mode which is the second bending mode of vibration (c) Seventh mode which is the
third bending mode of vibration.
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4.3.3

CS Results with Pure Moments
The optimization problem with pure moments was solved for CSs with two, three and

four CJs, separately. 2 CJCS, 3 CJCS and 4 CJCS converged after 100, 95, and 75 generations,
respectively. The Pareto fronts thus obtained are presented in Figure 4-14-Figure 4-16.
Discussion on these plots is presented in Section 4.4. Figure 4-14 compares deflection and stress
objective, Figure 4-15 compares stress and mass objectives while Figure 4-16 compares
deflection and mass objectives.

Figure 4-14 Deflection vs stress Pareto plot for pure moments.
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4.4

Discussion

All the compliant joints of optimal CSs obtained from the distributed loads case had thin
compliant hinges and hence larger deflections (shown in Figure 4-5). This is because the load is
uniformly distributed across the length of the CS and as a result the internal bending moment
acting at each of the joints is relatively small compared to the other two cases. Since two of the
objectives were to maximize tip bending deflection and minimize mass, the algorithm tended to
converge to solutions with thinner CHs for all the compliant joints. A different trend was
observed in the Pareto front of the CSs obtained by using tip loads. In this case the CHs at the
root of the CS were thick but the CHs at the tip were thin (shown in Figure 4-8). This is because,
the internal bending moment caused by the tip loads increases along the length of the CS. Since
one of the objectives was to maximize bending deflection and the CH closest to the tip
experiences very small bending moment, the hinges tend to be thinner. In other words, the
induced stress because of the bending moment is higher at the root than at the tip. As a result CHs
close to the root are thick. At the same time, because deflection is being maximized and stresses
close to the tip are not very high, the CH close to the tip can be made flexible and the
optimization results suggest the same. For the pure moment case, since the bending moment is
uniform along the length of the CS, all the CHs were thick (shown in Figure 4-14).
It can be seen from the Pareto plots that there are certain trends in the objective functions
as the number of compliant joints increases. Figure 4-14 shows that the Pareto front of the three
CJCS lies in between the Pareto fronts of four CJCS and two CJCS, and that for a particular
stress, the deflection of a four CJCS is almost always more than the deflection of a two CJCS. It
can also be observed that the lower left corners of Figure 4-8 and Figure 4-14 are dominated by
the two CJCS designs (blue stars). This suggests that, for pure moment and tip loading
conditions, the upstroke stiffness of a design is a function of the number of joints and the
minimum possible deflection is higher for a design with more number of joints.
Figure 4-9 and Figure 4-15 suggest that four CJCS designs are always more massive than
two or three CJCS designs. CS designs made of Delrin are being designed for an ornithopter
which weighs 0.425 kg. For such an ornithopter, the mass of the CS designs is not as critical as
the deflection and stress. Hence, while choosing the optimal CSs, mass is not given as much
importance as stress and deflection. On the other hand for Micro Air Vehicle (MAV)
applications, where mass is more critical relative to the deflection and stress, Pareto plots
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comparing mass with other two objectives could prove to be very helpful in selecting an optimal
CS.
Figure 4-10 and Figure 4-16 suggest that although four CJCSs have greater mass than the
two CJCSs and the three CJCSs, they also have greater maximum possible deflection values. If
the application requires a large deflection within a certain stress limit, and if the mass of the CS is
not critical, then CJCS designs with four or more joints should be used, i.e., a design near the
upper right corner of Figure 4-10 and Figure 4-16 must be selected. Thus from Figure 4-10 and
Figure 4-16, it is evident that a compliant joint adds a small amount of mass to the CS but
decreases its stiffness at the same time. Therefore there is a tradeoff between the number of
compliant joints (or mass) and the desired deflection.
In optimization problems, sensitivity analysis is sometimes used to understand the effect
of the change in a single design variable on the output while keeping all the other variables fixed.
A formal quantitative sensitivity analysis was not done here, but several qualitative observations
were made.
The design variables for compliant spine optimization are the inner radii of the CHs,
outer radii of the CHs and the eccentricities of the CHs. It was observed from the optimization
results that eccentricities of the CHs are almost always close to zero. But if the eccentricity is
increased to a larger value while still satisfying the geometrical constraints, the CHs tend to taper
making the CH thick at one end and thin at the other end. The thin section could be either at the
tip or at the root of a CH depending on the sign of eccentricity. In such situations, it was observed
that the stiffness of the CH decreases but the local stresses increase significantly, thus making
such designs infeasible. Increasing the inner radius of a hinge makes the CH thinner and hence
less stiff but also increases the stress. The opposite occurs when the inner radius is decreased. On
the other hand, increasing the outer radius of a hinge makes the CH thicker and stiffer while
decreasing the stress. The opposite occurs when the outer radius is decreased. Changes in the
outer radius affect the mass of a CH more than the changes in inner radius.
Consideration of fatigue of CEs is necessary for those designed for dynamic applications
requiring a large number of cycles. The CSs that were designed in this chapter will be used for
the ornithopter application. Such an application is dynamic in nature and experiences a large
number of cycles, and hence fatigue must be considered for the optimal CSs. All the CSs will be
made out of Delrin. Based on the manufacturer’s design guide for Delrin [63], a suitable
endurance limit for a particular number of cycles can be chosen and used with a desired safety
factor in the optimization procedure described earlier. For example, flexural fatigue strength of
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Delrin 100 for 107 cycles is 30MPa [63]. If a safety factor (N) of 2 is chosen for the CS designs,
then σcutoff for CS designs will be 15MPa. Similarly for 106 cycles with a safety factor of 1.5, the
endurance limit is 32MPa and hence σcutoff is 21.33MPa. If CEs are manufactured using different
materials like metals or composites etc., then suitable modification factors must be determined
and used with the endurance limit in the analysis before they are actually designed. Optimal
compliant spines from the optimization results were chosen for flight testing purposes details of
which are presented in the next section.

4.5

Flight Testing of Gen 2 Compliant Spines

Three optimal compliant spine designs were selected for prototyping and testing purposes
(Figure 4-17). All three designs are based on the pure moment loading condition, since they were
the most conservative with respect to stress. All these designs are predicted to have a tip
deflection of at least 8.42 mm (Zmax/Zreq > 1) and a safety factor of approximately 1.33. Since
there were no four CJCSs that had a safety factor of 1.33, a design with the least stress (design
Comp 24 PM) was chosen, as shown in Figure 4-14 and Figure 4-17. The fabrication and
assembly procedure that was used to fabricate and assemble these designs is described below.
The steps followed here are very similar to the steps followed in Section 3.3 to fabricate a CS for
bench testing purposes. The only difference being the spar-spine connection.


Optimal CSs (whose dimensions are given in Appendix F) were cut out from a 12.7 mm
(0.5”) thick Delrin sheet with 25.4mm (1”) tabs on either ends with the help of water jet
cutter.



Three holes were drilled and tapped on either ends of the CSs, in the 1” tabs, to accommodate
three 5-40 bolts. Tabs on either ends of the CSs were then machined (slots were made) to
accommodate Delrin collars. Figure 4-18(a) shows the top and side views of a delrin collar
that is used as a connection between the carbon fiber spar and the CS designs. A CS design
(Comp 24PM) with tabs, slot, and holes for bolts on either sides is shown in (Figure 4-18(c)).



Delrin collars which are 50.8 mm (2”) long are also cut out of a 12.7 mm (0.5”) thick Delrin
sheet. They are then machined to desired dimensions (given in Appendix G). Three clearance
holes are then drilled in the collar to accommodate 5-40 bolts. Blind holes were drilled in the
end faces of Delrin collars to accommodate spars.
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The spars were glued into the blind holes of the Delrin collars (Figure 4-18(b)) using
PermabondTM 268 glue.



The delrin collars with the spars glued into them are then attached to CS designs on either
side using three 5-40 bolts as shown in (Figure 4-18(d)). This CS-spar assembly is then used
in the ornithopter for flight testing purposes.

Figure 4-17 Optimal compliant spines that were used for successful flight testing. These designs were obtained
from pure moment loading conditions.
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Figure 4-18 Compliant spine-spar assembly. (a) Delrin collar (b) Carbon fiber spar glued into a delrin collar (c)
A CS with tabs on either ends (d) Complete CS, delrin collar and carbon fiber spar assembly with the bolts.

Based on the experimental results presented in Table D-1, it can be observed that there is
a significant error between the predicted mid-upstroke and the measured mid-upstroke deflection.
This can be attributed to the original estimate of lift loads based on the strain gage experimental
results. During that experiment, the strains measured were strains on a rigid carbon fiber spar
without a CS insert. But the loads on the carbon fiber spar change when a CS is inserted because
the wing morphs while flapping. Also, note that the error increases as the deflection increases
thus suggesting that the integrated lift loads acting on the wing are not the same for all the three
designs and also that it decreases as the wing bends more. The integrated lift loads that a wing
with a CS experiences is lower than the value that was used during the design optimization
procedure. On the other hand, performance of all the three designs was predicted using the same
integrated lift load values.

4.6

Summary and Conclusions

Design optimization of a CS for the ornithopter application using dynamic analysis was
performed and the results were presented. During the CS optimization, a multi-objective
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optimization was performed using a controlled elitist Genetic Algorithm which is a variant of
NSGA-II. The optimization results from the two CJCS, three CJCS and four CJCS suggested that
addition of a CJ to a CS adds a small amount of mass but decreases its stiffness at the same time.
It was also shown that for CSs with a certain number of CJs, there is a minimum possible
deflection corresponding to a design with the thickest possible CJs. Thus if the desired deflection
is less than this lower limit, then lesser number of CJs must be used in the CS designs. Also, if the
desired deflection is very high and the mass of a CS is not critical, then more CJs must be used in
a single CS to achieve the desired deflection. Modal analysis performed on one of the optimal
designs suggested there will not be any resonance effects when a CS is flapped at 5Hz in an
ornithopter’s wing. The frequency response plot confirmed the same.
Optimal CSs were then fabricated and successfully flight tested at the Air Force Research
Lab (AFRL) Wright Patterson Air Base (WPAFB) indoor flight facility. These flight tests
suggested that CSs in the leading edge spar of the ornithopters caused changes in the acceleration
of the ornithopter which translated to lift gains thus confirming the hypothesis and bench tests.
Flight tests also showed that CSs with more CJs are flexible, confirming the optimization results.
Thus passive bending alone of ornithopter wings is achieved successfully with the help of CSs.
The next step in this design process is to achieve passive bending and sweep of ornithopter wings
simultaneously. The next chapter addresses that design requirement by performing design
optimization on a bend-and-sweep compliant element.

5

Chapter 5

Design Optimization of Bend-and-sweep Compliant Element

5.1

Introduction

This chapter presents three designs of bend-and-sweep compliant elements (BSCEs) that
were designed to achieve simultaneous passive bending and sweep of ornithopter wings. These
compliant mechanisms have two orthogonal degrees of freedom, one that will allow in-plane
bending and another that will allow out-of-plane bending. They are called Gen 1, Gen 2, and Gen
3 bend-and-sweep elements. A design study was first conducted on BSCE designs to understand
the performance of these mechanisms. Based on this design study a formal design optimization
procedure was conducted on Gen 3 designs to obtain optimal BSCE for ornithopter application.
The results thus obtained are presented in this chapter and published in part in [81,82,83].
Optimal Gen 3 bend-and-sweep compliant elements were chosen for prototyping purposes. These
optimal mechanisms were also successfully bench tested.

5.2

Bend-and-sweep Compliant Element

This section presents Gen 1, Gen 2, and Gen 3 BSCE designs, their geometric parameters
that affect the deflection of these designs and their nonlinear stiffness properties.

5.2.1

Gen 1 BSCE Design
A Gen 1 BSCE design is shown in Figure 5-1. The fundamental element of this

mechanism is a CJ. The mechanism has five CJs in total. Three of them are in the bending
direction (Z-direction) while the other two are in the sweep direction (X-direction). The
dimensions and part drawings of this mechanism are given in Appendix G.
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Figure 5-1 Gen 1 bend-and-sweep compliant element. This design has CJs in two orthogonal planes causing two
independent DOF motion in the respective orthogonal planes.

The nonlinear stiffness of this design in the bending and sweep direction was obtained by
performing FEA using ANSYS. To obtain the bending stiffness of this mechanism, tip loads were
applied in the Z direction. These tip loads were applied at the locations represented by the black
square and the yellow triangle shown in Figure 5-1. Similarly, to obtain the stiffness in the sweep
direction, tip loads were applied in the X direction. These tip loads were applied at the locations,
represented by the black square and the red dot in Figure 5-1. The base of the designs, normal to
the Y-axis, is constrained (as shown in Figure 5-1). Solid45, Conta173, and Targe170 finite
elements, frictionless contact, large deformation quasi-static analysis and multi-linear material
properties of DelrinTM (Dupont polymer) were used during the analysis [63,64]. The stiffness
plots of this mechanism in bending and sweep directions are shown in Figure 5-2. It can be seen
from Figure 5-2 that after contact occurs, the stiffness of the design increases, thus making the
stiffness nonlinear.
A fundamental compliant element that constitutes Gen 1 BSCE is shown in Figure 5-3.
Such an element has one bending CJ and one sweep CJ. The geometric parameters of a CJ that
affect its stiffness are the contact gap (gc), contact angle (), inner radius (Rin) and outer radius
(Rout) of the compliant hinge (shown in Figure 5-3).
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Figure 5-2 Stiffness plot of Gen 1 bend-and-sweep compliant element. The stiffness is nonlinear in nature and
the mechanism becomes stiffer after contact.

Figure 5-3 Fundamental compliant element of the first design. The geometric variables shown affect the stiffness
in both bending and sweep directions.

5.2.2

Gen 2 BSCE Design
A Gen 2 BSCE design is shown in Figure 5-4. This design has one CJ in the bending

direction and another CJ in the sweep direction. Unlike Gen 1 design, the compliant joints of this
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design are interconnected. As a result, when bending occurs in the +Z direction the contact
surfaces come into contact, and both the bending and sweep compliant joints lock. On the other
hand, when bending occurs in the –Z direction both compliant joints are free to deflect. The
nonlinear stiffness of this mechanism, shown in Figure 5-5, was generated the same way as Gen 1
BSCE design, using the same loading and boundary conditions. Solid45, Conta173, and Targe170
finite elements, frictionless contact, large deformation quasi-static analysis and multi-linear
material properties of DelrinTM (Dupont polymer) were used during the stiffness plot generation
[63,64]. Dimensions and part drawings of this mechanism are given in Appendix H.
A fundamental compliant element of Gen 2 BSCE is shown in Figure 5-6. The geometric
parameters that affect the stiffness of Gen 2 BSCE are inner and outer radii of bending CJ and
sweep CJ, length of horizontal cut (lhc), length of vertical cut (lvc), contact gap (gc), number of
teeth (nte), angle of the teeth (te), and length of teeth (lte), as shown in Figure 5-6. The contact gap
for this element is defined as the gap between any two contact surfaces. There are four teeth that
make up the contact surfaces of the sweep compliant joint in the fundamental element shown (nte
= 4). These teeth are also part of the bending compliant joint, hence causing the sweep CJ to lock
when the bending CJ locks.

Figure 5-4 Gen 2 BSCE. This design also has two CJs in two orthogonal planes but the joints are interconnected
causing the sweep CJ to lock whenever the bending CJ is locked.
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Figure 5-5 Stiffness plot of Gen 2 BSCE. The stiffness is nonlinear in nature and the mechanism becomes stiffer
after contact.

Figure 5-6 Fundamental element of Gen 2 BSCE. The geometric variables shown affect the stiffness in both
bending and sweep directions.

5.2.3

Gen 3 BSCE Design
A Gen 3 BSCE design and its nonlinear stiffness properties were presented in Section

2.3. This mechanism, as mentioned in Section 2.3, is made of ACJs. There are six geometric
parameters that define the stiffness of an ACJ (see Figure 5-7). They are contact gap (gc), contact
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angle (), compliant joint angle (cj), inner radius (Rin) and outer radius (Rout) of the compliant
hinge, and eccentricity (e) of the compliant hinge. The contact area and the location of contact are
determined by cj, gc.The black dot in the figure represents the center of the outer semi-circle
and the red star represents the center of the inner semi-circle of the compliant hinge. The value of
the parameter e is positive if the black dot is to the right of the red star (as shown in Figure 5-7)
and is negative if it is otherwise except when the black dot and red star coincide, then it has a
value of zero. The contact gap (gc) of a compliant joint is the perpendicular distance between the
slanted contact surfaces.

Figure 5-7 Fundamental element of Gen 3 BSCE called ACJ. The geometric parameters that affect the stiffness
of this mechanism are shown in the figure.

5.3

Design Study of Gen 1, Gen 2 and Gen 3 BSCEs

BSCEs are passive, and are designed to deform as a natural consequence of the
aerodynamic loads acting on the ornithopter during flight. To understand the effect of geometric
parameters on the performance of these BSCEs, a design study was conducted on Gen 1, Gen 2
and Gen 3 BSCEs. These BSCEs are expected to provide the desired bending and sweep of the
wings as a result of the lift and drag forces experienced by the ornithopter during steady level
flight. Bending of the wings is achieved because of the lift forces, while sweep is mainly due to
the drag forces. Unlike the lift forces which change their direction during a single flapping cycle,
the drag forces always act in one direction. As a result, the BSCE should cause the wings to
sweep during the upstroke but will have to be stiff in the sweep direction during downstroke even
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though the direction of the drag forces remains the same. To accurately predict the deflections of
the bend-and-sweep compliant mechanisms during the upstroke and downstroke, an estimate of
the aerodynamic loads acting on the wing structure is needed.
Based on the earlier strain gage experiments (presented in Section 4.2.2), it was
determined that the maximum magnitude of the integrated lift loads during a flapping cycle at 5
Hz is approximately 10 N. During bench top testing of the ornithopter (by Ms. Wissa), it was
found that the ornithopter generates a peak thrust of 0.7 lbf at a flapping frequency of 5 Hz and
zero forward velocity. This suggests that each wing generates a thrust of 0.35lbf (1.56N). In free
flight the ornithopter is airborne and capable of forward flight at a flapping frequency of 5Hz.
This implies that the thrust forces produced by the ornithopter at this frequency can overcome the
drag forces. Hence it is assumed that the drag force a test ornithopter’s wing may experience is
1.56N which is equal to the thrust force produced by one ornithopter wing at a flapping frequency
of 5Hz.
Two sets of loads were applied to simulate the upstroke and downstroke conditions in this
design study. During upstroke, lift loads are present in the –Z direction, as well as drag loads in
the –X direction (shown in Figure 5-8). During the downstroke, the lift loads are present in the
+Z direction, as well as the drag forces in the –Z direction (Figure 5-9). These loads are
approximated using concentrated loads applied at the free end of the compliant mechanisms. A
quasi-static tip load of 10N was applied in the bending direction to simulate the integrated lift
forces. A quasi-static tip load of 1.56N was applied in the sweep direction (Figure 5-8 and Figure
5-9) to simulate drag forces.
The fundamental BSCEs, each with one bending CJ and one sweep CJ or one ACJ were
considered. To understand the effect of geometric parameters on the stiffness of the BSCEs,
different variations of the designs for each type were generated by varying the inner and outer
radii of the CJs and ACJs. For Gen 1 and Gen 2 BSCEs, Rout for the bending CJ was increased
from 6 mm to 7 mm in steps of 0.25 mm. Rin for the bending CJ was increased from 3.5 mm to
4.5 mm in steps of 0.25 mm. Rout for sweep CJ was increased from 6.75 mm to 7.25 mm in steps
of 0.25 mm while Rin for sweep CJ was increased from 4.75 mm to 5.75 mm in steps of 0.25 mm.
For Gen 3 BSCEs, the inner radius is varied between 5 and 6 mm in steps of 0.25 mm while the
outer radius is varied between 6.25 and 7 mm in steps of 0.25 mm.
The same loading conditions were used for all the BSCE designs. All the designs were
constrained to fit within an imaginary rectangular box with dimensions 1.5” x 0.75” x 0.75” (38.1
mm x 19.05 mm x 19.05 mm). These designs were first generated in Solidworks and then
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imported to ANSYS for FEA. Solid45, Conta173, Targe170 finite elements, frictionless contact,
large displacement quasi-static analysis, and multi-linear material properties of Delrin were used
during the analysis [63,64]. Contact elements were used for the downstroke simulations.
Although the application is dynamic in nature, quasi-static analysis was used because contact can
be modeled using quasi-static analysis only.
The metrics that were used for comparison in the design study are the maximum von
Mises stress observed in the designs, and the tip displacement of the designs in the Z (bending)
and X (sweep) directions. The three metrics are presented as three 2-D plots in Figure 5-10
through Figure 5-12. Each variation in the inner or outer radius represents a new design. Each
design is represented by two points in Figure 5-10 through Figure 5-12: a blue point and a red
point for the upstroke and downstroke performance, respectively. Discussion of these results is in
the following sub-section.

Figure 5-8 Applied loads and boundary conditions on BSCE designs during the upstroke. Red arrows indicate
drag forces, dashed arrows indicate lift forces.
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Figure 5-9 Applied loads and boundary conditions on BSCE designs during downstroke. Red arrows indicate
drag forces, dashed arrows indicate lift forces.

Figure 5-10 Bending and sweep deflections. Gen 2 BSCE designs are comparatively less stiff than Gen 1 or Gen
3 BSCE designs during upstroke which is desired. But they are less stiff during downstroke as well which is
undesired.
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Figure 5-11 Bending displacement and maximum von Mises stress. Almost all the Gen 1 and Gen 3 BSCE
designs are acceptable while only four of the Gen 2 BSCE designs are acceptable.

Figure 5-12 Sweep displacement and maximum von Mises stress. Sweep displacement is always negative because
the drag forces do not change direction during a flapping cycle. Gen 3 designs have very small sweep
displacement during downstroke which is desired.
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Discussion
Figure 5-10 compares the bending and sweep displacement of all the designs, during
upstroke and downstroke. During upstroke, the bending deflection is in the –Z direction and the
sweep deflection is in the –X direction. During downstroke, the bending deflection is in the +Z
direction and the sweep deflection is in the –X direction. The sweep deflection is still negative
during downstroke because the direction of the drag force was not changed. Deflections during
downstroke are desired to be as small as possible in either direction. It can be seen from Figure
5-10 that Gen 1 BSCE designs are stiffer than Gen 2 BSCE designs because both the blue and red
stars are closer to the origin. Also, the sweep displacement of the Gen 1 BSCE designs is about
the same during both upstroke and downstroke which is undesired. On the other hand, all of the
Gen 2 BSCE designs are less stiff with more deflection during upstroke and downstroke. Their
stiffness could be increased by changing the radii of the CJs. But an important observation that
can be made from Gen 2 BSCE designs is that their sweep displacement is lower during
downstroke than during upstroke (about 50% lower), which is desired and expected as well
because of the interconnection between the CJs. Gen 3 BSCE designs are less stiff during
upstroke compared to Gen 2 designs but their bending and sweep deflections during downstroke
are remarkably lower than Gen 1 and Gen 2 BSCE designs. The stiffness of Gen 3 BSCE designs
during upstroke can be decreased by changing the inner and outer radii of the compliant hinge.
Figure 5-11 compares the bending displacement and maximum von Mises stress observed
in the designs. The material chosen for the designs was Delrin which has a yield stress of 45MPa.
If a safety factor of 1.5 is chosen for the designs, then all the acceptable designs are located to the
left of the vertical line drawn at 66.67%. Two sample acceptable designs are shown in the plot. It
can be observed that almost all the Gen 1 and Gen 3 BSCE designs are acceptable in terms of
stress while only four of the Gen 2 BSCE designs are acceptable. Although all the designs have
similar inner and outer radii of the CJs, their deflections are very different because of the different
contact surfaces. It should also be noted that many of the Gen 2 BSCE designs have large von
Mises stresses. They also have higher bending deflections during downstroke when compared to
their Gen 1 or Gen 3 BSCE design counterparts.
Figure 5-12 compares sweep displacement and maximum von Mises stress observed in
all the designs during upstroke and downstroke. Feasible designs in this plot again are located to
the left of the vertical line drawn at 66.67%. Almost all the Gen 1 and Gen 3 BSCE designs in
this plot have lower von Mises stresses and lower sweep deflections than the corresponding Gen
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2 BSCE designs. Conversely, Gen 2 BSCE designs have higher sweep deflections and higher von
Mises stresses. As was pointed out in Figure 5-10, the sweep deflection is always negative for
both upstroke and downstroke. Ideally designs with high sweep deflection during upstroke, low
sweep deflection during downstroke and low von Mises stresses are desired.
The deformed shapes of a typical Gen 1 BSCE during upstroke and downstroke are
shown in Figure 5-13(a) and Figure 5-14(a), respectively. Von Mises stress contour plots of the
same design during upstroke and downstroke are shown in Figure 5-13(b) and Figure 5-14(b),
respectively. This design is also indicated in Figure 5-12 by a black, dashed outline. Figure 5-13
suggests that the compliant mechanism bends and sweeps. It can also be seen from the figure that
the sweep CJ experiences large von Mises stress during the deformation. Figure 5-14 shows that
during downstroke, the contact surfaces of the sweep CJ do not come into contact because the
drag forces do not change their direction. On the other hand, bending CJ is locked because of the
lift forces. It should be noted from both these figures that the deformation of this design is,
qualitatively, as expected and sweep CJ experiences higher von Mises stress than the rest of the
design during both upstroke and downstroke.
The deformed shapes of a typical Gen 2 BSCE during upstroke and downstroke with its
undeformed edge are shown in Figure 5-15(a) and Figure 5-16(a), respectively. Von Mises stress
contour plots of the same design during upstroke and downstroke are shown in Figure 5-15(b)
and Figure 5-16(b), respectively. This design is also indicated in Figure 5-11 by a black, dashed
outline. Figure 5-15(a) and Figure 5-16(a) suggest that the design deforms as expected; i.e., the
design bends and sweeps as desired during upstroke while both the CJs lock during downstroke.
Figure 5-15(b) and Figure 5-16(b) show the back view of the von Mises stress contour plots. It
can be seen that the maximum stress is located at the base of the sweep CJ. Deformed shape of a
typical Gen 3 BSCE designs was already shown in Section 2.3.
Based on the design study and the plots (Figure 5-10-Figure 5-12), it can be concluded
that Gen 3 BSCE designs perform extremely well compared to Gen1 or Gen 2 BSCEs during
downstroke which is desired. But their performance during upstroke can still be improved. Hence,
a formal design optimization procedure (presented in Section 2.7) is employed to improve their
performance during upstroke and the optimal designs for the ornithopter application. Details of
the optimization and the results are presented in the next section.
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Figure 5-13 (a) Deformed shape of a typical Gen 1 BSCE design during upstroke. The undeformed shape is
indicated by the dashed lines. (b) Back view of the von Mises stress contour plot for the same design during
upstroke. The von Mises stress is highest during sweep.
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Figure 5-14 (a) Deformed shape of a typical Gen 1 BSCE during downstroke. The undeformed shape is
indicated by the dashed lines. (b) Back view of the von Mises stress contour plot for the same design during
downstroke. Some sweep deformation is observed during downstroke.
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Figure 5-15 (a) Deformed shape of a typical Gen 2 BSCE design during upstroke. The undeformed shape is
indicated by the dashed lines. (b) Back view of the von Mises stress contour plot for the same design during
upstroke. The von Mises stress is highest during sweep.
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Figure 5-16 (a) Deformed shape of a typical Gen 2 BSCE design during downstroke. The undeformed shape is
indicated by the dashed lines. (b) Back view of the von Mises stress contour plot for the same design during
downstroke. Both the sweep and bending CJs are locked during downstroke.

98
5.4

Design Optimization of Gen 3 BSCE

The ornithopter application (Section 2.5) imposes dimensional constraints on the BSCE
designs. The BSCE design, for bench testing purposes, is constrained to not be more than 63.5
mm long, 12.7 mm wide and 12.7 mm thick. These dimensional constraints limit the number of
ACJs that can be accommodated in a single BSCE. For each ACJ, there are six geometric
parameters that affect the stiffness, as mentioned in Section 5.2.3. Among these parameters,
contact gap (gc) is fixed. To determine the best values of all other geometric parameters and also
the number of ACJs in a BSCE, the design optimization procedure presented in Section 2.7, is
performed. The optimization problems formulated for BSCE as part of the design procedure is
presented in the following subsection.

5.4.1

Optimization Problem
Two different optimization problems were defined to design Gen 3 BSCEs for upstroke

and downstroke because upstroke requires maximization of bending and sweep deflections while
downstroke requires minimization of bending and sweep deflections. Hence, the multi-objective
optimization problem defined to design Gen 3 BSCE for upstroke is given by Equations 5.1-5.11.

S.T.

Minimize (f1, f3)
Maximize (f2, f4)
𝑅𝒌 𝑖𝑛
𝑅𝒌 𝑜𝑢𝑡 + |𝑒𝒌 |
0
𝑙𝑏𝑖𝑛
𝑅𝒌 𝑖𝑛
𝑢𝑏𝑖𝑛
𝑙𝑏𝑜𝑢𝑡
𝑅𝒌 𝑜𝑢𝑡
𝑢𝑏𝑜𝑢𝑡
𝒌
𝑙𝑏𝑒 𝑒𝒌 𝑢𝑏𝑒
𝑙𝑏 𝒌 𝑢𝑏
𝑙𝑏
𝒌 𝑐𝑗 𝑢𝑏
}

Where,

4

1,2,3, … , 𝑇

𝜆 ∗ 𝑀 + (1 𝜆) ∗ 𝑀𝑝𝑒𝑛 𝑡𝑦
|𝜆 ∗ 𝑍
(1 𝜆) ∗ 𝑍𝑝𝑒𝑛 𝑡𝑦 |
𝜆∗
+ (1 𝜆) ∗ 𝑝𝑒𝑛 𝑡𝑦
|𝜆 ∗ 𝑋
(1 𝜆) ∗ 𝑋𝑝𝑒𝑛 𝑡𝑦 |
1𝑖
𝑐𝑢𝑡𝑜𝑓𝑓
𝜆 {
0𝑖
> 𝑐𝑢𝑡𝑜𝑓𝑓

(5.1)

(5.2)
(5.3)
(5.4)
(5.5)
(5.6)
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σcutoff = α * σyield
𝑀𝑝𝑒𝑛 𝑡𝑦 ≫ 𝑀
𝑍𝑝𝑒𝑛 𝑡𝑦 ≪ 𝑍
𝑝𝑒𝑛 𝑡𝑦 ≫
𝑋𝑝𝑒𝑛 𝑡𝑦 ≪ 𝑋

(5.7)
(5.8)
(5.9)
(5.10)
(5.11)

The multi-objective optimization problem defined to design Gen 3 BSCE for downstroke
is given by Equations 5.12 – 5.22.
S.T.

Minimize (f1, f2, f3, f4)
𝑅𝒌 𝑖𝑛
𝑅𝒌 𝑜𝑢𝑡 + |𝑒𝒌 |
0
𝑙𝑏𝑖𝑛
𝑅𝒌 𝑖𝑛
𝑢𝑏𝑖𝑛
𝑙𝑏𝑜𝑢𝑡
𝑅𝒌 𝑜𝑢𝑡
𝑢𝑏𝑜𝑢𝑡
𝒌
𝑙𝑏𝑒 𝑒𝒌 𝑢𝑏𝑒
𝑙𝑏 𝒌 𝑢𝑏
𝑙𝑏
𝒌 𝑐𝑗 𝑢𝑏
}

Where,

4

1,2,3, … , 𝑇

𝜆 ∗ 𝑀 + (1 𝜆) ∗ 𝑀𝑝𝑒𝑛 𝑡𝑦
|𝜆 ∗ 𝑍
(1 𝜆) ∗ 𝑍𝑝𝑒𝑛 𝑡𝑦 |
𝜆∗
+ (1 𝜆) ∗ 𝑝𝑒𝑛 𝑡𝑦
|𝜆 ∗ 𝑋
(1 𝜆) ∗ 𝑋𝑝𝑒𝑛 𝑡𝑦 |
1𝑖
𝑐𝑢𝑡𝑜𝑓𝑓
𝜆 {
0𝑖
> 𝑐𝑢𝑡𝑜𝑓𝑓
σcutoff = α * σyield
𝑀𝑝𝑒𝑛 𝑡𝑦 ≫ 𝑀
𝑍𝑝𝑒𝑛 𝑡𝑦 ≫ 𝑍
𝑝𝑒𝑛 𝑡𝑦 ≫
𝑋𝑝𝑒𝑛 𝑡𝑦 ≫ 𝑋

(5.12)

(5.13)
(5.14)
(5.15)
(5.16)
(5.17)
(5.18)
(5.19)
(5.20)
(5.21)
(5.22)

Geometric constraints on the design variables, given by inequalities 5.1 or 5.12, ensure
that the inner and outer semi-circles of the hinges never intersect, thus creating feasible compliant
hinges for all the BSCE designs. The objective functions f1, f2, f3, and f4 given by Equations 5.2 or
5.13, 5.3 or 5.14, 5.4 or 5.15, and 5.5 or 5.16, respectively, are calculated using a commercial
finite element package, ANSYS. Objective function f1 is a measure of the mass, f2 is a measure of
the bending deflection, f3 is a measure of the maximum von Mises stress and f4 is a measure of the
sweep deflection of a BSCE.
Constraints on the objective functions were imposed using the penalty values, Mpenalty,
Zpenalty, σpenalty, Xpenalty, and the binary variable λ. Penalty values (Equations 5.8 or 5.19, 5.9 or 5.20,
5.10 or 5.21, and 5.11 or 5.22) were chosen such that an infeasible design, determined by
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Equation 5.6 or 5.17, was assigned a poor value of the objective function; such designs are
terminated and not allowed to propagate into future generations. Such penalty values are chosen
based on experience and it is suggested that they be at least five orders of magnitude higher than
the objective functions. The optimization problem was solved using a genetic algorithm, NSGAII. The objectives in this algorithm are always minimized. During optimization for upstroke, since
the bending and sweep deflections are negative and their magnitudes need to maximized, the
penalty terms are large positive numbers. During downstroke, since the absolute values of the
deflections are being minimized, the penalty terms are still large positive numbers. A BSCE
design is considered to be infeasible if the maximum von Mises stress in the design, σmax, is
greater than a cutoff stress limit, σcutoff, calculated from Equation 5.7 or 5.18. This limit is
controlled by the designer by choosing an appropriate value for α, which can be a function of the
safety factor for a material with yield stress, σyield.
Based on the loading conditions described in Section 5.3, i.e., the bending loads acting on
BSCEs were 10 N and drag loads were 1.56 N. Since CSs designed with pure moment loading
conditions were successfully flight tested, equivalent moments caused by the integrated lift and
drag loads at the root of a BSCE were applied on the Gen 3 BSCEs during the design
optimization process instead of tip loads. The length of all the Gen 3 BSCEs were 63.5 mm,
based on the dimensional constraints mentioned in Section 2.6. Hence the bending moment, due
to the integrated lift loads, applied at the tip was 0.635 Nm (= bending tip load x length), while
the sweep moment, due to the drag loads, applied at the tip was 0.099 Nm (= drag load x length).
Two different sets of loads were applied as pure moments acting on the BSCEs to simulate both
upstroke and downstroke conditions during the optimization. During the upstroke, lift forces
cause a positive bending moment about the X-axis while drag forces cause a negative moment
about the Z-axis (Figure 5-17). During the downstroke, lift forces cause a negative moment about
the X-axis while the drag forces still cause the same negative moment about the Z-axis (Figure
5-17).
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Figure 5-17 Loading conditions used during upstroke and downstroke simulations. Bending loads on the
mechanism change direction between upstroke and downstroke while sweep loads do not.

The optimization problem was implemented in an algorithm shown in the schematic in
Figure 2-23. The algorithm was stopped when convergence is achieved. Convergence was
determined based on the convergence metric proposed by Deb and Jain and described in Section
4.3 [80]. The optimization algorithm shown in Figure 2-23 is said to have converged when the
actual average distance is less than 0.08. As a case study, Gen 3 BSCEs with one and two ACJs
were optimized using the design optimization procedure and the results are presented in the
following sub-section.

5.4.2

Optimization Results and Discussion
Dynamic finite element analysis was performed on the BSCEs during optimization but

the finite element package, ANSYS, could only perform linear analysis in this case. Since BSCEs
are going to be fabricated out of Delrin, large deformations, nonlinear material properties and
contact must be incorporated in the finite element analysis. Hence an optimization using quasistatic analysis which can account for large deformation, nonlinear material properties and contact,
was also performed. All these cases are summarized in Table 5-1. During the finite element
analysis, Solid45, Conta174, Targe170 finite elements, frictionless contact, large displacement
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quasi-static analysis, and multi-linear material properties of Delrin were used [63,64]. The
frequency used in the steady state dynamic FEA corresponds to the flapping frequency, 5Hz.
The upper and lower bounds used on the geometric parameters during optimization are
shown in Table 5-2. Based on the design study presented in Section 3.2, the best contact gap (gc)
was determined to be as small as possible, defined by the manufacturing process. Hence, it was
fixed to be 0.3 mm. Other parameters that were used during the optimization are listed in Table
5-3.
Table 5-1. Different cases that were considered during design optimization of Gen 3 BSCE.

Type of Simulation

Upstroke/ Downstroke

T (Number of ACJs)

Dynamic

Upstroke

1

Dynamic

Upstroke

2

Quasi-static

Upstroke

1

Quasi-static

Downstroke

1

Table 5-2. Upper and lower bounds used on the geometric parameters during design optimization of Gen 3
BSCE.

Rin (m) Rout (m)

e (m)

(deg)

cj (deg)

Lower Bound

0.0004

0.0004

-0.004

20

20

Upper Bound

0.006

0.006

0.004

160

160

Design Parameters

Table 5-3 Other parameters that were used during the design optimization.

Variable
α
σyield
Mpenalty

Value
1
6

45*10 Pa
6

Zpenalty

14.2*10 kg
1000 m

Xpenalty

1000 m

σpenalty

10000 * 10 Pa
100

Population size
ρdelrin
Mmax

6

3

1420 kg/m
0.0145 kg

103
The optimization problems for BSCE have four objective functions. Hence the optimal
solution is a set of points which are part of a Pareto frontier that is 4-D in nature comparing
bending deflection, sweep deflection, mass and maximum von Mises stress. Advancement of the
Pareto font of a 2 ACJ dynamic optimization for upstroke is shown in Figure 5-18. The red
squares represent members of the 10th generation while blue stars represent members of the 145th
generation. The Pareto frontier moves toward the lower left corner of the plot, indicating that the
magnitude of the bending deflection is being maximized while the stress is being minimized. This
demonstrates the efficacy of the genetic algorithm. The red squares near the upper left corner
represent infeasible designs in the design space. It can be seen from this plot that these infeasible
designs are terminated in the later generations. Members of earlier generations are also less
spread out.
Figure 5-19-Figure 5-22 show the Pareto plots of Gen 3 BSCEs with one and two ACJs.
Since there are four objectives, comparing two objectives at a time will give six plots. Figure 5-25
through Figure 5-28 show the Pareto fronts of the four cases presented in Table 5-1. In all of
these plots, the Y-axis represents the normalized bending deflection, while the X-axis represents
the normalized sweep deflection. The size of the markers in these plots is a measure of the
relative mass, scaled appropriately to show the change in size of the markers. The color of the
marker represents the maximum von Mises stress observed in these mechanisms obtained from
finite element analysis.
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Figure 5-18 Advancement of the Pareto front of a Gen 3 BSCE with 2 ACJs for upstroke from the 10th
generation to the 145th generation shows that the objectives are being minimized. Members of the earlier
generations include infeasible designs and are less spread out.
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Figure 5-19. Pareto fronts of BSCEs with one and two ACJs comparing bending and sweep deflections. BSCEs
with two ACJs generally have more bending and sweep deflections than the ones with one ACJ.
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Figure 5-20. Pareto fronts of BSCEs with one and two ACJs comparing bending deflection and mass of the
designs. BSCEs with two ACJs have more mass than the ones with one ACJ.
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Sweep Deflection vs Volume
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Figure 5-21 Pareto fronts of BSCEs with one and two ACJs comparing sweep deflection and mass of the designs.
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Figure 5-22 Pareto fronts of BSCEs with one and two ACJs comparing maximum von Mises stress and mass.
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Stress vs Bending Deflection
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Figure 5-23 Pareto fronts of BSCEs with one and two ACJs comparing bending deflection and maximum von
Mises stress. For a particular von Mises stress value, the Gen 3 BSCEs with two compliant joints exhibit more
bending deflections than those with one ACJ.
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Figure 5-24. Pareto fronts of BSCEs with one and two ACJs comparing sweep deflection and maximum von
Mises stress. For a particular von Mises stress value, the BSCEs with two compliant joints exhibit more sweep
deflection than those with one ACJ.
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Figure 5-19-Figure 5-24 compare the Pareto fronts of Gen 3 BSCEs with one and two
ACJs. The blue dots, which represent Gen 3 BSCEs with two ACJs in Figure 5-19, generally have
more bending and sweep deflections than the ones with one ACJ. Hence, it can be concluded that
as the number of ACJs in a Gen 3 BSCE increase, the stiffness of the mechanism decreases. But
such an increase in the number of ACJs also increases the mass of Gen 3 BSCEs, which is evident
from Figure 5-20-Figure 5-22. A similar result was obtained from CS optimization (presented in
Section 4.4). Figure 5-23 and Figure 5-24 suggest that for a particular von Mises stress value,
Gen 3 BSCEs with two ACJs exhibit more bending and sweep deflections during upstroke than
those with one ACJ.
Figure 5-25 shows the Pareto front of the Gen 3 BSCEs with one ACJ using dynamic
analysis. This optimization converged after 190 generations. Three optimal BSCEs are
highlighted in this plot as examples. A Gen 3 BSCE design pictured on the right in this figure has
a compliant joint angle of 90° resulting in the least possible sweep deflection. It should be
observed that as the compliant joint angle becomes obtuse the sweep and bending deflection of
the BSCE increases. This is confirmed by the BSCE designs shown. But such an increase in the
compliant joint angle is accompanied by increase in mass and maximum von Mises stress in the
BSCE designs. Also note that the maximum von Mises stress in the designs increases from the
top right to the bottom left corner of the plot. This is because these designs have higher bending
and sweep deflections; i.e., the larger the deflections, the larger are the stresses observed.
Figure 5-26 shows the Pareto front of the optimization using a dynamic analysis for the
Gen 3 BSCEs with two ACJs during the wing upstroke. This optimization converged after 145
generations. The trends observed in this plot are very similar to the trends observed in Figure
5-25. As the deflections increase, the stresses in the designs also increase. Designs with small
sweep deflection have the compliant joint angle at or close to 90°. As the compliant joint angle
increases for each of the ACJs the sweep deflection of the BSCE also increases. Bending and
sweep deflections of Gen 3 BSCE designs with two ACJs are more than their counterparts with
one ACJ (shown in Figure 5-19). Two optimal compliant spines that were used for prototyping
and testing purposes are also shown in this plot with a dashed border. The leftmost design in this
plot is called BSCE 34PM and the other optimal design (to its right and bottom) is called BSCE
35PM. Details of these designs are given in Appendix H.
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Figure 5-27 shows the Pareto front of Gen 3 BSCE optimization with one ACJ during
upstroke using quasi-static analysis. This optimization converged after 40 generations. Although
the magnitudes of the bending and sweep deflections are higher when compared to BSCE
optimization of one ACJ using dynamic analysis, the trends observed here are very similar to the
trends observed in Figure 5-25. From the dynamic analysis it was observed that von Mises stress
and deflections are approximately linear while there was a nonlinear relation in the quasi-static
case because of the nonlinear material properties and large deformation analysis. Hence these
designs have larger magnitudes of bending and sweep displacements.
Figure 5-28 shows the Pareto front of Gen 3 BSCE optimization with one ACJ for
downstroke using quasi-static loading conditions. This optimization converged after 60
generations. Since both sweep and bending deflections are being minimized, the Pareto front is
moving towards the right bottom corner of the plot. The sweep deflection is negative because of
the drag loads which cause the deflection in the negative X-direction. It was observed from this
optimization that the compliant joint angle must be close to 90° if the BSCE has to be stiff during
downstroke. It was also observed that these designs have larger contact angles compared to their
counterparts from upstroke optimization. This is because during downstroke, the contact surfaces
need to come into contact soon, if the deflections are to be minimized.
While choosing an optimal design, first the importance of upstroke or downstroke
deflections will have to be established. For the ornithopter application, upstroke deflection is
significantly more important than downstroke deflections. Based on the desired upstroke
deflections, number of ACJs in a BSCE must be decided. When there is more than one member
of the Pareto front that satisfies the requirements, performance of all such members during
downstroke will have to be considered and then choose an optimal design.
The ornithopter application required at least 8.42 mm of bending deflection and
maximum possible sweep. Based on these optimization results, for the ornithopter application, it
was decided that Gen 3 BSCEs with two ACJs will have to be tested. Hence, two optimal designs
BSCE 34PM and BSCE 35PM (shown in Figure 5-26) were prototyped for testing purposes.
BSCE 34PM had the maximum possible sweep deflection in the Pareto front and hence was
chosen. Design 35PM had an acceptable von Mises stress coupled with acceptable sweep
deflection. Hence, it was chosen for testing purposes. The first resonant frequency of Design
35PM was analyzed using ANSYS and found to be 127.55 Hz, which is well above the flapping
frequency. Resonant frequencies of the other Pareto solutions are expected to be similar. Details
of the prototyping process and testing results are presented in the following section.
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Figure 5-25. Pareto front of Gen 3 BSCE optimization with one ACJ during upstroke using dynamic analysis. As
the compliant joint angle becomes obtuse the sweep and bending deflection of the BSCE increases

Figure 5-26. Pareto front of Gen 3BSCE optimization with two ACJs during upstroke using dynamic analysis.
As the deflections increase, stresses in the designs increase.
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Figure 5-27. Pareto front of Gen 3 BSCE optimization with one ACJ during upstroke using quasi-static analysis.
Quasi-static analysis takes large deformations into account.

Figure 5-28. Pareto front of Gen 3 BSCE optimization with one ACJ during downstroke using quasi-static
analysis. For the BSCE to be stiff during downstroke, the compliant joint angle must be close to 90°.
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5.5

Prototyping and Testing Results

BSCE 34PM and BSCE 35PM designs for the right wings of the ornithopter are shown in
Figure 5-29. The designs for the left wings are mirror images of these designs. Details of the
designs for both left and right wings are given in Appendix H.

Figure 5-29 (a) BSCE 34PM for the right wing (b) BSCE 35PM for the right wing.

These mechanisms can be fabricated using 3-D printing technology or water jet cutter. As
a proof of concept, using ObjetTM’s patented polyjet 3D printing process, BSCE 34PM was
fabricated as a monolithic part with two different materials (as shown in Figure 5-30). In Figure
5-30, the compliant hinges (seen as black material) are made of a different material thus making
the design even more flexible during upstroke. For bench testing purposes, BSCE designs made
of Delrin alone were used. To fabricate these mechanisms from a Delrin sheet that is 12.7 mm
(0.5”) thick a 5-axis waterjet cutter was used. The steps involved in fabricating BSCE 34PM and
BSCE 35PM with Delrin and attaching these mechanisms to the leading edge spar are as follows.


BSCE 34PM and BSCE 35PM designs were cut out from a 12.7 mm (0.5”) thick Delrin sheet
with 25.4mm (1”) tabs on either ends using a 5-axis water jet cutter with the help of Aqua Cut
Technologies.



1/4-20 bolts were used to connect the spars to the mechanisms. Bolt heads were removed and
blind holes were drilled into the bolts to accommodate carbon fiber spars. These spars were
then glued into the bolt shells using PermabondTM 268 glue as shown in Figure 5-31.



End holes were drilled and tapped on either ends of the BSCE designs to accommodate these
spars with bolt shell on them. Later the spars were screwed into these holes as shown in
Figure 5-31.
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These leading edge spars with BSCE 34PM designs were tested on a bench test
ornithopter by our collaborator Ms. Wissa. Details of the experimental setup and the results thus
obtained are presented in Appendix D.

Figure 5-30 BSCE 34PM fabricated as a monolithic piece with two different materials using Objet’s polyjet 3-D
printing process. The compliant hinges were made of different material.

Figure 5-31 Steps involved in attaching BSCE 34PM and BSCE 35PM to the leading edge spars.
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5.6

Summary and Conclusions

This chapter presented Gen 1, Gen 2, and Gen 3 BSCEs, their design study and design
optimization of Gen 3 BSCE for ornithopter application. Based on the design study it was
concluded that Gen 3 BSCE design will perform better in ornithopter application because Gen 3
BSCE has very small bending and sweep deflections during downstroke as desired. Hence the
design optimization procedure was performed on Gen 3 BSCE to improve and predict their
performance in ornithopter application.
The design optimization procedure was conducted on Gen 3 BSCEs with 1 ACJ and 2
ACJs during upstroke and downstroke, using quasi-static and steady-state dynamic analysis.
Based on the optimization results, it was concluded that Gen 3 BSCE designs with 2 ACJs are
better suited to maximize the sweep deflection during upstroke. Hence, two such optimal designs
with 2 ACJs were chosen for prototyping purposes. It was learnt from the prototyping process
that such 3-D designs can indeed be fabricated and tested. Based on the preliminary bench tests, it
was concluded that the presence of the BSCE results in simultaneous passive bending and sweep
of ornithopter wings during upstroke while remaining fully extended and stiff during downstroke.

6

Chapter 6

Design Optimization of Twist Compliant Element

6.1

Introduction

The TCE was designed to achieve passive twisting of ornithopters wings. This chapter
presents the design optimization of TCE presented in Section 2.4. The multi-objective
optimization problem, presented in Section 2.7 was solved and the results are presented here.
These results were published in part in [84]. Finally an optimal twist compliant element was
fabricated and tested. Those results are also presented in this chapter.

6.2

Design Optimization of Twist Compliant Element

Parts of a TCE, as mentioned in Chapter 2, are the inner core, cross-members and
compliant sectors. A TCE with desired twist angle can be designed by choosing the right
geometric parameters that define its design (Figure 6-1). The geometric parameters that affect the
stiffness of this compliant mechanism are the length of the TCE Lt, number of sectors n, contact
gap width gc (dotted black arrows), thickness of the cross-members tcm (blue arrows), inner radius
of the inner core Rc in (red arrow), outer radius of the inner core Rc out (dashed red arrow), inner
radius of the sectors Rf in (dashed black arrow), and outer radius of the sectors Rf out (black arrow).
The multi-objective optimization problem that was defined to design a TCE specifically
is given by Equations 6.1 – 6.16. There are eight geometric parameters that define the stiffness of
a TCE. Among these parameters, the length of the TCM Lt, number of sectors n, contact gap gc,
are fixed to simplify the design optimization procedure. The optimal cross-section of the TCE
thus depends on the geometric parameters associated with the cross-section (tcm, Rc in, Rc out, Rf in,
Rf out). Hence there are five design parameters for each cross-section in this design optimization
problem.
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Figure 6-1 (a) Geometric parameters that affect the stiffness of the twist compliant element. (b) Loading
conditions used during the design optimization.

Minimize (f1, f3)
Maximize (f2)
S.T.
𝑅𝑓 𝑖𝑛
𝑅𝑓 𝑜𝑢𝑡
0
𝑅𝑐 𝑖𝑛
𝑅𝑐 𝑜𝑢𝑡
0
𝑅𝑐 𝑜𝑢𝑡
𝑅𝑓 𝑖𝑛
0
lbf in < Rf in < ubf in
lbf out < Rf out < ubf out
lbc in < Rc in < ubc in
lbc out < Rc out < ubc out
lbt < tcm < ubt
Where,

𝜆 ∗ 𝑀 + (1 𝜆) ∗ 𝑀𝑝𝑒𝑛 𝑡𝑦
𝜆∗
(1 𝜆) ∗ 𝑝𝑒𝑛 𝑡𝑦
𝜆∗
+ (1 𝜆) ∗ 𝑝𝑒𝑛 𝑡𝑦
𝜆

{

1𝑖
0𝑖

𝑐𝑢𝑡𝑜𝑓𝑓

>

𝑐𝑢𝑡𝑜𝑓𝑓

σcutoff = α * σyield
𝑀𝑝𝑒𝑛
𝑝𝑒𝑛
𝑝𝑒𝑛

≫ 𝑀
≪
𝑡𝑦
𝑡𝑦 ≫
𝑡𝑦

(6.1)
(6.2)
(6.3)
(6.4)
(6.5)
(6.6)
(6.7)
(6.8)

(6.9)
(6.10)
(6.11)
(6.12)
(6.13)
(6.14)
(6.15)
(6.16)

Objective function f1 is the mass, f2 is the twist angle, and f3 is the maximum von Mises
stress of a TCE. The objective functions f1, f2, and f3 given by Equations 6.9, 6.10, and 6.11,
respectively, are calculated using a commercial finite element package, ANSYS. The constraints
given by Equations 6.1 - 6.3 ensure that geometrically feasible TCE cross-sections are generated.

116
The inequality constraint in Equation 6.1 ensures that the outer radius of the compliant sector is
greater than the inner radius of the compliant sector. The inequality constraint in Equation 6.2
ensures that outer radius of the inner core is greater than the inner radius of the inner core. The
inequality constraint in Equation 6.3 ensures that the inner radius of the compliant sector is
greater than the outer radius of the inner core and hence also ensures that the crossmembers are of
finite length. The inequalities in Equations 6.4-6.8 define the lower and upper bounds on the five
geometric parameters.
Constraints on the objective functions were imposed using the penalty values, Mpenalty,
Ψpenalty, σpenalty, and the binary variable λ. These penalty values (Equations 6.14, 6.15, and 6.16)
were chosen such that an infeasible design, determined by Equation 6.12, was assigned a poor
value of the objective function; such designs are terminated and not allowed to propagate into
future generations. A TCE design is considered to be infeasible if the maximum von Mises stress
in the design, σmax, is greater than a cutoff stress limit, σcutoff, calculated from Equation 6.13. This
limit is selected by the designer by choosing an appropriate value for α, which can be a function
of the safety factor for a material with yield stress, σyield. A controlled elitist genetic algorithm, a
variant of NSGA-II [76,85] was used for the optimization. The optimization algorithm shown is
determined to have converged when the actual average distance is less than 0.06.
This TCE for the ornithopter application will be inserted in the leading edge wing spar
and rigidly connected to the diagonal spar. The location of the TCE in the leading edge spar is
shown by the dashed green box in Figure 6-2. To perform the design optimization procedure on
the twist compliant elements, an estimate of the twisting moment encountered during flight acting
on the TCE is necessary. This twisting moment is calculated based on the integrated lift, center of
pressure and the mean quarter-chord length. To estimate the aerodynamic loads acting on the
ornithopter wing structure, our collaborator Ms. Wissa conducted flapping experiments using an
ornithopter equipped with strain gauges to measure the deformation of the leading edge spar.
Based on the results of these experiments (presented in Appendix D), the integrated peak lift load
was estimated to be about 10 N. The test ornithopter has a wing span of 1.06 m and a mean chord
of 0.21 m. It is assumed here that the integrated lift load acts on the wing at the center of pressure
and that center of pressure is at the mean quarter chord from the leading edge spar (Figure 6-2).
Based on these assumptions, the maximum twisting moment that is seen at the leading edge spar
is 0.525 Nm. This value of the twisting moment was used during the design optimization
procedure of the twist compliant elements. The twisting moment is applied as a distributed load
along the length of the TCE on the inner surface of the inner core as shown in Figure 6-1(b). The
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net twisting moment acting at the root of the TCE, because of this distributed load, is 0.525 Nm.
A counter-clockwise twisting moment is applied on the TCE to simulate the upstroke condition
and a clockwise twisting moment of same magnitude is applied on the TCE to simulate the
downstroke condition. The boundary conditions used during the finite element analysis of TCEs
are also shown in the same figure. Using these loading conditions, the design optimization
procedure was run and the results are presented in the next section.

Figure 6-2 An ornithopter wing with center of pressure.

6.3

Optimization Results

Two types of finite element analyses were considered in the optimization. Since the
application is dynamic in nature, dynamic finite element analysis was performed on the TCEs
during optimization; however, the finite element package, ANSYS, can only perform linear
analysis in this case. In reality, since the TCEs are going to be fabricated using a polymer
material, large deformations, nonlinear material properties and contact constraints must be
incorporated in the finite element analysis. Hence an optimization using quasi-static analysis
which can account for large deformation, nonlinear material properties and contact, was also
performed. During the finite element analysis, Solid95, Conta174, Targe170 finite elements,
frictionless contact, and multi-linear material properties of Delrin were used [63,64]. To
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understand the effects of the number of sectors, TCEs with three, four, and five sectors were
optimized using steady-state dynamic analysis during upstroke. Optimization of TCEs with three
sectors using quasi-static analysis was also performed during both upstroke and downstroke to
incorporate nonlinear material properties, large deformations, and contact. All of these cases are
summarized in Table 6-1. The upper and lower bounds on the design variables that were used
during the optimization are presented in Table 6-2. The lower bounds on the radii were
determined based on the diameter of the leading edge spar while the upper bounds on the radii
were determined based on the dimensional constraints imposed by the ornithopter application.
The lower limit on tcm is based on the manufacturing constraints while the upper limit on tcm is
based on the lower bound of the radius of sectors. The cross-section of a TCE should fit in a
square with dimension 12.7 mm x 12.7 mm. All other parameters that were used during the
optimization are shown in Table 6-3. Length of the TCEs was fixed to be 25.4 mm so that they
can be cut out of a water jet cutter. When considering the upstroke condition, the twist angle
objective function is maximized, while during downstroke the twist angle objective function is
minimized. When minimizing the twist angle, the inequality relating Ψmax and Ψpenalty, shown
in Equation 6.15 changes to Equation 6.17.
𝑝𝑒𝑛 𝑡𝑦

≫

(6.17)

Table 6-1 Different simulation cases that were considered during design optimization of TCM.

Type of Simulation
Dynamic
Dynamic
Dynamic
Quasi-static
Quasi-static

Upstroke/
Downstroke
Upstroke
Upstroke
Upstroke
Upstroke
Downstroke

n
(Number of
sectors)
3
4
5
3
3

Table 6-2 Upper and lower bounds on the geometric parameters used during design optimization of
TCM.

Design
Parameters
Lower Bound
Upper Bound

Rc in Rc out Rf in Rf out
(m) (m) (m) (m) tcm (m)
0.0025 0.0025 0.0025 0.0025 0.0003
0.006 0.006 0.006 0.0064 0.002
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Table 6-3 Other parameters used during design optimization of TCM.

Variable
α
σyield
Mpenalty
Ψpenalty
σpenalty
Psize
ρdelrin
Lt
gc

Value
1
6

45*10 Pa
6

14.2*10 kg
1000
6

10000 * 10 Pa
100
3

1420 kg/m
25.4 mm
0.3 mm

For the three objective functions in the design optimization procedure, the optimal
designs comprise a 3-D Pareto front. It is difficult to visualize the results in 3-D, however. In
Figure 6-3 - Figure 6-5, the stress objective is normalized with yield stress of Delrin (σyield). The
mass of each of the designs is normalized with the mass of a Delrin block with dimensions 25.4
mm x 12.7 mm x 12.7 mm. The twist angle and normalized maximum von-Mises stress
objectives will be compared in a 2-D plot, while the normalized mass of the TCE is represented
by the size of the marker. Figure 6-3 presents the optimization results of steady-state dynamic
analysis performed on three, four, and five sector TCMs. Some of the sample cross-sections are
also shown here. The five sector design, with dashed red border, shown in this figure was used for
testing purposes. Figure 6-4 presents the results of quasi-static optimization procedure performed
on the three sector TCEs for upstroke. Figure 6-5 presents the results of quasi-static optimization
procedure performed on three sector TCEs for downstroke. Sample cross-sections of the optimal
TCEs are also shown in each of these plots.
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Figure 6-3 Dynamic optimization results for three, four, and five sector designs. Marker size represents the
relative mass of each of the designs.

Figure 6-4 Quasi-static upstroke results for three sector TCMs. Marker size represents the relative mass of each
of the designs.
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Figure 6-5 Quasi-static downstroke results for three sector TCMs. Marker size represents the relative mass of
each of the designs.

Discussion
Figure 6-3 shows the upstroke optimization results of three, four, and five sector TCEs
using steady-state dynamic analysis. The objectives were to maximize the twist angle during
upstroke while minimizing the mass and the maximum von-Mises stress observed in the TCE
designs. Hence the best design would be located in the upper left corner of the plot with small
marker size (mass). A designer can choose an optimal design from the Pareto front based on the
desired stress limit, mass, and the required twist angle. It can be seen in the plot that the markers
close to the origin are larger in size than the markers that are farther away suggesting that designs
that are close the origin have more mass. One such design that is close to the origin is pictured in
the plot. Note that as the second moment of inertia of a TCE’s cross-section about the length axis
increases, its mass and torsional stiffness increases. This is because the second moment of inertia
is proportional to the area of the cross-section. Such an increase in the inertia causes a decrease in
the twist angle and decrease in the maximum von-Mises stress observed in the TCE. Hence the
designs close to the origin have higher mass, higher second moment of inertia about the length
axis, lower von Mises stress and lower deflections compared to the other members of the Pareto
front that are farther away from the origin. Figure 6-3 also suggests that increasing the number of
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sectors in a TCE does not necessarily cause any changes in the performance of TCE in the
upstroke direction. Hence a designer can choose the TCE with three sectors without any loss in
the performance on the upstroke. For the ornithopter application during downstroke, the twist
compliant element is expected to have minimum possible twist angle. Since increasing the
number of sectors also increases the number of contact gaps, the designer should choose
minimum possible number of sectors in order to minimize the downstroke deflection in the twist
compliant element.
Figure 6-4 presents the quasi-static optimization results of the design optimization
procedure on a three sector TCE for upstroke. These results also suggest that mass of the TCEs
close to the origin is higher because they have higher second moment of inertia about their length
axis, and hence have lower von-Mises stress and twist angle. The range of twist angle (Y-axis
limits) is about the same as the Pareto front obtained from the dynamic analysis, also suggesting
that TCEs with more sectors do not provide any benefit. The thickness of the sectors decreases as
the twist angle of the design increases.
Figure 6-5 presents the quasi-static design optimization results of three sector TCEs for
the downstroke condition. During downstroke the loads applied are in the clockwise direction. As
a result, twisting occurs in the clockwise direction and hence the Y-axis in the plot has negative
twist angles. The objectives are to minimize the magnitude of the twist angle, mass, and
maximum von-Mises stress observed. Optimal TCEs are located in the top left corner of the plot
with small marker size (mass). The relative mass of each of the designs are again represented by
the size of the marker. It can be observed from the plot that designs located close to the origin
have higher mass and thicker sectors than the designs that are farther away. This again suggests
that these designs have higher second moment of inertia about their length axis and hence smaller
twist angle.
It can be concluded that the upstroke and downstroke requirements for the TCE in an
ornithopter application are conflicting in nature. For the upstroke, the TCE is expected to have
smaller second moment of inertia, thus thin compliant sectors and inner core because twist angle
needs to be maximized. On the other hand, during downstroke, minimum possible twist angle is
required and hence minimum number of contact gaps and compliant sectors are desired. Also, the
compliant sectors of a TCE need to be very thick compared to the inner core thus increasing the
effective second moment of inertia, after contact, in the clockwise direction. Since both the
desired upstroke and downstroke twist angles cannot be met simultaneously, a designer will have
to first prioritize the upstroke or downstroke twist angle. For the ornithopter application,
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downstroke twist angle (twisting in clockwise direction) is required to be very small. Based on
the Pareto front optimal solutions, a design which has very thick compliant sectors compared to
the inner core was thus chosen for testing purposes. Such a design is shown in Figure 6-3 with a
red dashed border. Details of the experimental setup and testing results are described in the
following section.

6.4

Prototyping and Testing

An optimal TCE design (called TCE 5sector31) with 5 compliant sectors was chosen for
prototyping, testing and validating the finite element model. Dimensions of TCE 5sector31 are
given in Appendix I. This design was prototyped using stereolithography (SLA), a type of 3D
printing technology, by Protogenic (a 3D printing company). DSM Somos 9120 material was
used for printing purposes [86]. The compliant sectors and the inner core, at one end of the
mechanism were connected by material that is 0.4 mm thick to constrain the sectors from twisting
thus simulating the boundary condition shown in Figure 6-1. Such a surface is shown as the end
face in Figure 6-6. Digital printing technologies (like 3D printing) were selected for fabrication
process because it is easier to fabricate TCEs that have miniature details, 25.4 to 63.5 mm as
length, thin inner cores, and very thin end face. End face is very important for the TCE to work as
desired. Aqua cut technologies, a company that cut optimal BSCEs, suggested that TCEs that are
25.4 mm long is the upper limit that they can cut. Also, it is not possible to have designs with end
face when water jet cutter is used for fabrication process. Hence, DSM Somos 9120 material is
chosen for TCE fabrication, although Delrin was used in the optimization. This material can be
digitally printed and its properties are also very similar to polypropylene’s material properties.
Polypropylene is a widely used material for compliant mechanisms.
Two round wood dowel rods with 4.76 mm (3/16”) diameter and sufficient length were
glued on either ends of the TCE 5sector31 using Permabond 268 glue (Figure 6-7(a)). It is
assumed here that wood is sufficiently stiffer than the mechanism in the twisting direction. A CDI
Torque Tester with 2001-I-MT sensor and a ratchet was used for measuring and applying the
torque, respectively (Figure 6-7(b)). The dowel rod on the side of the mechanism with the end
face (Figure 6-6) was clamped on a bench vise (Figure 6-7(c)). A 5/32” socket with a 1/4" drive
was attached to the other dowel rod using an interference fit. This socket was then attached to the
sensor which has a ¼” drive. A wooden support, shown in Figure 6-7(c), was used to avoid any
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bending that might occur because of the weight of the whole setup. The complete test setup is
shown in Figure 6-8. A Cannon 7D camera with Cannon 60 mm macro lens was used for taking
photos and videos of the experiment. Photos taken during testing are shown in Figure 6-9. Figure
6-9(a) shows the picture of TCE 5sector31 taken before testing. Figure 6-9(b) shows the picture
of a deformed 3-sector TCE in the counter-clockwise direction showing that the sectors can
deform significantly when appropriate torque is applied.
During TCE 5sector31 testing, the mechanism was twisted in the CW and CCW
directions using the ratchet. Two samples were fabricated. One sample was used for testing and 6
trials were made on the sample that was tested. Videos of the sample twisting were taken by the
camera on a tripod. Later these videos were analyzed using video editing software (Avidemux)
and frames were extracted at corresponding torque values. Each of these frames was then
digitized using tpsDIG2, an image digitizing software. In all the frames specific landmarks were
identified that correspond to the center of the cross-section and a desired location on the outer
edge of the sector. Using these landmark locations, the twist angle of the mechanism was
calculated. Typical landmark locations that were used during the twist angle calculations are
shown as red dots in Figure 6-10.

Figure 6-6 Solidworks model and prototype of an optimal TCE design (TCE 5sector31) that was used for testing
purposes are shown here
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Figure 6-7 (a) TCE 5sector31 with wood dowel rods glued at either ends is shown. (b) CDI Torque tester with
2001-I-MT sensor was used for measuring torque. Ratchet is also shown attached to the sensor. (c) Test setup
showing wooden support with TCE 5sector31 clamped on a bench vise.

Figure 6-8 The complete test setup with bench vise, ruler, TCE 5sector31 mechanism, Torque tester, sensor, and
ratchet used to twist the mechanism are shown in this picture.
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Figure 6-9 Screenshots of TCE designs taken during testing are shown here. These pictures were taken by
Cannon 7D camera using Cannon 60 mm macro lens. (a) Picture of TCE 5sector31 before twisting. (b) Picture of
a three sector TCE when twisted in the CCW direction.

Figure 6-10 Two frames of TCE 5sector31 taken from testing videos are shown here. (a) The mechanism
deforms with large twist angles and the sectors open up when it is twisted in the CCW direction. (b) The
mechanism becomes stiff because of the contact when it is twisted in the CW direction.

The quasi-static stiffness of the mechanism obtained from the experiments is shown in
Figure 6-11. It can be seen from the plot that TCE 5sector31 exhibits nonlinear stiffness behavior.
The plot also shows, for 0.5 Nm in the CCW direction, the mechanism twists about 25° while for
the same amount of torque in the CW direction, the mechanism twists only about 15°. Hence the
mechanism is less stiff in the CCW direction than in the CW direction as expected. The stiffness
plot obtained from the experiments is also similar in shape to the stiffness plot of a TCE shown in
Figure 2-14.
A quasi-static finite element analysis was performed on the TCE 5sector31 to validate the
finite element model. The model that was used for simulation purposes is shown in Figure 6-12.
The end face of the mechanism was fixed while pressure was applied on the 16 inner nubs, shown
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as red lines in Figure 6-12, to replicate the experimental conditions. Uniform pressure was
applied on the inner nubs to better replicate the experimental conditions. The length of the inner
nubs corresponds to the length of the dowel rod glued to the TCE. Distributed pressure on a line
along the length of the TCE was not used because it does not replicate the experimental
conditions. A quasi-static analysis with large deformations and rough contact during the CW
simulation was performed. Solid95, Conta174, Targe170 elements were used during the
simulation. Material properties of DSM Somos 9120 material can be found at [86]. DSM Somos
9120 is reported to have a Young’s modulus of 1.227 GPa. This material is expected to be very
similar to polypropylene and hence Poisson’s ratio of polypropylene (0.45) was assumed in the
material model because Poisson’s ratio of DSM Somos 9120 is not available. A design with a
Young’s modulus of 1.227 GPa is very stiff (Figure 6-11). The difference between the measured
and predicted values is attributed to the material properties. Due to the fabricating process and
small dimensions of the mechanism, actual material properties are apparently not the same as the
ones reported by the supplier. Hence the TCE was simulated with various Young’s moduli, as
shown in Figure 6-11. Young’s modulus of the material used is expected to be around 0.35 GPa.
It was also observed during the experiments that the material properties appear to deteriorate as
time passes by.
Based on the simulation results, it can be observed that the stiffness of the TCE increases
in the clockwise direction because of the contact. The ‘S’ shaped stiffness plot shown in Figure
2-14 was because of the nonlinear material properties of Delrin. Since the nonlinear material
properties of DSM Somos 9120 are unknown and only linear material properties were used, the
‘S’ shaped stiffness curve is not observed in the FEA results. Another potential source of error
between experimental results and simulation is the way contact was modeled and the friction
between the contact surfaces. In ANSYS, contact between the sectors and the crossmembers can
be modeled as frictionless contact, rough contact (i.e., contact with friction), and bonded contact.
During experiments, it was found that the sectors slide after coming into contact with the
crossmembers, but not as much as would be observed with a frictionless contact. Hence rough
contact with a good estimate of the coefficient of friction is necessary to model the contact
accurately.
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Figure 6-11 Experimental results compared with simulation results are shown in this plot. The mechanism
shows nonlinear stiffness. Linear material properties were used during the simulation although nonlinear
material properties are better suited for the simulation.

Figure 6-12 TCE 5sector31 with 16 inner nubs was used in ANSYS to simulate the actual testing environment.
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6.5

Summary and Conclusions

This chapter presented the design optimization of TCE for ornithopter applications. There
are eight geometric parameters that affect the stiffness of the TCE. The optimization problem was
solved for TCE designs with three, four, and five compliant sectors. Based on the optimization
results, it can be concluded that performance of a TCE in the CCW direction is independent of the
number of sectors and is dependent on the thickness of the inner core and sectors. For a large
CCW twisting deflection, the TCE should have thin inner core and thin sectors. On the other
hand, the stiffness of the TCE in the CW direction is dependent on the number of sectors and also
on the thickness of the sectors. For a small CW twisting deflection, the TCE should have small
number of sectors and contact gap with very thick sectors.
An optimal TCE with five thick sectors was chosen for testing and validating purposes.
This mechanism was 3D printed using DSM Somos 9120 material. The stiffness plot obtained
from the experiments showed that a TCE has nonlinear stiffness properties. The mechanism is
less stiff in the CCW direction than in the CW direction because of the sectors coming into
contact. The simulation suggested that nonlinear and accurate material properties are important
for the simulation to match the experimental results.
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Chapter 7

Dynamic Model and Shape Tailoring of Leading Edge Spar

7.1

Introduction

The contact-aided compliant mechanisms presented in the last few chapters were
designed for passive bending, sweep, and twisting of ornithopter wings at a specific time during
the flapping cycle. The goal point (refer Chapter 2) used for the contact-aided compliant
mechanisms was mid-upstroke. But if more than one goal point is chosen during a flapping cycle,
a shape tailoring optimization problem involving all the goal points and the desired deflections is
necessary to obtain optimal compliant elements for passive morphing over the flapping cycle.
Since finite element analysis of compliant elements at numerous goal points is computationally
expensive, a simplified dynamic model of the leading edge spar with compliant elements was
developed. All the compliant elements have nonlinear stiffness. This chapter presents a ‘rigid link
nonlinear spring dynamic’ model of the leading edge spar with bending compliant elements alone
in the leading edge spar. Such a model along with the proposed shape tailoring optimization
problem could be used to achieve shape tailoring of the leading edge spar in the bending direction
at more than one goal point during a flapping cycle. The solution obtained from the optimization
problem could also be used as a first step in a more detailed design optimization procedure of
bending compliant elements. The following section presents the rigid link nonlinear spring
dynamic (RLNSD) model and a couple of case studies.

7.2

Rigid Link Nonlinear Spring Dynamic Model

The nonlinear stiffness plot of a bending compliant element (CS) due to tip loads was
shown in Figure 2-5. One way to mathematically model a CS is to model it as a nonlinear
torsional spring. The stiffness curve of the same CS due to bending moment in terms of angular
displacement is shown in Figure 7-1. The bending moment in this plot is the reaction bending
moment at the root of the CS due to the applied tip loads, while the angular displacement is
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calculated by assuming the CS to be a rigid rod with torsional spring at the root. Thus the CS
presented in Figure 2-4 is approximated as a nonlinear torsional spring. Based on the shape of the
stiffness curve, shown in Figure 7-1, the curve can be approximated as a sum of linear and
exponential curves. A mathematical expression for spring stiffness of such a nonlinear torsional
spring is obtained by fitting a curve (blue line) through the red dots (least-squares fit) as shown in
Figure 7-1. Any CS with CJs can be approximated as a nonlinear torsional spring using this
method. The angular displacement, θ, is negative during upstroke and positive during
downstroke.

Figure 7-1 Stiffness curve of a CS presented in Chapter 2.

The torque required (Tk) to deform such a nonlinear torsional spring by an angle of θ rad
is given by the Equation 7.1, where ka, kc, and kd are numerical constants that define the stiffness
of the nonlinear torsional spring. The nonlinear stiffness of the torsional spring is then obtained
by taking the derivative of Tk with respect to θ, given by Equation 7.2. Hence, the nonlinear
stiffness of the torsional spring or the CS itself as a function of θ is given by the Equation 7.3.
Based on the blue curve that was fit to the red dots (Figure 7-1), for the CS design shown in
Figure 2-4, ka is 3.379 Nm, kc is 0.00477 Nm, and kd is 193.036. The estimated error variance for
this curve fit is 0.000477.
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A leading edge spar of an ornithopter with bending compliant elements can be modeled
as a combination of rigid rods with mass and torsional springs. The carbon fiber spars connecting
the bending compliant elements are approximated as rigid rods with mass because they are much
stiffer than the bending compliant elements. The bending compliant element is approximated as a
combination of point mass connected to one of the rods and nonlinear torsional spring. Viscous
dampers are also used in the RLNSD model at the locations of the bending compliant elements to
account for structural damping. For example, a RLNSD model of a leading edge spar with three
bending compliant elements and four rods is shown in Figure 7-2. Similar RLNSD models can be
developed based on number of bending compliant elements in the leading edge spar. Also, each
of the bending compliant elements could have any number of compliant joints. Note that the rods,
nonlinear springs, viscous dampers and masses are numbered from the root (shoulder joint) to the
tip of the leading edge spar. Lengths of the rods are represented by Li, masses of the rods are
represented by mi, masses of the bending compliant elements are represented by Mi, viscous
dampers are represented by Ci, where i is the ith member from the shoulder joint. All of these
terms are numerical constants. The nonlinear spring stiffness of an ith spring is given by Equation
7.4 and the torque provided by such a spring when rotated by θ rad is given by Equation 7.5. The
shoulder joint at the root is modeled as a pin joint and the motor torque input at the shoulder joint
is represented as Tin(t). The integrated aerodynamic lift loads acting on the leading edge spar are
approximated as a tip load and represented by P(t). Equations of motion for all the masses are
derived using Newtonian mechanics and are numerically integrated to solve for the deflections at
each of the springs. It is expected that the dampers in this RLNSD model play a significant role
during the estimation of the angular displacements of all the nonlinear springs. The following two
case studies illustrate this concept, model, and solutions obtained from numerical integration.

Figure 7-2 Rigid link nonlinear spring dynamic model of a leading edge spar with three bending compliant
elements in it is shown here.
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Case Study: Two Rods-One Spring RLNSD Model
Passive bending of ornithopter wings, presented in this dissertation, was achieved by

inserting only one CS in the leading edge spar of the ornithopter at about 37% of the half wing
span as mentioned in Chapter 2. Hence, a RLNSD model of such a leading edge spar consists of
two rods, one nonlinear torsional spring and one damper as shown in Figure 7-3(a). θ1(t) and θ2(t)
represent the angular displacements of the rods with respect to the global coordinate system (X,
̇ are given by Equations 7.6 and 7.7. The
Y) as shown in Figure 7-3(b). The parameters θ21 and 21

free body diagrams of both the rods along with the reaction forces at joints O and A are shown in
Figure 7-3(c) and Figure 7-3(d). This model is assumed to be planar in nature and hence there are
six equations of motion (3 each for each rod), obtained by balancing the forces in the X and Y
direction and balancing the moments about Z axis. Therefore, this model can be numerically
integrated to solve for 6 unknown parameters. Those unknown parameters are θ2(t), RAx(t), RAy(t),
ROy(t), ROx(t), Tin(t), namely, angular displacement of the second rod, reaction forces at joints A
and O, and the input motor torque at the joint O. Zero initial conditions are used and the boundary
conditions are given by Equations 7.8 and 7.9, where ωff is the flapping frequency of the
ornithopter. The six equations of motion are given by Equations 7.10 – 7.15. The mass moments
of inertia of the rods used in Equations 7.14 and 7.15 are given by Equations 7.16 and 7.17.
Accelerations of the center of masses can be obtained in terms of the angular displacements,
angular velocities, and angular accelerations of both of the rods.
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Figure 7-3 (a) Two rod one spring model for a leading edge spar with a single CS. (b) Angles of the rods, center
of mass and the global coordinate system. (c)

The angular displacement of second rod θ2(t) is obtained by numerically integrating
Equation 7.14 after substituting for reaction forces (RAx(t), RAy(t)) at A using Equations 7.12 and
7.13. The parameters used during the simulation are listed in Table 7-1. Three different values for
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C1 were used and the numerical solution of θ2(t) for each value of C1 was obtained. Real
structures subjected to small displacements have a typical damping ratio of less than 2 percent
[87]. For a single DOF rod-spring system, if a damping ratio of 0.02,

of 4 Nm, and mass

moment of inertia of 0.00083 kg m2 is assumed, then the viscous damping coefficient turns out to
be 0.0023 Nm s. Using this value as a lower estimate, three different values of C1 that are
significantly different from each other are used in the RLNSD model to understand the effects of
damping in the model.
The solution obtained when C1 was 0.01 Nm.s is shown in Figure 7-4(a). The angular
displacement of second rod with respect to the first rod θ21(t), as a function of time, is shown in
Figure 7-4(b). The numerical solution obtained from the model was used to create a simulation of
the rods as a function of time. Screenshots of the simulation at four different positions during a
flapping cycle are shown in Figure 7-4(c) – Figure 7-4(f). In all these figures, the first rod is
represented as a dashed line, the second rod is represented as a solid line and the nonlinear spring
is located at the interface of dashed and solid line. Figure 7-4(c) shows the rods’ steady-state
positions at mid-upstroke; Figure 7-4(d) shows the model at upstroke-downstroke transition.
Figure 7-4(e) shows the model during downstroke while Figure 7-4(f) shows the positions of the
rods during downstroke-upstroke transition. Figure 7-4(a) and (b) show that there are some peaks
at the upstroke-downstroke transition (shown by red circles in the plots) and those peaks are
attributed to the second rod oscillating with respect to the first rod.
Numerical solutions of θ2(t) obtained by using different viscous damping coefficients are
shown in Figure 7-5. Figure 7-5(a) and (b) show the numerical solutions of θ2(t) and θ21(t),
respectively, when C1 is 0.1 Nm.s. Figure 7-5(c) and (d) show the numerical solutions when C1 is
0.005 Nm.s. Simulations for each of these cases were also created but are not shown because they
are very similar to the screenshots shown in Figure 7-4. Based on the plots shown in Figure 7-5, it
should be noted that oscillation of second rod with respect to the first rod reduces significantly as
the viscous damping coefficient increases. Hence finding an optimal damping coefficient is very
critical to accurately model the physical system.
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Table 7-1 Parameters used in the case study.

Parameter
Half wing span (L)
Rod radius
Rod density
ωff
P0
L1
M1
θ0
ka 1
kc 1
kd 1

Value
0.533 m
0.00198 m
1600 kg/m3
5 Hz
10 N
0.197 m
0.018 kg
0.45 rad
3.379 Nm
0.00477 Nm
193.036

Figure 7-4 (a) Numerical solution of θ2(t) with C1 as 0.01 Nm.s. (b) Numerical solution of θ21(t) with C1 as 0.01
Nm.s. (c) Animation of the model at Mid-upstroke. (d) Animation of the model at upstroke-downstroke
transition. (e) Animation during downstroke. (f) Animation during downstroke-upstroke transition.
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Figure 7-5(a) Numerical solution of θ2(t) with C1 as 0.1 Nm.s. (b) Numerical solution of θ21(t) with C1 as 0.1 Nm.s.
(c) Numerical solution of θ2(t) with C1 as 0.005 Nm.s. (d) Numerical solution of θ21(t) with C1 as 0.005 Nm.s.

7.2.2

Case Study: Three Rods-Two Springs Model
The previous sub-section presented the RLNSD model of a leading edge spar with only

one bending compliant element in it. This sub-section presents a RLNSD model of a leading edge
spar with two bending compliant elements in it, i.e., a three rod two spring model of the leading
edge spar. The rigid link model is shown in Figure 7-6(a) and the degrees of freedom of such a
model are shown in Figure 7-6(b). θ1(t), θ2(t), and θ3(t) represent the angular displacements of the
rods with respect to the global coordinate system shown in Figure 7-6(b). The parameters θ21 and
̇
21

̇ are given by Equations
are given by Equations 7.6 and 7.7 while the parameters θ32 and 32

7.18 and 7.19.
Free body diagrams of all the three rods along with the reaction forces at joints O, A, and
B are shown in Figure 7-7. For a planar model, there are nine equations of motion (3 each for
each rod), obtained by balancing the forces in the X and Y direction and balancing the moments
about Z-axis. Hence this model can be numerically integrated to solve for nine unknown
parameters. Those unknown parameters are θ2(t), θ3(t), RBx(t), RBy(t), RAx(t), RAy(t), ROy(t), ROx(t),
Tin(t), namely, angular displacement of second and third rods, reaction forces at joints O, A and B,
and the input motor torque at the joint O. Zero initial conditions were assumed and the boundary
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conditions are given by Equations 7.8 and 7.9 where ωff is the flapping frequency of the
ornithopter. The nine equations of motion are given by Equations 7.20 – 7.28. These equations of
motion are numerically integrated to obtain the solutions to θ2(t) and θ3(t). The parameters used
during the simulation are listed in Table 7-2. Three different values for C1 and C2 were used and
the numerical solutions of θ2(t), θ3(t) are obtained.
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The solutions obtained when C1 was 0.1 Nm.s is shown in Figure 7-8(a) and (b). The
angular displacement of second rod with respect to the first rod (θ21(t)) is shown in Figure 7-8(c)
while the angular displacement of the third rod with respect to the second rod (θ32(t)) is shown in
Figure 7-8(d). The numerical solutions obtained from the model were used to create a simulation.
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Screenshots of the simulation at four different positions during a flapping cycle are shown in
Figure 7-9(a) – Figure 7-9(d). In all these figures, the first and third rods are represented as
dashed lines and second rod is represented as a solid line. The nonlinear springs and dampers are
located at the interface of dashed and solid lines. Figure 7-9(a) shows the rods’ steady state
positions at mid-upstroke; Figure 7-9(b) shows the model at upstroke-downstroke transition.
Figure 7-9(c) shows the model during downstroke while Figure 7-9(d) shows the positions of the
rods during downstroke-upstroke transition. Figure 7-8(a) - (d) show that there are some peaks at
the upstroke-downstroke transition (shown by red circles in the plots) and those peaks are
attributed to the oscillation of rods during the flapping cycle.
Numerical solutions of θ21(t) and θ32(t) obtained by using different viscous damping
coefficients are shown in Figure 7-10. Figure 7-10(a) and (b) show the numerical solutions when
C1 is 0.01 Nm.s. Figure 7-10(c) and (d) show the numerical solutions when C1 is 0.005 Nm.s.
Simulations for each of these cases were also created but are not shown because the simulations
are very similar to the screenshots shown in Figure 7-9. Based on the plots shown in Figure 7-10,
it should be noted that oscillation of rods reduces significantly as the viscous damping coefficient
increases. Hence finding an optimal damping coefficient is very critical.
Thus, it can be concluded that the RLNSD model can be used to simulate and
approximate the shape of a leading edge spar with bending compliant elements during a flapping
cycle. Based on the case studies presented in this section, this model can be extended to include
any number of bending compliant elements in the leading edge spar. To improve the steady level
flight performance of an ornithopter, the leading edge spar is expected to have a certain shape. To
obtain specific shapes at different goal points, optimal bending compliant elements at optimal
locations are necessary. Hence a shape matching optimization problem is presented and solved
for a particular case study in the following section.
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Table 7-2 Parameters used in the simulation.

Parameter
Half wing span (L)
Rod radius
Rod density
ωff
P0
L1
L2
M1
M2
θ0
ka 1
kc 1
kd 1
ka 2
kc 2
kd 2

Value
0.533 m
0.00198 m
1600 kg/m3
5 Hz
10 N
0.1 m
0.2 m
0.018 kg
0.018 kg
0.45 rad
3.379 Nm
0.00477 Nm
193.036
3.379 Nm
0.00477 Nm
193.036

Figure 7-6 (a) Three rod two spring model with two viscous dampers and boundary conditions is shown. (b) The
three DOF of this model is shown here.
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Figure 7-7 (a) Free body diagram of first rod is shown. (b) Free body diagram of second rod is shown. (c) Free
body diagram of third rod is shown.

Figure 7-8 (a) Numerical solution of θ2(t) with C1 as 0.1 Nm.s. (b) Numerical solution of θ3(t) with C1 as 0.1 Nm.s.
(c) Numerical solution of θ21(t) with C1 as 0.1 Nm.s. (d) Numerical solution of θ32(t) with C1 as 0.1 Nm.s.
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Figure 7-9 (a) Animation of the model at mid-upstroke is shown. (b) Animation of the model at upstrokedownstroke transition. (c) Animation during downstroke. (d) Animation during downstroke-upstroke transition.

Figure 7-10 (a) Numerical solution of θ21(t) with C1 as 0.01 Nm.s. (b) Numerical solution of θ32(t) with C1 as 0.01
Nm.s. (c) Numerical solution of θ21(t) with C1 as 0.005 Nm.s. (d) Numerical solution of θ32(t) with C1 as 0.005
Nm.s.
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7.3

Shape Tailoring

During a flapping cycle, because of the loading and the boundary conditions, the leading
edge spar with bending compliant elements is expected to take different shapes at different goal
points. The RLNSD model was developed as part of a tool to achieve a desired shape of the
leading edge spar at different goal points during a flapping cycle. This will help tailor the passive
morphing of ornithopter wings as required and thus improve the steady level flight performance
of the ornithopter. A few researchers have recently looked at designing planar, shape-changing,
rigid link mechanisms with revolute joints for morphing of aircraft wings [88]. These
mechanisms were designed with the help of a kinematics based procedure presented by Murray
et. al. in [89]. The concepts of ‘design profile’, ‘target profile’, ‘actual profile’, ‘design points’,
and ‘shape matching error’ presented by Murray et. al. are used in the shape matching
optimization problem presented in this section.
The desired continuous shape of the leading edge spar at a specific goal point is called
the design profile, as shown in Figure 7-11. A target profile is the best shape a RLNSD model can
achieve that is close to the design profile if bending compliant elements with optimal stiffness are
placed at optimal locations. The actual profile is the shape of the leading edge spar because of the
locations and stiffness of the bending compliant elements. This shape is obtained from the
RLNSD model solutions. Both these profiles are shown in Figure 7-11. The red and green dots
shown in this figure are called as design points and are used to calculate the shape matching error
between target profile and actual profile. The red dots represent the end points of the rods while
the green dots represent imaginary intermediate points located on the rods.

Figure 7-11 Design profile, target profile and actual profile of the leading edge spars are shown here.
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The shaping matching error for each rod is given by Δei where ‘i’ is the ith rod counted
from the shoulder joint. For a particular rod, this error (Δei) is the average distance between the
design points, located on the ith rod, on the target and actual profiles. For example, there are three
design points (two red and one green) for each rod shown in Figure 7-11. The average distance
between these points (shown by double headed arrows) gives the shape matching error for each
rod. Any number of design points can be chosen for a particular rod. In the example shown in
Figure 7-11, three design points are chosen for each rod. The shape matching error (Δe) between
the target profile and the actual profile, at a particular goal point, is the sum of shape matching
error for all the rods in the RLNSD model as shown in Equation 7.29. Such shape matching errors
between the target and actual profiles can be calculated for each of the goal points. The total
shape matching error (Δet) for a particular RLNSD model is given by the sum of shape matching
errors at each goal points (Δeg1, Δeg2, Δeg3, … ).
∑𝑖

𝑒
𝑒

𝑡

∑

𝑖

(r = Number of rods)
𝑒

𝑖

(gp = Number of goal points)

(7.29)
(7.30)

Shape tailoring of the leading edge spar can be obtained by solving a shape matching
optimization problem presented as follows:
Minimize (

𝑒

𝑡

)

S.T.
Geometrical constraints and limits on design variables

This shape matching optimization problem can be solved for a RLNSD model using the
flow chart shown in Figure 7-12. The design parameters in such an optimization problem are the
lengths of the rods (L1, L2, L3 …), and the nonlinear stiffness of the springs subject to geometrical
constraints and limits on the design parameters. This shape matching optimization problem has
been solved as a case study for a two rod-one spring RLNSD model and one goal point. The
results are presented here.
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Figure 7-12 Steps involved in solving a shape matching optimization problem for RLNSD model are shown in
this flow chart.

Case Study: Shape Matching for Two Rod One Spring RLNSD Model
A Gen 1 CS was integrated in the leading edge spar of an ornithopter as shown in Figure
3-9. This ornithopter with the CS was tested on a bench by Ms. Wissa. The shape of the
ornithopter’s wing at mid-upstroke during this experiment is shown in Figure 7-13(a). This shape
was digitized (shown as red dots in Figure 7-13(a)) using tpsDIG2 software and a quadratic curve
was fit through the digitized points, shown as blue line in Figure 7-13(b). The equation of such a
curve is given by Equation 7.31. The estimated error variance for this curve fit is 0.000111.
As a case study, and proof of concept, one goal point, namely mid-upstroke is chosen for
the shape matching optimization problem. Since only one CS was used in the leading edge spar, a
two rod one spring RLNSD model will be used in the optimization. When Equation 7.31 is used
as a design profile for a mid-upstroke goal point, and the shape matching optimization problem is
solved, the results thus obtained should be close to those found in the experiment, i.e., the
location of the nonlinear spring should be near where the CS is located on the leading edge spar
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and the stiffness of the nonlinear spring during upstroke should be close to the stiffness of Gen 1
CS used during bench top testing.
03 1

1 1

(7.31)

Figure 7-13 (a) Shape of an ornithopter's wing with Gen 1 CS at mid-upstroke is shown. (b) A mathematical
equation of the shape at mid-upstroke obtained from photo in (a).

The details of the shape matching optimization problem used in this case study are as
follows. The RLNSD model with two rods and one spring was solved for 10 sec. Since the
flapping frequency was 5 Hz, a flapping cycle takes 0.2 sec. Zero initial conditions were used and
hence, mid-upstroke occurs at integer multiples of 0.2 sec. The numerical steady state solution of
θ2(t) at 1.0 sec was used to calculate the total shape matching error. This is based on the
assumption that at 1.0 sec only steady state response is present without any transient response.
The shape optimization problem with the constraints is given by Equations 7.32 – 7.36.

Minimize (
S.T.

+

0 33

𝑒

𝑡

)

(Half wing span)

(7.32)

00

0 3

(in steps of 0.01 m)

(7.33)

1

10

(in steps of 0.1 Nm)

(7.34)

𝑒

+

(7.35)
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𝑒

𝑡

(7.36)

𝑒

Since the goal point was mid-upstroke and the parameters

𝑐

and

of the nonlinear

spring do not affect it’s stiffness during upstroke, they are fixed to be 0.00477 Nm and 193.036
respectively. The upper and lower limits on

were obtained based on the results shown in

Figure 4-14. Using the result presented in Figure 4-17, the minimum and maximum possible
bending deflections for a CS with three CHs were extracted. Using these deflections, loading
conditions, and assuming linear stiffness, corresponding values for
thus obtained are used as the upper and lower limits on

are calculated. The values

. The upper and lower limits on L1

were based on where a CS could actually be placed in the leading edge spar. This optimization
problem was solved in Mathematica using Differential Evolution. The normalized error (

)

obtained from the optimization was 0.00233 i.e., 0.233 % of half wing span. The solution thus
obtained is compared with the actual test setup in Table 7-3. This shows that the optimization
problem can indeed be solved with acceptable results. Numerical solutions for θ2(t) and θ21(t)
obtained for this case are shown in Figure 7-14(a) and (b) respectively. Figure 7-14(c) shows the
design profile and actual profile.

Table 7-3 Comparison of optimization solution and actual test setup.

Parameter
L1

Optimization
Solution
0.195 m
3.4 Nm

Actual Test Setup
(Gen 1 CS)
0.197 m
3.38 Nm

When there is more than one goal point, based on the steady-state numerical solution
obtained from the RLNSD model, shape matching errors can be calculated between the target
profile and actual profile at each of the goal points. This error (

𝑒

𝑡

) can then be minimized to

obtain an optimal spring stiffness solution along with the optimal location. Such a solution can be
used as a first step in a more detailed design optimization of CSs.
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Figure 7-14 (a) Numerical solution for θ2(t) obtained from the optimization. (b) Numerical solution for θ21(t)
obtained from the optimization. (c) Design profile and actual profile obtained from the optimization results are
shown.

7.4

Summary

A RLNSD model was developed to simulate the leading edge spar of an ornithopter with
bending compliant elements in it during a flapping cycle. This model consisted of rigid links,
nonlinear spring and viscous dampers. Two case studies of the model were shown as examples.
One case study had two rods while the other had three rods. These case studies showed that
viscous damping coefficients are very critical to the model. The RLNSD model can be extended
to model a leading edge spar with any number of bending compliant elements in it.
A shape matching optimization problem was formulated to design a leading edge spar
with optimal bending compliant elements at optimal locations. This optimization problem could
be used to achieve more than one goal points during the compliant element design. A case study
for the optimization problem with a single goal point was also presented in this chapter. The
design profile for this case study was obtained from actual bench testing results. The optimization
results thus obtained were able to match the shape as desired. The location and nonlinear spring
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stiffness obtained as the optimization results were close to those used in the actual experimental
setup. This shows that the shape matching optimization problem can be used to find optimal
locations and stiffness of bending compliant elements.

8

Chapter 8

Conclusions and Future Work

8.1

Summary and Conclusions

Chapter 1 of this dissertation presented a literature review on compliant mechanisms and
aircraft wing morphing. Different approaches taken by the researchers to design compliant
mechanisms were reviewed and presented. In the same chapter, morphing in fixed wing UAVs
and flapping wing UAVs was reviewed and presented. It was found that not a lot of research has
been done to achieve passive wing morphing of flapping wing vehicles. This research focuses on
design and optimization of contact-aided compliant mechanisms called compliant elements with
nonlinear stiffness. These compliant elements were designed to achieve passive wing morphing
of ornithopters by inserting them in the wings of the ornithopters.
Chapter 2 presented the novel designs of compliant elements with nonlinear stiffness for
passive morphing of ornithopters. Compliant spines have nonlinear stiffness in bending direction;
bend-and-sweep compliant element has nonlinear stiffness in both bending and sweep directions.
Twist compliant elements have nonlinear stiffness in the twisting directions. All of these
compliant elements have nonlinear stiffness because of self-contact and large deformations. The
goal of this research was to achieve simultaneous passive bending, sweep and twist of
ornithopters wings during upstroke while remaining fully extended and rigid during downstroke.
The design problem for ornithopter wing morphing was formulated and presented. A multiobjective design and optimization problem was also formulated to design optimal contact-aided
compliant mechanisms for the ornithopter application. This optimization problem was solved for
each of the compliant elements using genetic algorithms and the results were presented in the
subsequent chapters.
Preliminary finite element analysis on compliant joints that make up the bending
compliant element was done and presented in Chapter 3. Based on this analysis, it was found that
for minimum downstroke deflection of CSs, the contact gap must be as small as possible and the
contact angle must be 130°. For maximum upstroke bending deflection, the inner and outer
surfaces of a compliant hinge can be approximated as semi-circles. Based on these results, an
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initial prototype was fabricated and integrated in the leading edge spar. Bench testing of this
prototype was done by our collaborators Ms. Aimy Wissa and Dr. James E. Hubbard Jr., at
University of Maryland, College Park. Based on the bench tests, it was found that the ornithopter
with a compliant spine in the leading edge spar achieved 44.7 % decrease in power required and
16% increase in lift. This showed that passive bending on ornithopter’s wings can be achieved by
the bending compliant element and is effective in improving flight performance.
Chapter 4 presented the design and optimization of Gen 2 compliant spines. The multiobjective design optimization problem, presented in Chapter 2, was solved for different loading
conditions on the compliant spine and the results were presented. It was observed from the
optimization results that the thickness of the compliant hinges is dependent on the internal
bending moment. With tip loads, the compliant hinges close to the tip were thin compared to the
ones at the root because of internal bending moment. For a case with uniform moment, all the
compliant hinges were about the same thickness. Optimization with uniform pressure loads
converged to solutions with very thin hinges because the internal bending moment was smaller on
each of the compliant hinges compared to the ones with tip loads or pure moments. Based on the
optimization results, optimal compliant spines obtained from pure moment loading conditions
were fabricated and integrated in the leading edge spar. Such an ornithopter with the optimal
compliant spines was successfully flight tested by Ms. Wissa. Flight tests showed that more
compliant joints translate to more bending deflection thus confirming the optimization results.
In Chapter 5, three contact-aided compliant mechanisms were analyzed for simultaneous
passive bending and sweep of ornithopter wings. A design study was conducted on all the three
designs and based on the design study it was concluded that Gen 3 BSCE will perform better for
the ornithopter application because it had smaller bending and sweep deflections during
downstroke compared to Gen 1 and Gen 2 BSCE designs. Even though Gen 3 BSCE designs had
smaller bending and sweep deflections during upstroke when compared to Gen 1 and Gen 2
BSCE designs, it was chosen for design optimization because those deflections can be increased
by adding more joints, as suggested by the results from CS optimization. Hence, the design
optimization problem was solved for Gen 3 BSCE and an optimal BSCE was fabricated and
integrated in the leading edge spar of an ornithopter. Bench tests of the ornithopter with a BSCE
in the leading edge spar, conducted by Ms. Wissa, showed that simultaneous passive bending and
sweep of ornithopters’ wings can be achieved by Gen 3 BSCE.
Design optimization of twist compliant element was done and the results were presented
in Chapter 6. The optimization results suggested that number of sectors does not play an
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important role during upstroke, when the mechanism is twisted in the counter-clockwise
direction. But for minimum possible twist deflection, during downstroke, in the clockwise
direction, number of sectors has to be minimum and the sectors have to be thick compared to the
inner core. Fabrication process suggested that twist compliant element will be easier to fabricate
with a 3D printing technology than with a water jet cutter. Experimental results showed that TCE
has the potential to achieve passive twisting of ornithopter’s wings and also that accurate material
properties are very important for the material model in the finite element simulation.
Finally, a dynamic model of the leading edge spar with rods, springs, and dampers was
developed in Chapter 7. Two case studies were presented. Both the case studies suggested that
damping is very critical to the model and viscous damping coefficient is important to model the
physical system accurately. Without sufficient damping, the rods at the tip were found to be
oscillating during the upstroke-downstroke transition and during downstroke. Animations of the
model showed that the RLNSD model is working as intended i.e., the tip rod is bent during
upstroke while all the rods stay fully extended during downstroke. Using the RLNSD model, a
shape matching optimization problem was formulated. This optimization problem can be used to
find optimal locations of the compliant spines in the leading edge spar and their optimal stiffness
to achieve a desired shape at specific goal points during a flapping cycle. This algorithm will help
achieve shape tailoring of the leading edge spar during the flapping cycle. The optimal CS
stiffness obtained from the optimization can also be used as a first step in a more detailed CS
optimization process. As a case study, the bench tests experimental setup for Gen 1 CS was used
for shape tailoring with one goal point and the optimization results were very close to the physical
setup. Hence, the shape tailoring optimization methodology can be used for shape tailoring of
morphing wings.

8.2

Research Contributions

The present work contributes to the fields of compliant mechanisms and passive
morphing of UAVs in the following ways:


Novel contact-aided compliant mechanisms called compliant elements with nonlinear
stiffness were developed. They were:
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o

Gen 1 and Gen 2 CSs. These mechanisms have nonlinear stiffness in the bending
direction. They are flexible when bent in their flexible direction but very stiff when
bent in their stiff direction because of self-contact.

o

Gen 1, Gen 2, and Gen 3 BSCE. These mechanisms have nonlinear stiffness in two
orthogonal directions, namely, in the bending and sweep directions. Their nonlinear
stiffness behavior is also because of self-contact.

o

Twist Compliant Element. This mechanism has nonlinear stiffness in the twisting
direction. This mechanism is flexible when twisted in one direction and is stiff in the
other direction because of contact between the members of the mechanism.



Such contact-aided compliant mechanisms can be used in special applications which require
monolithic, light weight, compliant mechanisms with nonlinear stiffness. All the contactaided compliant mechanisms were developed to achieve passive bending, sweep and twist of
ornithopter wings.



A new design optimization procedure was developed to design contact-aided compliant
mechanisms and to tailor their deflections as desired by the application. The design
optimization procedure can be used for both quasi-static and dynamic applications. As part of
this design optimization procedure, it was shown that MATLAB can be used for optimization
while ANSYS can be used for finite element analysis in the same loop. A link was
established between MATLAB and ANSYS.



Optimal compliant elements were successfully fabricated and integrated into the leading edge
spar without adding a lot of complexity to the existing ornithopter system. Experimental
results have shown that these contact-aided compliant mechanisms can indeed be used to
achieve passive morphing of flapping wing vehicles.



A RLNSD model with rigid links and nonlinear springs was developed to simulate a leading
edge spar with bending compliant elements in it. This model was implemented for a leading
edge spar with one and two bending compliant elements in it.



A shape tailoring methodology for the leading edge spar of an ornithopter with bending
compliant elements was also developed as part of this work and the results of a case study are
also shown.
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8.3

Recommendations for Future Work

The research presented in this dissertation opens new avenues for more and exciting
research. The recommended future work is as follows.


The design optimization procedure can be used to optimize different contact-aided compliant
mechanisms with special properties like geometric nonlinearities or material nonlinearities. It
can be used for quasi-static, steady-state dynamic or transient applications. It can also be used
for applications of contact-aided compliant mechanisms involving multi-physics like electromechanical applications, or electromagnetic applications etc.



Other potential applications for the compliant elements presented in this dissertation should
be considered. For example, a CS can be used for valve openings actuated by the flow of the
fluid which also prevents back flow of the fluid. If the valve is required to open in 3D where
the flow is not parallel to any of the traditional axes (X, Y, Z) then a Gen 3 BSCE can be used
because the contact planes of the Gen 3 BSCE are not perpendicular to any of the axes. CS
and Gen 3 BSCE designs can be used for micro and nano applications. One other application
of CS could be the fishing rod, where the rod is flexible when it is being used to fish and is
rigid in the other direction.



The contact-aided compliant mechanisms, designed in this dissertation, were analyzed
independently in the finite element software. For the ornithopter application, more than one
CE will be integrated in the leading edge spar. Hence, an integrated finite element model with
all the compliant elements in the leading edge spar is necessary to accurately predict the
performance of the leading edge spar – compliant mechanism assembly. Modeling the whole
wing structure in finite element software must also be considered.



During 3D printing, the material properties tend to deteriorate over time. Hence a material
whose nonlinear properties are known or reported in the literature should be considered to
fabricate the TCE.



The current RLNSD model only takes bending compliant elements into consideration.
Mathematical models of BSCEs and TCEs must be developed and integrated into the RLNSD
model to create a 3D dynamic model. Such a model will better simulate the actual physical
scenario. Such a dynamic model will save the computational and experimental time because
once the model is setup and validated, numerous CEs can be tested in the model without
actual experiments. Also, such a model when used for shape tailoring can provide with good
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first solutions that can be used in the design optimization of compliant elements. This shape
tailoring optimization problem can be used in fixed wing aircraft morphing as well.


An optimal design profile(s) of the leading edge spar during flapping cycle are necessary to
better understand the flight dynamics and also to improve the steady level flight performance
of the ornithopter. Hence optimal design profiles at different goal points must be generated to
better design the bending compliant elements.

A

Appendix A

Assumptions
Assumptions in Chapter 2


Nonlinear material properties of Delrin are approximated as multi-linear (see Appendix C).



CE tip deflections are proportional to wing tip deflections



During a flapping cycle, parts of the wing that do not have CEs are assumed to be very rigid.
For example, part of the wing connecting CS tip and wing tip is assumed to be rigid.



In determining, δ, γ, η, it is assumed that part of the wing connecting wing root and CE root is
very rigid. It is assumed that bending, sweeping and twisting of the wings occur only because
of the CEs.



Equation 2.6 (to calculate FCE), assumes that the entire integrated lift load is carried by the
CS, which is a conservative estimate.

Assumptions in Chapter 3


Multi-linear isotropic material properties of Delrin were used during quasi-static analysis.



Upstroke tip deflection of a CS is primarily due to the compliant hinges.



For the upstroke analysis of CJ, it is assumed that a CS is made up of just one CJ. Hence an
equivalent pressure of the load was estimated and applied on the surface of the CH.



During upstroke analysis, a tip load equivalent to the integrated force is assumed to be acting
on the wing.



During upstroke analysis, the static load applied to the tip of the CH was assumed to be equal
to the integrated force acting on the whole wing.

Assumptions in Chapter 4


In design optimization of CSs, based on quasi-static analysis of Chapter 3, the inner and outer
surfaces of CHs are assumed to be semi-circles.
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In load estimation, it was assumed that there are no reaction forces acting on the CS due to
the force acting on the wing spar connecting wing root and the CS root.



In load estimation it was assumed that all the load acting on the rigid spar without a CS from
the CS root location to the tip of wing acts on the CS itself.



Bending observed at the wing tip is due to the bending of the CS alone and that the leading
edge is sufficiently rigid and does not bend during upstroke or downstroke.

Assumptions in Chapter 5


In the drag force estimation, it is assumed that the drag force a test ornithopter experiences is
equal to the thrust force it generates.



In design optimization of CSs, based on quasi-static analysis of Chapter 3, the inner and outer
surfaces of CHs are assumed to be semi-circles.



Lift loads are assumed to be acting on the ornithopter wing at the center of pressure



The center of pressure on the wing is located at the mean quarter chord length from the
leading edge spar.

Assumptions in Chapter 6


Twist loads are transmitted from the center of pressure to the leading edge spar.



Wood dowel rods are sufficiently stiffer than that twist compliant element in the twisting
direction.

Assumptions in Chapter 7


In the RLNSD model, it is assumed that the leading edge spar is very stiff compared to the
nonlinear spring and hence they do not contribute to the bending of the wing.



The model is planar in nature.



Zero initial conditions were assumed.

158
B

Appendix B

Dimensions of Designs Used in Chapter 2
Dimensions of compliant elements used for preliminary analysis in Chapter 2 are given in
this appendix.
Compliant Spine

Figure B-1 A Solidworks schematic of the compliant spine

Length = 0.0640 m
Height = 0.0129 m
Thickness = 0.0127 m
For all the three compliant joints:
Contact gap for all the three compliant joints = 0.0001 m
Contact angle for all the three compliant joints = 130°
Inner radii of all the three compliant hinges = 0.001 m
Outer radii of all the three compliant hinges = 0.004 m.
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Part drawing: (All dimensions are in mm)
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Bend-and-sweep Compliant Element

Figure B-2 A Solidworks schematic of bend-and-sweep compliant element.

Length = 0.0635 m
Thickness = 0.0127 m
Height = 0.0077 m
Inner radius of the CH = 0.0034 m
Outer radius of the CH = 0.005 m
Eccentricity = 0 m
Contact angle = 44°
Compliant Joint angle = 134°
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Part drawing: (All dimensions are in mm)
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Twist Compliant Element

Figure B-3 A Solidworks schematic of the twist compliant element

Length = 0.1524 m
Outer radius of flap (Black arrow) = 0.0385 m
Inner radius of flap (Black arrow) = 0.0216 m
Outer radius of the inner core (red arrow) = 0.0170 m
Inner radius of the inner core (red arrow) = 0.0158 m
Thickness of crossmembers (blue arrows) = 0.0013 m
Contact gap (dashed arrows) = 0.000762 m

Part drawing: (All dimensions are in mm)
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C

Appendix C

DelrinTM Material Properties
Material properties of Delrin 100ST were used during finite element analysis.
Young’s modulus = 1.4*109 Pa = 203000 psi
Poisson’s ratio = 0.3
Yield stress = 45 MPa.
Stress strain curve (shown below) of Delrin 100ST was approximated to be multi-linear and the
points used to generate such a plot are given in the table below.

Figure C-1 Stress strain curve for Delrin 100ST [64].
Table C-1 Table to generate multi-linear stress strain curve for Delrin 100ST

Strain
0
0.01
0.02
0.04
0.06
0.08
0.1
0.14
0.2
0.3
0.4

Stress (Pa)
0
1.40E+07
2.20E+07
3.10E+07
3.60E+07
3.90E+07
4.10E+07
4.30E+07
4.45E+07
4.50E+07
4.50E+07

Stress (psi)
0
2030
3190
4495
5220
5655
5945
6235
6452.5
6525
6525
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D Appendix D
Testing and Analysis by Ms. Aimy Wissa
Ms.Wissa’s work related to Chapter 2

Figure D-1 Example desired ornithopter bending deflection function (Courtesy: Ms. Wissa)

Figure D-2 Example Integrated Lift Loads for an Ornithopter (Courtesy: Ms. Wissa)
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Ms. Wissa’s work related to Chapter 3
The test ornithopter experiments were performed by Ms. Wissa, our collaborator, and are
summarized here. Further details are reported in [78] and [90]. Gen 1 prototypes, presented in the
previous section, were inserted in ornithopter’s wings and tested in bench top experiments. The
performance of the test ornithopter (Park Hawk model, mentioned in Chapter 2) was measured
with and without the compliant spine inserted into the leading edge spars. Three performance
metrics were selected as a basis of comparison for the test ornithopter:(1) the required electric
power, (2) the lift and thrust produced during one flapping cycle, and (3) the wingtip and spine tip
deflections during the up and down strokes. For both the cases, the flapping mechanism stroke
angle was always same. This section describes the experimental set-up and results related to these
three performance metrics.
The first performance metric is the electric power used by the flapping mechanism. In
order to calculate the electric power, both the current and the voltage drawn from the power
supply during flapping were measured. A custom built constant voltage power supply was used
for all of the experiments; hence the supply voltage was fixed at 12.27 V. In order to measure the
current, a CQ-121E current sensor manufactured by Asahi Kasei cooperation was used. The
sensor was mounted in series between the power supply and the electric speed controller. Once
the current and the voltage were measured, the electric power consumed by the ornithopter at
various flapping frequencies was calculated.
The second set of performance metrics are lift and thrust produced by the ornithopter. A
six degree of freedom strain gauge transducer manufactured by Advanced Mechanical
Technology Inc. was used to measure the lift and thrust produced by the test ornithopter at
various flapping frequencies, with and without the compliant spine inserted in the leading edge
spars. Figure D-3(a) and Figure D-3(b) show the test ornithopter mounted on the load cell.
The third set of performance metrics presented are wing tip and spine tip bending
deflections. To capture the bending deflections of the wing during the up and downstrokes, three
red markers were placed on the leading edge spar. One marker was placed at the wing root,
another was placed at the location of the compliant spine tip and a third marker was placed at the
wing tip, as shown in Figure D-4(a). Similarly, in order to capture any twist deflections that might
occur in the wing due to the presence of the compliant spine, two green markers were placed at
the leading and trailing edges of the wing, as shown in Figure D-4(b). A high speed camera,
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(Phantom 9 by Vision Research) was used to capture the twist deflections during flapping as
shown in Figure D-4(c).

(a)

(b)

Figure D-3 (a) Test ornithopter mounted on a six channel load cell to measure the lift and thrust produced at
various flapping frequencies. (b) The compliant spine was inserted at the leading edge spar of the test
ornithopter at 37% of the wing half span to mimic the function of an avian wrist. (Courtesy: Ms. Wissa)

(a)

(b)

(c)

Figure D-4 (a) Red markers at the wing leading edge used for capturing wing bending deflections at the wing
root, the compliant spine tip and the wing tip, (b) Green markers used to measure wing twist deflection at the
wing leading and trailing edges, and (c) High speed camera used to capture a lateral view to measure the twist
deflection. A second high speed camera was used the capture the front view and to measure the bending
deflections. (Courtesy: Ms. Wissa)

Experimental Results
Data was collected at various flapping frequencies, where the flapping frequency was
controlled by the throttle position on the remote control radio transmitter. Figure D-5(a) and
Figure D-5(b) show the electric power consumed by the ornithopter as a function of the flapping
frequency, and the flapping frequency as a function of the percentage throttle, respectively. The
“solid” data corresponds to the performance of the ornithopter using the solid leading edge spar
without the compliant spine, and the “compliant” data corresponds to the performance of the
ornithopter using the leading edge spar with the compliant spine inserted.
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(a)

(b)

Figure D-5 The electric power required vs. flapping frequency plot shows that the ornithopter with the
compliant spine inserted in its wings (“compliant”) use less electric power than the ornithopter with the solid
spar for any given flapping frequency. The stroke angle of the flapping mechanism for both the compliant and
solid cases was same. (b) The ornithopter with the compliant spine inserted in its wing (“compliant”) flaps at a
higher frequency than the ornithopter with the solid spar. The increase in flapping frequency can lead to thrust
gains. (Courtesy: Ms. Wissa)

From the above graphs it can be observed that, for all flapping frequencies, the test
ornithopter with the compliant spine consumes less power than it does without it. The focus of
this work is on steady level flight, and for the ornithopter tested in this experiment the flapping
frequency of interest has been determined to be 4.7 Hz [67]. At 4.7 Hz the power savings due to
the presence of the compliant spine is 44.7%. The fact that the ornithopter flapped at a higher
frequency for a given throttle input is also attributed to this power expenditure reduction.
Therefore flapping at a higher frequency can produce thrust improvements.
Second, the lift and thrust were measured at various flapping frequencies for one wing
beat cycle. The mean lift and thrust over one flapping cycle was calculated and the mean lift was
normalized by the test ornithopter’s weight. In previous work it was determined that the mean
induced lift produced by the test ornithopter when it is clamped to the load cell at zero forward
speed and zero angle of attack is in fact zero [67]. Due to the symmetry between the up and down
strokes the ornithopter produces an equal amount of positive and negative lift during the down
and up strokes, making the mean lift zero. The results shown in Figure D-6(a) for the solid spar
confirm these previous results for the solid spar. The results also show that by inserting the
compliant spine into the spars, an asymmetry is introduced between the strokes which caused an
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increase in the mean lift. Moreover at the steady level flight flapping frequency 4.7 Hz, the
ornithopter with the compliant spine produced mean lift supporting 16% of its body weight. This
lift gain could not be produced under the same conditions with a solid leading edge wing spar.
This increase in mean lift can be directly translated into improved payload capability.
Although lift gains due to extreme wing bending deflections during the upstroke have
been reported in previous passive wing morphing experiments [60], they were accompanied by
severe thrust penalties. A goal of the current work is to maintain the lift gains while mitigating the
thrust penalties. Thus the effect of the presence of the compliant spine on the mean thrust
produced by the test ornithopter was evaluated. Figure D-6(b) shows that for any given throttle
input, there is little difference in the mean thrust between the ornithopter with solid and compliant
spars. Hence it is concluded that the compliant spine was successful at producing lift gains
without incurring any significant thrust penalties.

Figure D-6 (a) The ornithopter with the compliant spine inserted in its wings produces more net mean

lift than the ornithopter without the compliant spine for any given throttle setting. (b) The thrust
versus throttle position plot shows that there are no thrust penalties due to the insertion of the
compliant spine. (Courtesy: Ms. Wissa)

Lastly the wing kinematics of the solid and compliant spars captured using high speed
photography are compared. The compliant spine is designed to bend during the upstroke while
remaining very stiff (i.e., mimicking a solid spar) during the downstroke. Figure D-7 and Figure
D-8 compare the bending deflections of the wing with compliant and solid spars at mid
downstroke and mid upstroke respectively. From Figure D-7(b) it can be seen that during the
downstroke there is minimal deflection due to the contact surfaces in the compliant joints, while
Figure D-8(b) shows that during the upstroke, the compliant spine bends as desired. This large
bending deflection during the upstroke minimizes the drag penalties. Both Figure D-7(a) and (b)
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show comparable deformation during the downstroke indicating that the compliant spine is acting
like the solid spar as intended. Results confirm that the FEA and design optimization method are
valid.

(a)

(b)

Figure D-7 (a) Wing bending deflections at mid downstroke for the ornithopter with the solid spar, i.e., without
the compliant spine. (b) Wing bending deflections at mid downstroke for the ornithopter with the compliant
spine. Both (a) and (b) show comparable deformation indicating that the compliant spine is acting like the solid
spar. (Courtesy: Ms. Wissa)

(a)

(b)

Figure D-8 (a) Wing bending deflections at mid upstroke for the ornithopter with the solid spar, i.e., without the
compliant spine. (b) Wing bending deflections at mid upstroke for the ornithopter with the compliant spine. The
ornithopter with the compliant spine exhibits large bending deflections when compared with the ornithopter
with the solid spar. (Courtesy: Ms. Wissa)

Even though the compliant spine has been designed considering only bending during the
upstroke, wing twist was observed due the presence of the compliant spine during flapping.
Figure D-9 and Figure D-10 show the wing with and without the compliant spine at mid
downstroke and mid upstroke respectively. It can be seen that the wing with the compliant spine
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twists (Figure D-9(b) and Figure D-10(b)), whereas less twist is observed in the wing with the
solid spar (Figure D-9(a) and Figure D-10(a)). During the downstroke this twist is pitch down and
during the upstroke it is pitch up. Also the twist during the upstroke is more severe than the twist
during the downstroke, implying that there is a coupling between the bending and twist
deflections. The twist is attributed to the geometry of the wing and the placement of the
compliant spine. This twist is beneficial because the kinematics of the CVG include bending,
twist and sweep, although the twist observed here has not been tailored to match the CVG.

(a)

(b)

Figure D-9 (a) Wing twisting deflections at mid downstroke for the ornithopter without the compliant spine. (b)
Wing twisting deflections at mid downstroke for the ornithopter with the compliant spine. (Courtesy: Ms.
Wissa)

(a)

(b)

Figure D-10 (a) Wing twisting deflections at mid upstroke for the ornithopter without the compliant spine. (b)
Wing twisting deflections at mid upstroke for the ornithopter with the compliant spine. (Courtesy: Ms. Wissa)
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Ms. Wissa’s work related to Chapter 4

Figure D-11 Desired wing tip bending deflection function for the test ornithopter, derived from a cockatiel, for
one wing beat cycle (Courtesy: Ms. Wissa).

Experiment for Load Estimation
In a test ornithopter with solid spars (without compliant spines) two CEA-06-125UN-120
Vishay® strain gages were mounted on the leading edge spar, with their centers at the locations
where the compliant spine root and tip would be located, namely 19.75 cm and 26.1 cm from the
wing root (see Figure D-12(a)). The strain gages were connected to a Vishay® 3800 strain
indicator and the spars inserted in the test ornithopter wing. The ornithopter was flapped at 5 Hz,
a typical steady level flight flapping frequency. Figure D-12(b) shows the experimental set-up.
The leading edge spars of the test ornithopter are GraphliteTM carbon fiber rods. The material
properties and dimensions of these spars are given in Table 4-2.
The bending strains in the spar at the CS root and CS tip locations were recorded for
several flapping cycles. Figure D-13 shows the strains measured over one flapping cycle. The
strain measured from the strain gage at the location of the CS root is referred to as the inboard
strain, and the strain measured from the strain gage at the location of the CS tip is noted as the
outboard strain. Experimentally, the maximum observed compressive strains at these locations
were used for further analysis. Compressive strains were used because strain gages were located
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on the bottom surface of the spar. Maximum values of strains were chosen because that will give
the maximum possible load acting on the spar and a CS design designed for such a load will be a
conservative design.

Figure D-12 (a) Strain gages mounted on the leading edge spar at the locations of the CS root and tip. (b)
Experimental setup for measuring the aerodynamic loads on the CS [78]. (Courtesy: Ms. Wissa)
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Figure D-13 Inboard and outboard strains at the location of the CS root and CS tip [78]. (Courtesy: Ms. Wissa)

Flight Testing and Results
Flight testing of optimal CSs was done by our collaborator Ms. Wissa. All the three
optimal CSs were tested in actual free flight at the Air Force Research Lab (AFRL) Wright
Patterson Air Base (WPAFB) indoor flight facility. The flight test set-up and test protocol is
described in detail in [75], and is summarized here. The AFRL indoor flight test laboratory is
composed of a test chamber and a control room. The test chamber is a large (16.76 m x 21.34 m x
10.67 m), instrumented room where small unmanned air vehicles can be flown. Instrumentation
consists of a VICON motion capture system with 60 motion capture cameras. By adding small
retro-reflective markers to a vehicle, the VICON system can track position and orientation of the
vehicle with an accuracy of ~1.0 mm. During this test, fifty three reflective markers were placed
on the ornithopter wings, body, and tail. The Vicon® motion capturing system was used to
capture and contrast the wing 3D kinematics of the ornithopter with and without the compliant
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spine inserted in the leading edge spar. Figure D-14 shows the placement of the wing reflective
markers.

6.35 mm-diameter hemispherical reflective markers
Figure D-14 Wing Reflective Markers Placement. Markers were distributed over both wings to balance the
weight and they were placed asymmetrically to aid with tracking and post processing. (Courtesy: Ms. Wissa)

Different wing configurations were flown during the flight test. The first configuration is
the solid ornithopter wing spar, which is the test ornithopter equipped with a uniform carbon fiber
composite leading edge spar. The rest of the configurations include the optimal compliant spines.
Results from Comp 4PM and Comp 24PM are compared with the solid spar and presented in this
section. Comp 4PM has least number of CJs and Comp 24PM had the most number of CJs.
Performance of Comp 14PM followed the trends of Comp 4PM and Comp 24PM. The presence
of the compliant spine was found to affect the ornithopter body's dynamics and wing kinematics.
Figure D-15 shows the vertical acceleration of the fuselage center of mass for the solid, Comp
24PM, and Comp 4PM configurations versus time normalized by the period of one flapping
cycle.
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Figure D-15 Vertical acceleration of the fuselage center of mass for the solid (black), Comp 24PM (red), and
Comp 4PM (green) configurations versus time normalized by the period of one flapping cycle. (Courtesy: Ms.
Wissa)

The effect of the presence of a compliant spine in the leading edge spar is evident at two
locations in the flapping cycle, as shown in Figure D-15. The first location is at the end of the
upstroke, just before the upstroke to downstroke transition. At this point, the compliant spine is
changing from the flexible configuration to the stiff configuration, creating an effect similar to a
whip lash effect and therefore increasing the body acceleration. Negative acceleration
corresponds to upwards acceleration, so a higher negative acceleration indicates an increase in the
body's upwards acceleration and the wing’s downwards acceleration, and therefore an increase is
seen in the amount of positive lift produced by the wings. Design Comp 24PM is the most
flexible design, thus it is the design that is most different from the solid design when compared to
design Comp 4PM. During the downstroke portion of the flapping cycle, the behavior of the
ornithopter with and without the compliant spine might be expected to be similar because the
contact surfaces in each compliant hinge come together. However due to the presence of the
contact gap and the difference in elastic modulus between the material of the solid spar, carbon
fiber composite, and the material of the compliant spine, Delrin, some undesirable bending occurs
during the downstroke.
The second location where the effect of the compliant spine is apparent is during the
second half of the downstroke. At this point the compliant spine has locked completely and the
undesirable upward bending has started to occur. Thus during the second half of the downstroke,
an increase in the positive acceleration is observed due the presence of the compliant spine.
Positive acceleration corresponds to downwards acceleration, so a higher positive acceleration
indicates an increase in the body's downwards acceleration and wings' upwards acceleration, and
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therefore there is an increase in the amount of negative lift produced by the wings. Further data
analysis results show that when the mean acceleration over one flapping cycle is computed, the
ornithopter with Comp 24PM and Comp 4PM inserted in its wing reduced the body's center of
mass positive acceleration by 69 % and 5%, respectively. The positive acceleration reduction may
translate into overall lift gains, which would confirm previous bench test results.
During upstroke the compliant spine passively bends because of the presence of the
compliant hinges, while during the downstroke the contact surfaces come together, locking the
compliant spine so that it acts like the uniform carbon fiber spar. Figure D-16 and Figure D-17
show the bending deflection of the markers placed on the right wing leading edge spar at mid
upstroke and mid downstroke, respectively.

Figure D-16 The Z position of the reflective markers mounted at the right wing leading edge spar versus the
normalized span location at mid upstroke. (Courtesy: Ms. Wissa)

Figure D-17 The Z position of the reflective markers mounted at the right wing leading edge spar versus the
normalized span location at mid downstroke. (Courtesy: Ms. Wissa)
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Figure D-16 confirms the design optimization result stating that Comp 24PM is more
flexible than Comp 4PM. Figure D-16 shows that the spar with the compliant spar inserted in its
wings is passively bends during the upstroke. The relative bending deflection between the
compliant spar tip marker and the solid spar tip marker is 110.7 mm and 83.24 mm for the
Comp 24PM and Comp 4PM, respectively. In Figure D-17, the undesirable upwards bending that
occurs during the downstroke is due to the contact gaps and the flexibility of Delrin. The relative
bending deflection between the compliant spar tip marker and the solid spar tip marker is 94.3
mm and 72.6 mm for the Comp 24PM and Comp 4PM, respectively. Table D-1 shows the
bending deflections at the location of the compliant spine tip relative to the spine root for the
Comp 4PM, Comp 14PM, and Comp 24PM

wing configurations. These deflections were

calculated by determining the difference between the Z positions of a reflective marker placed at
the location of the spine tip and another marker placed at the spine root.
Table D-1 The bending deflections at the location of the compliant spine tip relative to the spine root for Comp
4PM, Comp 14PM, and Comp 24PM wing configurations at upstroke. (Courtesy: Ms. Wissa)

Design Name

Designs

Predicted
Midupstroke
Deflection
(mm)

Measured
Midupstroke
Deflection
(mm)

Percentage
Error (%)

Comp 4PM

8.121

4.84

40.4

Comp 14PM

12.533

6.650

46.9

Comp 24PM

17.869

9.047

49.3
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Ms. Wissa’s work related to Chapter 5
The test ornithopter, with BSCE 34PM designs at about 37 % of half wing span, was
clamped on a bench and flapped at 5 Hz. Cameras were placed on the right side of the ornithopter
to track the sweep displacement of the tip of the leading edge spar. The position of the tip of a
leading edge spar with BSCE 34PM is compared to the position of the tip of a solid spar during
upstroke (Figure D-18) and downstroke (Figure D-19). It can be seen from Figure D-19 that the
spar with Gen 3 BSCE is always close in position of that of a solid spar. But the same leading
edge spar sweeps backwards compared to the solid spar during upstroke (Figure D-18) as desired.
At about mid-upstroke, the leading edge spar experienced sweep deflection of 49.8 mm (1.96“).
The scaling parameter γ, for the sweep deflection, defined by Equation 2.10 is 0.189. Using this
scaling parameter, the sweep tip deflection of the BSCE 34PM is calculated to be 9.4 mm (=
0.189*49.8).

Figure D-18 Position of the tip of a leading edge spar with BSCE 34PM compared with the position of a solid
spar during upstroke. (Courtesy: Ms. Wissa)
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Figure D-19 Position of the tip of a leading edge spar with BSCE 34PM compared with the position of a solid
spar during downstroke. (Courtesy: Ms. Wissa)
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Appendix E

Dimensions of a Single Compliant Joint

Single compliant joint used for quasi-static downstroke analysis is shown here. All dimensions
are in mm. The contact gap is 2.54mm and the contact angle is 130 for this design.

Figure E-1 Solidworks schematic of a single compliant joint used for downstroke analysis in Chapter 3

Part drawing: (All dimensions are in mm)
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Appendix F

Dimensions of Gen 1 CS Design Used for Testing
The CS that was designed and used for bench testing by our collaborators is shown in this
Appendix. On either ends of this design, starting from the notch, there is a tap which is 25.4mm
long with a blind hole to accommodate the leading edge spar.

Figure F-1 CS design used for testing

Part drawing: (All dimensions are in mm)
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Appendix G

Optimal CS Designs Used for Flight Testing
Three optimal CS designs, namely Comp 4PM, Comp 14PM, and Comp 24PM were used
for flight testing. Dimensions of those designs are given here. All dimensions in the part drawings
are in mm.
Comp 4PM

Figure G-1 Comp 4PM design used for flight testing.

Part drawing:
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Comp 14PM

Figure G-2 Comp 14PM design used for flight testing.

Part drawing:

Comp 24PM

Figure G-3 Comp 24PM design used for flight testing.
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Part drawing:

Delrin Collar

Figure G-4 Delrin collar used to connect CSs and carbon fiber spar during flight testing.
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Part drawing:
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Appendix H

BSCE Designs
Gen 1 BSCE

Figure H-1 Gen 1 BSCE design that was used to create the stiffness plot in Chapter 5.

Part drawing: All dimensions are in mm.
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Gen 2 BSCE

Figure H-2 Gen 2 BSCE design that was used to create the stiffness plot in Chapter 5.

Part drawing: All dimensions are in mm.

BSCE 34PM
Left and right designs are mirror images of each other. All dimensions in the part drawings are in
mm.
Right Design

Figure H-3 Gen 3 BSCE 34PM used in the right wing of the ornithopter.
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Left Design

Figure H-4 Gen 3 BSCE 34PM used in the left wing of the ornithopter.

Dimensions of the right design:
Design Parameters Rin (m) Rout (m) e (m) (deg) cj (deg) gc (m)
First joint
(close to the tip) 0.0030 0.0058 0.0004
70
116
0.0003
Second joint
(close to the root) 0.0030 0.0054 -0.0002
44
116
0.0003
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BSCE 35PM
Left and right designs are mirror images of each other. All dimensions in the part drawings are in
mm.
Right Design

Figure H-5 Gen 3 BSCE 35PM used in the right wing of the ornithopter.

Left Design

Figure H-6 Gen 3 BSCE 35PM used in the left wing of the ornithopter.

Dimensions of the right design:
Design Parameters Rin (m) Rout (m) e (m) (deg) cj (deg) gc (m)
First joint
(close to the tip) 0.0028 0.0056
0
62
110
0.0003
Second joint
(close to the root) 0.0030 0.0056 -0.0002
44
112
0.0003
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Appendix I

TCE Design Used for Testing
Dimensions of the optimal TCE (TCE 5sector31) that was used for prototyping and testing
purposes are given here. All dimensions are in mm.
TCE 5sector31

Figure I-1 TCE 5sector31 that was used for prototyping and testing purposes in Chapter 6.

Dimensions of the design:

Design Parameter
Lt
n
gc
tcm
Rc in
Rc out
Rf in
Rf out

Dimensions
(mm)
25.8
5.0
0.3
1.0
2.6
3.2
3.8
6.2
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