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Figure 1A

(57) Abstract: An undulatory structure and methods for the fabrication and use thereof. The undulatory structure includes a buck­
led sheet and one or more work input elements for deforming the buckled sheet in an undulating manner wherein each point in a 
series of points on a sinuously-shaped profile of the buckled sheet travels at least partially along a figure eight-shaped path. The 
undulatory structure can be adapted for use as a solid-state transducer wherein the buckled sheet provides mechanical advantage 
without appreciable opposition from elastic restoring forces, thereby achieving improved force, displacement and efficiency char­
acteristics.
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“UNDULATORY STRUCTURES”

CROSS-REFERENCE TO APPLICATIONS

This application claims the benefit of AU Provisional Application No. 

2010904340, filed Sep. 27, 2010, and AU Provisional Application No. 

2011901482, filed Apr. 20, 2011, which are incorporated herein by reference 

in their entirety.

FIELD OF THE INVENTION

The present invention relates generally to structures that include an 

undulatable buckled sheet and to methods for their fabrication and use. In 

particular, but not exclusively, the present invention relates to a diverse range 

of machines that utilise undulatory structures to perform work. Particular 

embodiments of the invention described herein include: transducers, fans, 

pumps, loudspeakers, heat engines and undulatory propulsion systems.

DESCRIPTION OF THE PRIOR ART

Undulatory propulsion systems are exemplary of machines that utilise 

undulatable members for performing work. Biologically inspired from certain 

types of fish and rays, man-made undulatory propulsion systems typically 

produce thrust by undulating fluid-immersed fins. Unlike conventional rotary 

propulsion systems, undulatory propulsion systems may be constructed 

without rotary bearings and seals, which due to tight tolerance gaps between 

moving parts are prone to failure through wear, ingress of foreign matter and 

corrosion. In aquatic environments, undulatory propulsion systems are 

potentially less noisy, less environmentally damaging and less susceptible to 

cavitation and impact damage than conventional propeller-based propulsion 

systems.

Despite the potential advantages of undulatory propulsion systems and

decades of related research, few, if any, are commercially produced due to
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their cost, complexity and performance. Known undulatory propulsion systems

typically require many actuators and sophisticated control systems. The

robotic fish described in the Journal of Vibration and Control Vol.12 No.12

(2006) pp. 1337-1359 (Low et al.) for example, has 20 servomotors and six

micro-controllers to actuate a pair of fins.

Adding further complexity and potential points of failure, the fins ofthe 

previously mentioned robotic fish are made of rigid segments interconnected 

with sliding joints. The sliding joints are needed to accommodate a varying 

distance between actuation elements, which is a common problem with fin- 

based undulatory propulsion systems. An alternative solution has been to 

construct the fin from a flexible material that allows slack to form between 

actuation elements, but this detrimentally affects the systems propulsive 

efficiency and power handling capability.

A comparatively simple undulatory propulsion system operable with a 

single actuation element and without electronic control is described in the 

Journal of Fluids and Structures 23 (2007) pp. 297-307 (Krylov et al.). It uses 

a motor driven pivot arm to generate an elastic wave in a rubber strip having 

one clamped longitudinal edge. A drawback of the systems simplicity is that 

the general shape of the rubber strip is unconstrained and is influenced by a 

number of factors that tend to make power delivery suboptimal and difficult to 

control. In particular, damping by the surrounding fluid reduces the amplitude 

of the elastic wave with increasing distance from the motor driven pivot arm, 

and reflection ofthe elastic wave may result in destructive interference.

A device having a sinuous fin-like element similar to a number of 

undulatory propulsion systems that is capable of being driven by relatively few 

actuator elements is presented in the SICE-ICASE International Joint 

Conference Oct. 2006 pp. 5847-5852 (Rossiter et al.). The device comprises 

a series of actuator elements mounted on an elastically buckled beam. A 

particular activation sequence of the actuator elements produces a circular 

deformation path at the beams midpoint, which can be used to incrementally 

convey a solid object with the aid of a platform to unload the object from the 

beams midpoint over part of its circular deformation path. Undesirably, the 

device conveys solid objects with a non-uniform motion, requires high
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actuation force to cyclically lift the conveyed object, and suffers efficiency

losses due to non-recovery of potential energy in both elastic and gravitational

forms.

As will be described below, undulatable buckled sheets may function 

as mechanical transformers. Mechanical transformers are widely used to 

match the impedance of a mechanical energy source to a load using 

mechanical advantage. Analogous to an electrical transformer that alters the 

ratio of voltage to current of electrical power between input and output 

terminals, a mechanical transformer alters the ratio of force to velocity of 

mechanical power.

Mechanical transformers used in conjunction with solid-state 

transducers are usually integrated within the transducer’s architecture. Well- 

known types of transducer architectures that provide mechanical advantage 

include bender, lever-arm and flextensional configurations. A characteristic 

generally found in solid-state transducers, even when used in configurations 

providing mechanical advantage, is that they experience a net elastic 

restoring force that increasingly opposes deformation away from an 

equilibrium position. Consequently, the net elastic restoring force reduces 

output capability and causes output distortion. Under oscillatory conditions, 

the net elastic restoring force combines with mass and damping 

characteristics of the transducer to produce a frequency dependant response, 

typically resulting in poor transducer efficiency except at a narrowband 

resonant frequency.

Few transducer architectures incorporating mechanical transformers 

have been reported that counterbalance internal elastic forces to reduce or 

eliminate net elasticity and its effects. One such transducer architecture is 

described in US patent number 6,236,143 (Lesieutre et al.), which uses axial 

compression to prebuckle a piezoelectric bender element thereby reducing its 

lateral stiffness. Although elastic forces within the prebuckled bender element 

may be counterbalanced in one position, the architecture suffers from the 

effects of elasticity in operation because it does not have a neutrally stable 

deformation path. Transducer architectures that do have a neutrally stable 

deformation path include continuous belt based designs exemplified by US 
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patent number 4,010,612 (Sandoval), and neutrally elastic tape springs such 

as described in the Proceedings of the 45th AIAA/ASME/ASCE/AHS/ASC 

Structures, Structural Dynamics and Materials Conference Apr. 2004, pp. 19­

22, (Murphey et al). While overcoming disadvantages associated with net 

elastic restoring forces, both these transducer architectures have poor power 

density due to having only a small proportion of their total actuation capability 

effective at any given time. Furthermore, neutrally elastic tape springs are 

unsuitable for many applications due to a generally poor resistance to 

deformation, not just along their neutrally stable path. On the other hand, 

continuous belt designs tend to be more robust, but are burdened by the 

weight and volume of support structures needed to maintain belt tension.

Saddle-shaped structures can be found, among other places, in 

architecture, but generally do not have counterbalanced elastic forces making 

them ill-suited for use in machines as mechanical transformers. US patent 

number 4,183,153 (Dickson) describes hyperbolic geometry models produced 

by joining specific shapes of flexible material that can yield a saddle-shaped 

structure with at least partially balanced elastic forces. The described method 

of fabrication produces a join that is a potential point of failure, and may 

create discontinuities in geometry and material properties that obstruct fine 

elastic balance.

In light of the prior art, it is an object of the present invention to address 

or at least ameliorate one or more of the disadvantages or shortcomings of 

the prior art, or at least provide the public with a useful alternative. Further 

objects will be evident from the following description.

SUMMARY OF THE INVENTION

Embodiments of the present invention relate to structures comprising a 

buckled sheet that is deformable in an undulating manner.

In one form, although it need not be the only, or indeed the broadest 

form, the invention resides in a structure comprising:

a buckled sheet having a sinuously-shaped profile; and
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one or more work input elements in communication with the buckled

sheet for deforming the buckled sheet in an undulating manner wherein each

point in a series of points on the sinuously-shaped profile travels at least

partially along a figure eight-shaped path relative to a common frame of

reference.

Preferably, the buckled sheet is saddle-shaped wherein it has a 

sinuously-shaped profile viewed from a circumferential section thereof. In 

other configurations the buckled sheet may have a sinuously-shaped profile 

viewed from a linear or a curved section thereof, making possible undulating 

structures that more resemble fish fins. The shape of the buckled sheet may 

also be impacted by the way in which the sinuously-shaped profile varies in 

amplitude in a direction extending normally from the section from which it is 

viewed; in various configurations the amplitude may be substantially constant, 

monotonic, or sinuously-varying.

In another form, although it need not be the broadest form, the 

invention resides a structure, comprising:

a buckled sheet having a saddle point wherein a section of the buckled 

sheet adjacent to the saddle point has a saddle shape; and

one or more work input elements connected to the section of the 

buckled sheet for acting to rotatably reorientate the saddle shape of the 

section in relation to the saddle point by deforming the buckled sheet.

Preferably, in each of the forms described above, the structure is a 

machine for performing work on one or more bodies in communication with 

the machine, whereby the buckled sheet performs work on the one or more 

bodies as a result of being deformed in an undulating manner. In these 

embodiments, the buckled sheet may act as a mechanical transformer 

configured to provide mechanical advantage between the one or more work 

input elements and the one or more bodies in communication with the 

machine.

Preferably, in each form of the structure described above, the buckled

sheet is deformable in an undulating manner with substantially constant net
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strain energy, whereby the buckled sheet may be deformed without

appreciable opposition from elastic restoring forces.

In yet another form, although it need not be the broadest form, the 

invention resides in a method for performing work on one or more bodies in 

communication with a buckled sheet having a sinuously-shaped profile, the 

method including deforming the buckled sheet wherein each point in a series 

of points on the sinuously-shaped profile of the buckled sheet travels at least 

partially along a figure eight-shaped path relative to a common frame of 

reference whereby the buckled sheet moves in an undulating manner and 

exerts a motion-producing force on the one or more bodies as a result of the 

deformation.

In still another form, although it need not be the broadest form, the 

invention resides in a method of fabricating a structure comprising the steps 

of:

forming a sinuously-shaped profile in a compliant sheet by inducing 

buckling stresses therein; and

providing at least one work input element in communication with the 

compliant sheet for causing each point in a series of points on the sinuously- 

shaped profile to travel a figure eight-shaped path relative to a common frame 

of reference.

Preferably, forming a sinuously-shaped profile in a compliant sheet 

includes inducing residual stresses in the compliant sheet by a forming 

process of rolling, peening, planishing or spinning. Alternatively or 

additionally, forming a sinuously-shaped profile in a compliant sheet includes 

externally stressing the compliant sheet.

Further forms and features of the present invention will become 

apparent from the following detailed description.

Definitions

As used herein, a “sheet” refers to a shaped product of which the

thickness is small relative to its length and width, whether flat or not and
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definition: plate, strip, foil, film, shell, membrane, ribbon, disk and annulus.

As used herein, the term “buckled” refers to a post-buckled state in 

which a sheet has bent, warped or wrinkled as a result of an elastic instability.

As used herein, "acceleration" is defined as including "deceleration".

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the present invention may be readily understood and put 

into practical effect, reference will now be made to the accompanying 

drawings wherein:

Figure 1A illustrates a perspective view of a structure according to one 

aspect of the present invention;

Figure 1B illustrates movement of the structure shown in Figure 1A in 

operation;

Figure 2 shows an electrical schematic of the structure of Figure 1A;

Figure 3 illustrates a perspective view of a linear transducer according 

to another aspect of the present invention;

Figure 4 illustrates a partially transparent perspective view of a pump 

according to another aspect of the present invention;

Figure 5A illustrates a perspective view of a device according to 

another aspect of the present invention;

Figure 5B shows movement of the device shown in Figure 5A in 

operation;

Figure 6A illustrates a perspective view of a heat engine according to 

another aspect of the present invention;

Figure 6B illustrates an enlarged and partially transparent exploded 

perspective view of the heat engine shown in Figure 6A;

Figure 7 shows a fluid flow schematic of the heat engine of Figure 6A;
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Figure 8 illustrates a partially transparent perspective view of a

periphery-coupled rotary actuator according to another aspect of the present

invention;

Figure 9 illustrates a partially transparent perspective view of a friction- 

coupled rotary actuator according to another aspect of the present invention;

Figure 10A illustrates a partially transparent perspective view of 

another structure according to another aspect of the present invention;

Figure 10B illustrates movement of the structure shown in Figure 10A 

in operation;

Figure 10C illustrates an enlarged partial view of Figure 10B;

Figure 11A shows an electrical schematic of the structure shown in 

Figure 10A;

Figure 11B shows a series of electrical waveforms for driving the 

structure shown in Figure 10A;

Figure 12 illustrates a partially transparent perspective view of a 

hermetically sealed pump according to another aspect of the present 

invention;

Figure 13 illustrates a partially transparent perspective view of an 

agitator according to another aspect of the present invention;

Figure 14 illustrates a partially transparent perspective view of an 

acoustic transducer according to another aspect of the present invention;

Figure 15A illustrates a partially transparent perspective view of a 

rotation constrained undulatory device according to another aspect of the 

present invention;

Figure 15B illustrates operational movement of the rotation constrained 

undulatory device of Figure 15A in side view;

Figure 15C shows a side view of a direct-coupled actuator utilising the 

rotation constrained undulatory device of Figure 15A;
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Figure 16A illustrates a partially transparent perspective view of a

translation constrained undulatory device according to another aspect of the

present invention;

Figure 16B illustrates operational movement of the translation 

constrained undulatory device of Figure 16A in side view;

Figure 16C shows a side view of a shape-coupled actuator utilising the 

translation constrained undulatory device of Figure 16A;

Figure 17A illustrates a partially transparent perspective view of a 

figure eight constrained undulatory device according to another aspect of the 

present invention;

Figure 17B illustrates operational movement of the figure eight 

constrained undulatory device of Figure 17A in side view;

Figure 17C shows a side view of a friction-coupled actuator utilising the 

figure eight constrained undulatory device of Figure 17A;

Figure 18 illustrates a partially transparent perspective view of an 

undulatory propulsion system according to another aspect of the present 

invention;

Figure 19 illustrates a partially transparent perspective view of an 

undulatory thruster according to another aspect of the present invention;

Figure 20 is a general flow diagram of a method of fabricating a 

structure according to another aspect of the present invention;

Figure 21 illustrates a perspective view of components for fabricating 

the structure of Figure 10A according to one embodiment of the method 

illustrated in Figure 20; and

Figure 22 illustrates a perspective view of components for fabricating 

the structure of Figure 1A according to another embodiment of the method 

illustrated in Figure 20.
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DETAILED DESCRIPTION OF THE DRAWINGS

Figure 1A illustrates a structure 100, according to one aspect of the 

present invention. The structure 100 comprises a buckled sheet 110 having 

distributed compliance, fixedly connected at its centre to a support shaft 120. 

The buckled sheet 110 is buckled by residual stresses therein, providing it 

with: a sinuously-shaped, and in preferred embodiments, a sinusoidally- 

shaped circumferential profile 112; an overall saddle shape 114 resembling a 

hyperbolic paraboloid, the saddle shape 114 having a central saddle point 116 

wherein the sinusoidally-shaped circumferential profile 112 increases in 

amplitude with increasing distance from the central saddle point 116; and 

neutral stability. The structure 100 further comprises work input elements in 

the form of twelve piezoelectric actuator segments 130 mounted annularly on 

the buckled sheet 110 in unimorph fashion. Electrical connectors 140 running 

along the support shaft 120 and buckled sheet 110 provide electrical power to 

the actuator segments 130. Optionally, a fluid 150 surrounding and in 

communication with the buckled sheet 110 provides a body upon which the 

buckled sheet 110 can perform work when it is deformed.

Figure 1B shows movement of the structure 100 in operation wherein 

the actuator segments 130 act to deform the buckled sheet 110 in an 

undulating manner in response to a particular series of of electrical inputs. 

Motion time-series 160 shows an undulatory deformation path of the buckled 

sheet 110 wherein the saddle shape 114 is rotatably reorientated in relation to 

the saddle point 116. Representing motion of one point in a series of points on 

the sinusoidally-shaped circumferential profile 112 throughout the motion 

time-series 160, a marker 170 travels along a curved out-of-plane, figure 

eight-shaped path 180 relative to the support shaft 120. While the buckled 

sheet 110 can be deformed in an undulating manner without appreciable 

opposition from elastic restoring forces, it should be noted that the saddle 

shape 114 has considerable stability for its weight due to its biaxial curvature.

Figure 2 shows an electrical schematic 200 of the structure 100, with

the actuator segments 130 depicted in circumferential profile. The actuator

segments 130 conform to the sinusoidally-shaped circumferential profile 112

of the buckled sheet 110 and consequently have sinusoidally varying
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curvature. A three-phase power supply 210 provides electrical power to the 

actuator segments 130 through electrical connectors 140. Each phase of the 

power supply 210 is connected to a group of actuator segments 130 that 

dynamically have a matching magnitude of curvature by virtue of symmetry of 

the sinusoidally-shaped circumferential profile 112. Alternate actuator 

segments 130 are configured with reversed polarity so as to match the 

apparent direction of curvature of the actuator segments 130 as seen by each 

phase of the power supply 210. Activation of the actuator segments 130 by 

the power supply 210 act to align the sinusoidally varying curvature of the 

buckled sheet 110 and actuator segments 130 with a rotating sinusoidal 

pattern of circumferential bending forces that result from the activation.

Advantageously, undulatory deformation of the buckled sheet 110 

occurs with substantially constant net strain energy, or in other words, along a 

neutrally stable deformation path wherein elastic forces are dynamically 

counterbalanced in both the buckled sheet 110 and actuator segments 130. 

Consequently, actuation forces produced by the actuator segments 130 are 

undiminished by localised elastic restoring forces, allowing the structure 100 

to exhibit improved force, displacement and distortion characteristics, as well 

as high efficiency and wideband performance compared to traditional 

transducer architectures. In addition to being elastically balanced, undulatory 

deformation of the buckled sheet 110 is dynamically balanced due to motional 

symmetry such that forces exerted by the buckled sheet 110 on the support 

shaft 120 that could result in noise and vibration are minimised.

By using the actuator segments 130 to deform the buckled sheet 110 

such that its saddle shape 114 is rotatably reorientated, the structure 100 can 

function as a morphing structure, which could be used, for example, as an 

aesthetic display or to vary flow of a fluid in a flow path. In a similar way, the 

structure 100 may function as a machine for performing work on the fluid 150. 

In doing so, the buckled sheet may act as a mechanical transformer, providing 

mechanical advantage to convert high stress, low strain expansion of the 

actuator segments 130 to low-force high-deflection of the fluid 150. In order to 

maximise the work performed on the fluid 150, the amount of mechanical
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advantage provided by the arrangement may be adjusted, for example, by the

radial positioning of the actuator segments 130 on the buckled sheet 110.

When the fluid 150 is air, the structure 100 can function as a fan by 

generating airflow. Compared to conventional fans, the structure 100 has 

potential advantages of low noise, low cost and a resistance to dust fouling; 

and compared to blade type piezoelectric fans, has the ability to operate 

efficiently over a wide range of speeds. By configuring the three-phase power 

supply 210 to oscillate the speed of undulatory deformation of the buckled 

sheet 110, the structure 100 can function as a loudspeaker by generating 

acoustic energy. Compared to conventional moving coil loudspeakers, the 

structure 100 has potential advantages of high efficiency and low distortion 

due to: the ability to accelerate deformation of the buckled sheet 110 from any 

rotational orientation of the saddle shape 114 such that centring springs and 

accompanying electrical and mechanical damping typically used to manage 

oscillations generated by the centring springs are not required; the ability to 

precisely control the rotational orientation of the saddle shape of the buckled 

sheet 110; the capability of the buckled sheet 110 to produce large 

deflections; and high shape stability of the buckled sheet 110. The structure 

100 can of course generate flow and acoustic energy in fluids other than air, 

such as water. Other functions may be performed by the structure 100 as will 

become apparent with reference to Figures 3 and 4.

Figure 3 shows a linear transducer 300 comprising the structure 100, a 

slider 310 slidingly mounted on the support shaft 120 of the structure 100, and 

connecting rods 320 pivotably connected to the buckled sheet 110 of the 

structure 100 at one end, and pivotably connected at the other end to the 

slider 310. By using the actuator segments 130 to deform the buckled sheet 

110 in an undulating manner, the transducer functions as a linear actuator 

wherein the slider 310 is urged to slide on the support shaft 120. Operated in 

reverse, the slider 310 may be driven by an oscillatory force in order to deform 

the buckled sheet 110 in an undulating manner whereby the actuator 

segments 130 generate electric charges. In this way, the linear transducer 

may function as a position sensor or as an electric generator.
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Figure 4 illustrates a pump 400 comprising a modified structure 100a, 

similar to the structure 100 except for a shortened support shaft 120a. The 

shortened support shaft 120a is fixedly connected inside an upper half casing 

410 and a lower half casing 420, with electrical connectors 140 (obscured) 

passing through and statically sealed in the lower half casing 420. The upper 

and lower half casings 410 and 420 are shown transparently to reveal a cavity 

430 for accommodating undulatory deformation of the buckled sheet 110, and 

that forms a fluid flow path that includes fluid inlets 440, and a fluid discharge 

450. Undulatory deformation of the buckled sheet 110 accelerates a fluid 150 

(not shown) through the cavity 430. Advantageously, the pump can be 

hermetically sealed to eliminate fugitive emissions. The pump may also be 

used as an acoustic actuator by modulating the acceleration of the fluid 150.

Figure 5A illustrates a device 500, particularly suited for use as a fan. 

The device 500 comprises a modified structure 100b, similar to the structure 

100 except that the buckled sheet 110 is fixedly connected at its edge instead 

of its centre to the support shaft 120 so as to increase its peak displacement. 

Figure 5B shows movement of the device 500 in operation, a motion time­

series 510 showing the deformation path of the buckled sheet 110.

Figures 6A and 6B illustrate a heat engine 600 according to another 

aspect of the present invention, Figure 6B showing an enlarged and partially 

transparent exploded view to illustrate its structure. The heat engine 600 

comprises a rotor 610, an upper half stator 620, and a lower half stator 630. 

The upper half stator 620 includes a hot fluid inlet 621, a hot fluid inlet header

623, hot fluid inlet ports 626, a cold fluid outlet 622, a cold fluid outlet header

624, cold fluid outlet ports 625, and a saddle-shaped upper contact surface 

627. The lower half stator 630 includes a hot fluid outlet 631, a hot fluid outlet 

header 633, hot fluid outlet ports 636, a cold fluid inlet 632, a cold fluid inlet 

header 634, cold fluid inlet ports 635, and a saddle-shaped lower contact 

surface 637. The rotor 610 comprises a rotatable shaft 611, a plurality of 

neutrally stable, saddle-shaped buckled sheets 612 axially fixed to the 

rotatable shaft 611, and one or more annular strips 613 symmetrically 

disposed on and joined to each of the buckled sheets 612. The annular strips 

613 have a different coefficient of thermal expansion to the buckled sheets 
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612 so as to form thermal bimorph elements 614 that act as work input 

elements for deforming the buckled sheets 612. The narrow width of the 

annular strips 613 is designed so that the thermal bimorph elements 614 act 

predominantly in a circumferential sense. The thermal bimorph elements 614 

are sandwiched between the upper and lower contact surfaces 627 and 637, 

and are provided with perforations so as to form a hot fluid flow path 615 (not 

shown) between the hot fluid inlet ports 626 and the corresponding hot fluid 

outlet ports 636, and a cold fluid flow path 616 (not shown) between the cold 

fluid inlet ports 635 and the corresponding cold fluid outlet ports 625. 

Optionally, the rotor 610 further includes perforated compliant spacers 

disposed between adjacent thermal bimorph elements 614, and between the 

thermal bimorph elements 614 and the upper and lower half stators 620 and 

630 to reduce friction and reduce fluid leakage between the hot and cold fluid 

flow paths 615 and 616.

Figure 7 shows a fluid flow schematic 700 of the heat engine 600 with 

the thermal bimorph elements 614 depicted in circumferential profile. A hot 

fluid 710 provides thermal energy to the heat engine 600 to be partially 

converted into mechanical work, and a cold fluid 720 enables the rejection of 

waste heat. The hot and cold fluids 710 and 720 pass through respective hot 

and cold fluid flow paths 615 and 616 so as to induce a temperature 

distribution in the thermal bimorph elements 614 configured to generate a 

pattern of circumferential bending forces in the thermal bimorph elements 614 

that act to deform the buckled sheets 612 in an undulating manner. In order 

for the buckled sheets 612 to deform in an undulating manner, the thermal 

bimorph elements 614 push against the upper and lower contact surfaces 627 

and 637 in such a way as to slidingly and meshingly engage with the upper 

and lower half stators 620 and 630 whereby the rotor 610 is caused to rotate 

in a continuous manner. Compared to continuous belt type heat engines that 

also cyclically deform an active sheet along a neutrally stable path, the heat 

engine 600 is capable of high power density due to: compact stacking of the 

thermal bimorph elements 614; and distributed bending of the thermal 

bimorph elements 614 allowing a high proportion of their actuation capability 

to be effective at any given time.



WO 2012/040775 PCT/AU2011/001237
15

5

10

15

20

25

30

In alternative embodiments of the heat engine 600, the buckled sheets 

612 may be designed to engage with the upper and lower half stators 620 and 

630 in additional or alternative ways. Illustrating one alternative way of 

engaging a saddle-shaped buckled sheet with a relatively rotating member, 

Figure 8 shows a periphery-coupled rotary actuator 800 that comprises a 

modified structure 100c and a housing 810 that is shown transparently to 

reveal detail of the modified structure 100c. The modified structure 100c is 

similar to the structure 100 except for having more than one buckled sheet 

110 fixedly connected at their respective centres to the support shaft 120 in 

order to provide stability relative to the housing 810, and to provide increased 

power output. The housing 810 includes: a number of protrusions 812 for 

preventing relative axial movement of the support shaft 120 by capturing the 

buckled sheets 110; and an internal profile 814 that is generally square in 

shape with rounded corners conforming to the profile of the buckled sheets 

110 viewed from the top. Deformation of the buckled sheets 110 in an 

undulating manner causes the buckled sheets 110 to push against the 

housing 810 at their periphery in such a way as to slidingly and meshingly 

engage with the housing 810 whereby the support shaft 120 is caused to 

rotate relative to the housing 810 in a continuous manner.

Illustrating another alternative way of engaging a saddle-shaped 

buckled sheet with a relatively rotating member, Figure 9 shows a friction- 

coupled rotary actuator 900. The friction-coupled rotary actuator 900 

comprises the structure 100, an upper half casing 910 having an upper friction 

surface 915, and a lower half casing 920 having a lower friction surface 925. 

The buckled sheet 110 of the structure 100 is sandwiched between the upper 

and lower friction surfaces 915 and 925 such that it is frictionally engaged with 

the upper and lower half casings 910 and 920 at crests and troughs of its 

sinusoidally-shaped circumferential profile 112. The upper and lower half 

casings 910 and 920 are shown transparently to reveal a void 930 formed 

therein configured to accommodate undulatory deformation of the buckled 

sheet 110 and relative rotation of the support shaft 120. With reference to 

Figure 1B and the curved out-of-plane, figure eight-shaped path 180, 

deformation of the buckled sheet 110 in an undulating manner can be seen to
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cause a tangential motion at the crests and troughs of its sinusoidally-shaped 

circumferential profile 112, acting in the same clockwise sense relative to the 

support shaft 120 when viewed from above. This same-sense tangential 

motion of the buckled sheet 110 in areas it is in contact with the upper and 

lower friction surfaces 915 and 925 acts to move the buckled sheet 110 

simultaneously on the upper and lower friction surfaces 915 and 925 in a 

rolling-like motion, whereby the support shaft 120 is caused to rotate relative 

to the upper and lower half casings 910 and 920 in a continuous manner.

Figure 10A illustrates another structure 1000 according to another 

aspect of the present invention. The structure 1000 comprises a buckled strip 

1010 composed of a thermally activatable shape memory material fixedly, or 

in alternative embodiments pivotably, connected to a relatively rigid support 

1020 along a longitudinal edge 1012. The buckled strip 1010 has a sinuously- 

shaped profile 1014 viewed from a linear section, which increases in 

amplitude in a traverse direction from the longitudinal edge 1012. In the 

illustrated embodiment, the buckled strip 1010 has a sinuously-shaped profile 

1014 having two wavelengths, however alternative embodiments may have 

profiles with a differing number of wavelengths, including non-integer values. 

The structure 1000 further comprises a plurality of cyclically operable resistive 

heating elements 1030 embedded in, or in alternative embodiments, attached 

to a face of the buckled strip 1010. The shape memory of portions of the 

buckled strip 1010 may be activated in a particular manner by the heating 

elements 1030 in order to act as work input elements for deforming the 

buckled strip 1010 in an undulating manner. A fluid 1040 in communication 

with the buckled strip 1010 acts as a heat sink for locally deactivating the 

shape memory of the buckled strip 1010 by cooling portions of the buckled 

strip 1010 not being actively heated by the heating elements 1030. The fluid 

1040 may also act as a body upon which the buckled strip 1010 can perform 

work when it is deformed. Optionally, the heating elements 1030 may be 

electrically insulated from the buckled strip 1010 as later described with 

reference to Figure 21.

Figure 10B shows movement of the structure 1000 in operation, motion

time-series 1050 illustrating the buckled strip 1010 being deformed in an
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undulating manner. Advantageously, the buckled strip 1010 acts as a fully 

compliant mechanism by deforming in an undulating manner with distributed 

compliance, allowing it to operate without sliding joints or the formation of 

slack. Further advantageously, the buckled state of the buckled strip 1010 

allows it to be deformed in an undulating manner with substantially constant 

net strain energy whereby it may be deformed without appreciable opposition 

from elastic restoring forces. Figure 10C is an enlarged partial view of Figure 

10B. Representing motion of one point in a series of points on the 

sinusoidally-shaped profile 1014 throughout the motion time-series 1050, a 

marker 1060 travels along a curved out-of-plane, figure eight-shaped path 

1070 relative to the support 1020.

Figure 11A shows an electrical schematic 1100 of the structure 1000. A 

series of electrical waveforms 1110 provide electrical power to the heating 

elements 1030, which are depicted in longitudinal profile. It may be noted by 

examining the buckled strip 1010 that one-third of each half wavelength of its 

sinuously-shaped profile 1014 is relatively straight compared to the remaining 

two-thirds. Correspondingly, the heating elements 1030 are configured in the 

buckled strip 1010 with a spacing of one every one-sixth of a wavelength for 

producing localised straightening stresses using the shape memory effect so 

as to enable deformation ofthe buckled strip 1010 in an undulating manner. 

The series of electrical waveforms 1110 comprise a first phase 1120, a 

second phase 1130 and a third phase 1140 for respective electrical 

connection to the third, second and first heating elements 1030 of each half 

wavelength ofthe buckled strip 1010 through electrical connectors 1150.

Figure 11B shows details of the series of electrical waveforms 1110 for 

driving the structure 1000. In their most basic form, the phases 1120, 1130 

and 1140 of the series of electrical waveforms 1110 operate cyclically in 

sequence, the order and frequency of which determine the respective 

direction and speed of undulatory deformation of the buckled strip 1010. 

Modifications may be made to this basic form of the phases 1120, 1130 and 

1140 for various purposes including: maximising energy efficiency, smoothing 

inter-cycle power delivery, over-temperature protection, and over-strain 

protection. Such modifications include, but are not limited to: pulse width 
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modulation, amplitude modulation, and a time variable 1160 for advancing or 

delaying sequential operation between the phases 1120, 1130 and 1140. In 

the embodiment of the structure 1000 shown, the series of electrical 

waveforms 1110 provide open loop control of the buckled strip 1010, but 

feedback such as temperature or positional feedback may be incorporated for 

closed loop control.

It will be readily understood that alternative actuation configurations 

and technologies may be used as work input elements to deform the buckled 

strip 1010 in an undulating manner. For example, the shape memory ofthe 

buckled strip 1010 may be activated by directly passing an electrical current 

thorough the shape memory material, or by channelling a suitably hot fluid in 

thermal communication with it. The buckled strip 1010 may have a shape 

memory such that activation causes a bending rather than straightening 

action, or may instead be composed of materials other than shape memory 

materials with activation by other means such as that described below in 

reference to Figure 20. The number of heating elements 1030 may be varied 

to give greater precision of movement or to simplify manufacturing and 

operation. Furthermore, the heating elements 1030 may be individually 

controlled to influence the shape of the buckled strip 1010, including within a 

certain range, the amplitude and wavelength characteristics of its sinuously 

shaped profile 1014.

The structure 1000 may be used as an undulatory propulsion system 

by attachment to a watercraft such that the buckled strip 1010 is submersed in 

water parallel to the intended direction of movement. It will be clear to those 

skilled in the art that the structure 1000 may also function as an actuator, a 

sensor, a generator, a fan, a pump, or a loudspeaker in a similar way to the 

structure 100.

Figure 12 illustrates a hermetically sealed pump 1200 comprising the 

structure 1000 and a casing 1210 fixedly connected to the support 1020 ofthe 

structure 1000. The casing 1210 is shown transparently to reveal a wedge 

shaped cavity 1212 therein for accommodating undulatory deformation ofthe 

buckled strip 1010 and directing flow of the fluid 1040 (not shown). In 

alternative embodiments, a leading edge and/or a trailing edge of the buckled



WO 2012/040775 PCT/AU2011/001237
19

5

10

15

20

25

30

strip 1010 may be tapered to reduce drag and minimise the impact of end

effects on the shape of the buckled strip 1010.

Figure 13 shows an agitator 1300 comprising a curved buckled strip 

1310 composed of a thermally activatable shape memory material, fixedly 

attached to a relatively rigid curved support 1320. The agitator further 

comprises a plurality of heating elements 1030 embedded in the curved 

buckled strip 1310 for acting to deform it in an undulating manner so as to 

agitate a surrounding fluid (not shown). The agitator 1300 is similar to the 

structure 1000 except that the curved buckled strip 1310 has a sinuously- 

shaped profile 1312 viewed from a circumferential section rather than a linear 

section. In alternative embodiments the curved buckled strip 1310 and the 

rigid curved support 1320 may be discontinuous and/or have varying 

curvature wherein the curved buckled strip 1310 has a sinuously-shaped 

profile 1312 viewed from a curved section.

Figure 14 shows an acoustic transducer 1400 according to another 

aspect of the present invention. The acoustic transducer 1400 comprises a 

buckled sheet 1410 composed of a shape memory material, having a first 

edge 1412 and an opposing second edge 1414, both first and second edges 

1412 and 1414 fixedly connected to a frame 1420. The buckled sheet 1410 is 

buckled by shear stresses generated by forces imposed by the frame 1420, 

so as to form a sinuously shaped profile 1416 viewed from a linear section of 

the buckled sheet 1410. The sinuously shaped profile 1416 has substantially 

constant amplitude with increasing distance from the first edge 1412, a 

reduction in amplitude occurring in near vicinity of the first and second edges 

1412 and 1414 where the buckled sheet 1410 is connected to the frame 1420. 

The acoustic transducer 1400 further comprises a plurality of strip heaters 

1430 disposed on the buckled sheet 1410 and a series of electrodes 1440 for 

transmitting electrical power to the strip heaters 1430 in order to activate the 

shape memory of portions of the buckled sheet 1410. Acoustic energy is 

generated in a fluid (not shown) in communication with the buckled sheet 

1410 by applying a suitable series of electrical waveforms to the series of 

electrodes 1440 for controlling the rate of deformation of the buckled sheet 

1410 in an undulating manner wherein each point in a series of points on the
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sinuously-shaped profile 1416 travels at least partially along a figure eight­

shaped path relative to the frame 1420.

While the buckled sheet 1410 is buckled by shear stresses generated 

by forces exerted by the frame 1420, many other configurations and 

arrangements known in the art for causing a sheet to buckle may be 

employed in alternative embodiments of the acoustic transducer 1400; for 

example, an arrangement that uses forces exerted by an elastic substrate to 

buckle a strip is described in Physical Review E Vol.75 No.1 (2006) pp. 

016609 (Concha et al.). The buckled sheet 1410 exhibits a buckling pattern of 

straight stripes, but in the alternative embodiments of the acoustic transducer 

1400, the buckled sheet 1410 may exhibit different buckling patterns also 

having a sinuously-shaped profile that may be deformed in an undulating 

manner, including patterns described as checkerboard, undulating stripes and 

herringbone. As some of these buckling patterns have biaxial sinuously- 

shaped profiles, it may be possible to deform the buckled sheet 1410 in a 

manner where undulatory deformation can occur in different directions.

Figures 15A, 16A, 17A and 18 show embodiments of the present 

invention wherein a strip is maintained in a buckled form having a sinuously- 

shaped profile by mechanisms that dynamically constrain one or more 

degrees of freedom of at least two points on its sinuously-shaped profile 

relative to each other. In each of these embodiments, the strip may be 

deformed in an undulating manner by work input elements acting on the 

mechanisms that constrain points on the profile of the strip in order for the 

strip to perform work on a surrounding fluid. However, work input elements 

may act in other ways on the strip, in which case the mechanisms that 

constrain points on the profile of the strip may function as bodies on which the 

strip performs work.

Figure 15A illustrates a rotation constrained undulatory device 1500 

comprising a buckled strip 1510 having a sinuously-shaped profile 1512, 

rigidly and axially connected to a pair of rotatable shafts 1514 along its 

longitudinal edges. The rotatable shafts 1514 are rotatably connected to a 

frame 1520 and are connected to a belt-pulley mechanism 1530 for 

constraining their rotation relative to each other.
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Illustrating movement of the rotation constrained undulatory device 

1500 in operation, Figure 15B shows a motion diagram 1540 of the sinuously- 

shaped profile 1512 as the buckled strip 1510 is deformed in an undulating 

manner. A series of points 1550 on the sinuously-shaped profile 1512 travel 

respective paths 1560 as the buckled strip 1510 deforms. A characteristic of 

the deformation of the buckled strip 1510 that will become apparent with 

reference to Figures 16B and 17B is that each point in the series of points 

1550 travels a figure eight-shaped path relative to a common frame of 

reference seen from the frame 1520 moving in a path congruent with the 

figure eight-shaped path travelled by each point.

Like the linear transducer 300, the rotation constrained undulatory 

device 1500 may be direct-coupled to a solid body to perform work on it. 

Figure 15C shows a direct-coupled actuator 1570 comprising the rotation 

constrained undulatory device 1500 and a direct coupler 1580 fixed to the 

buckled strip 1510. Deformation of the buckled strip 1510 in an undulating 

manner generates motion of the direct coupler 1580, which in preferred 

embodiments is linear motion due the direct coupler 1580 being centrally 

located on the buckled strip 1510.

Figure 16A illustrates a translation constrained undulatory device 1600 

comprising a buckled strip 1610 having a sinuously-shaped profile 1612. 

Translatable shafts 1614 are axially aligned with, and rigidly connected to the 

longitudinal edges and longitudinal midline of the buckled strip 1610. The 

translatable shafts 1614 are pivotably connected to sliders 1620, which form 

scotch yoke mechanisms by translatable connection to a support member 

1630 and pulley cams 1622 in an orthogonal manner. The pulley cams 1622 

are rotatably connected to the support member 1630 and rotatably 

constrained relative to each other by belts 1624 for constraining the 

translation of the translatable shafts 1614 relative to each other.

Illustrating movement of the translation constrained undulatory device 

1600 in operation, Figure 16B shows a motion diagram 1640 of the sinuously- 

shaped profile 1612 as the buckled strip 1610 is deformed in an undulating 

manner. A series of points 1650 on the sinuously-shaped profile 1612 travel 

respective paths 1660 as the buckled strip 1610 deforms. A characteristic of
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the deformation of the buckled strip 1610 that will become more apparent with

reference to Figure 17B is that each point in the series of points 1650 travels

a figure eight-shaped path relative to a common frame of reference seen from

the support member 1630 moving in a path congruent with the horizontal

component of the figure eight-shaped path travelled by each point

The translation constrained undulatory device 1600 may be direct- 

coupled to a solid body to perform work on it, or may be coupled by the shape 

of its sinuously-shaped profile 1612 similar to the heat engine 600. Figure 16C 

shows a shape-coupled actuator 1670 comprising the translation constrained 

undulatory device 1600 and a shape coupler 1680 having a sinuously-shaped 

slit 1682 slidingly and meshingly engaged with the buckled strip 1610. 

Rotation of pulley cams 1622 causes linear motion of the shape coupler 1680, 

or in reverse, linear motion of the shape coupler 1680 causes rotation of 

pulley cams 1622.

Figure 17A illustrates a figure eight constrained undulatory device 1700 

similar to the translation constrained undulatory device 1600, but having an 

additional series of scotch yoke mechanisms. The figure eight constrained 

undulatory device 1700 comprises a buckled strip 1710 having a sinuously- 

shaped profile 1712. Dynamic shafts 1714 are axially aligned with, and rigidly 

connected to the longitudinal edges and longitudinal midline of the buckled 

strip 1710. The dynamic shafts 1714 are pivotably connected to horizontal 

sliders 1720, which form horizontal acting scotch yoke mechanisms by 

translatable connection to the vertical sliders 1722 and cams 1734 in an 

orthogonal manner. In turn, the vertical sliders 1722 form vertically acting 

scotch yoke mechanisms by translatable connection in an orthogonal manner 

to the support member 1630 and pulley cams 1622 (obscured by the vertical 

sliders 1722) via pivotably connected guides 1724. The cams 1734 are 

rotatably connected to the pulley-cams 1622 via a 2:1 ratio internal gear set 

(not shown) such that the horizontal sliders 1720, and consequently, the 

dynamic shafts 1714 travel figure eight-shaped paths relative to the support 

member 1630. The pulley cams 1622 are rotatably connected to the support 

member 1630 and rotatably constrained relative to each other by belts 1624
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for constraining the figure eight-shaped paths of the dynamic shafts 1714

relative to each other.

Illustrating movement of the figure eight constrained undulatory device 

1700 in operation, Figure 17B shows a motion diagram 1740 of the sinuously- 

shaped profile 1712 as the buckled strip 1710 is deformed in an undulating 

manner. A series of points 1750 on the sinuously-shaped profile 1712 travel 

respective paths 1760 as the buckled strip 1710 deforms. It can be seen that 

each point in the series of points 1650 travels a figure eight-shaped path 

relative to the support member 1630.

The figure eight constrained undulatory device 1700 may be direct- 

coupled or shape-coupled to a solid body to perform work on it, or instead 

may be coupled by friction similar to the friction-coupled rotary actuator 900. 

Figure 17C shows a friction-coupled actuator 1770 comprising the figure eight 

constrained undulatory device 1700 modified with a series of compliant feet 

1716 attached to the buckled strip 1710 for increasing friction and providing 

clearance for the dynamic shafts 1714. The friction-coupled actuator 1770 

further comprises a friction coupler 1780 having an upper internal surface 

1782 and an opposing lower internal surface 1784 for frictionally engaging the 

compliant feet 1716. Deformation of the buckled strip 1710 in an undulating 

manner imparts a cooperatively acting tangential motion on the compliant feet 

1716 in contact with the upper and lower internal surfaces 1782 and 1784 so 

as to move the buckled strip 1710 simultaneously on the upper and lower 

internal surfaces 1782 and 1784 in a rolling-like motion. Anti-rotation guides 

(not shown) prevent rotation of the friction coupler 1780 by constraining it to a 

translational path. In alternative embodiments, the anti-rotation guides may be 

omitted if the friction coupler is sufficiently supported through the use of at 

least one additional figure eight constrained undulatory device 1700, or a 

buckled strip 1710 having a sinuously-shaped profile 1712 with multiple 

wavelengths.

Motion of the buckled strips 1510, 1610 and 1710 may bifurcate into

apparent forward or backward travelling waves at two opposing positions in

an undulatory cycle when deformed in an undulating manner by the

mechanisms that provide dynamic constraints in each device. In alternative
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embodiments of the devices 1500, 1600 and 1700, an additional mechanism 

may be provided to dynamically constrain an additional point on the 

respective buckled strips 1510, 1610 and 1710 in order to provide 

deterministic motion thereof, thereby extending the suitability of the devices 

1500, 1600 and 1700 to applications where more than half a continuous 

undulatory cycle is required and the apparent direction of undulation is 

important. While dynamically constraining the path of an additional point on 

the buckled strips 1510 and 1610 involves additional complexity, constraining 

an additional point on the buckled strip 1710 can be simply achieved by 

adding an appropriately phase-adjusted double scotch yoke mechanism due 

to congruence of the paths 1760. Instead of fully constraining motion of an 

additional point on the buckled strips 1510, 1610 and 1710, biasing 

mechanisms such as springs, guides or secondary actuators may be 

configured to act on the buckled strips 1510, 1610 and 1710 in order to 

provide deterministic motion thereof.

It will be appreciated that a variety of mechanisms may be used to 

dynamically maintain a sheet in buckled form. With reference to the figure 

eight constrained undulatory device 1700, four-bar linkages may be 

substituted for the double scotch yoke mechanisms to generate the figure 

eight-shaped paths 1760, and gears, mechanical linkages or electronically 

controlled actuators may be substituted for the belts 1624. Figure 18 shows 

an undulatory propulsion system 1800 illustrating a gear coupled, four-bar 

linkage design that constrains motion of points on a buckled strip to coupled 

figure eight-shaped paths. The undulatory propulsion system 1800 comprises 

a buckled strip 1810 having a sinuously-shaped profile 1812, and dynamic 

shafts 1814 axially aligned with, and rigidly connected to the longitudinal 

edges and two intermediate positions of the buckled strip 1810. The dynamic 

shafts 1814 are rigidly, or in alternative embodiments, pivotably connected to 

connecting bars 1820, which are rotatably connected at one end to first crank 

arms 1830 and rotatably connected at an opposing end to second crank arms 

1832. The first and second crank arms 1830 and 1832 are rotatably 

connected to a mounting structure 1840, the first crank arms 1830 connected 

to a drive shaft 1850 by worm gear sets 1860 and non-circular gear sets
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1862, which are also rotatably connected to the mounting structure 1840. In

order to deform the buckled strip 1810 in an undulating manner with

substantially constant net strain energy, the non-circular gear sets 1862 are

shaped to produce biaxial sinusoidal motion of the dynamic shafts 1814 when

the drive shaft 1850 is rotated at a constant speed.

While the buckled strip 1810 is sufficiently constrained to have 

deterministic motion, the rotational direction of each of the second crank arms 

1832 may bifurcate when vertically aligned with the respective first crank arms 

1830. Elastic forces exerted by the buckled strip 1810 act to prevent rotation 

bifurcation of the second crank arms 1832, but in alternative embodiments, 

the first crank arms 1830 and second crank arms 1832 may be further 

coupled with non-circular gear sets, or to obviate the need for any non-circular 

gear sets, with conventional differential gear sets.

Advantageously, the undulatory propulsion system 1800 is capable of 

transmitting constant power over an undulatory cycle due to the number and 

spacing of the dynamic shafts 1814 on the sinuously-shaped profile 1812 of 

the buckled strip 1810, and because the two outermost dynamic shafts 1814 

see half the load presented by a surrounding fluid relative to the two 

innermost dynamic shafts 1814. Another advantage of the undulatory 

propulsion system 1800 is that the buckled strip 1810 is deformable in an 

undulating manner without multiple actuators and complex control systems, 

needing only rotational power input at the drive shaft 1850.

Figure 19 illustrates an undulatory thruster 1900 similar to the structure 

1000 but mechanically driven like the undulatory propulsion system 1800. The 

undulatory thruster 1900 comprises a fin-like buckled sheet 1910 having a 

sinuously-shaped profile 1912, fixedly connected along a longitudinal edge to 

a backing structure 1920 and fixedly connected along its width at longitudinal 

intervals to struts 1914 adjacent to one end thereof. The struts 1914 are 

pivotably connected at an intermediate position to the backing structure 1920 

in-line with where the buckled sheet 1910 is connected, and pivotably 

connected at another end to one end of respective connecting rods 1930. The 

connecting rods 1930 are rotatably connected at another end to a crankshaft 

1940, whereby rotation of the crankshaft 1940 causes the struts 1914 to exert 
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lateral forces on the buckled sheet 1910 that act to deform it in an undulating 

manner wherein each point in a series of points on its sinuously-shaped 

profile 1912, travels a figure eight-shaped path. The longitudinal component of 

the figure eight-shaped path can be attributed to the compressional stiffness 

of the buckled sheet 1910 and is accommodated for in the struts 1914 by 

movement in the joints of the connecting rods 1930.

While the crankshaft mechanism used in the undulatory thruster 1900 

has a relatively low part count, it does not cause the buckled sheet 1910 to be 

deformed along a neutrally stable path due to non-sinusoidal oscillation of the 

struts 1914. The resulting imbalance of elastic forces developed in the 

buckled sheet 1910 as it is deformed imposes an oscillatory torque on the 

crankshaft 1940, the effects of which may be suppressed by attaching a 

flywheel to the crankshaft 1940 or by providing a counterbalancing oscillatory 

torque. Other mechanism designs may of course be used in alternative 

embodiments of the undulatory thruster 1900 for deforming the buckled sheet 

1910 in an undulating manner, which may reduce oscillatory torque on the 

crankshaft 1940 by providing oscillation of the struts 1914 in a more 

sinusoidal manner.

Figure 20 is a general flow diagram of a method 2000 of fabricating a 

structure according to another aspect of the present invention. The method 

2000 includes the step 2010 of forming a sinuously-shaped profile in a 

compliant sheet by inducing buckling stresses therein. Typically the compliant 

sheet has a maximum dimension of between 2cm and 2m; however, 

embodiments of the present invention may also be useful at much smaller and 

much larger scales, for example as micropumps or ship propulsors.

The compliant sheet used in step 2010 may be composed of any 

suitable self-supporting material, which in general is one having an elastic 

limit sufficient to prevent plastic deformation or failure from combined buckling 

and actuation stresses. Other material selection considerations may include 

fatigue resistance, elastic hysteresis, stress relaxation characteristics and 

creep characteristics, as well as resistance to chemicals, corrosion, wear and 

temperature extremes. By way of example and not limitation of materials that 

may be used, the buckled sheet 110 of the structure 100 may be paper or 
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plastic, the buckled sheets 612 and annular strips 613 of the heat engine 600 

may be iron, copper, nickel or titanium based alloys, and the buckled sheet 

1910 of the undulatory thruster 1900 may be a fiber-reinforced elastomer. In 

general, the compliant sheet has constant thickness and is initially flat and 

unstressed, however, variations may be engineered to influence its stability 

characteristics in a buckled configuration. Preferably, the compliant sheet has 

isotropic mechanical properties to simplify balancing of elastic forces, 

however, anisotropic properties may be useful for inducing buckling stresses 

in the compliant sheet.

In order to perform step 2010, buckling stresses may be induced in the 

compliant sheet by forces exerted on it by stressing members. Such stressing 

members may be static like the frame 1420 of the acoustic transducer 1400 or 

dynamic like the dynamic shafts 1814 of the undulatory propulsion system 

1800. Activatable stressing members may also be incorporated with the 

compliant sheet for causing it to buckle, or to alter the stability of a particular 

buckled configuration. Inducing buckling stresses in the compliant sheet only 

when it is required for operation may be advantageous when the compliant 

sheet is constructed from materials in which elastic balance degrades over 

time when left stationary due to creep or stress relaxation. Alternatively or 

additionally, the compliant sheet may be buckled by residual stresses induced 

in it by forming or fabrication processes.

Showing a compliant sheet before buckling forces are exerted on it by 

a static stressing member to perform step 2010, Figure 21 illustrates 

components 2100 that can be used for fabricating the structure 1000. The 

components include a heater sub-assembly 2110 and a preform 2120 that 

becomes the buckled strip 1010. The heater sub-assembly 2110 is a flexible 

strip heater comprising resistive heating elements 1030 encased in a 

thermally conductive, electrically insulating outer layer 2112. The preform 

2120 is composed of a shape memory material, shape set to the shape of a 

flat annular sector, and includes a pocket 2122 for the heater sub-assembly 

2110 to be inserted and fixed, and a lip 2124 for fixedly connecting the 

preform 2120 to the support 1020. Buckling stresses in the preform 2120 are
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generated due to a difference in curvature between the lip 2124 and the

relatively stiff support 1020 to which it is fixed.

Showing a compliant sheet before it is subjected to a fabrication 

process for inducing residual stresses in it to perform step 2010, Figure 22 

illustrates components 2200 that can be used for fabricating the buckled sheet 

110. The components 2200 include a slit disk 2210 having a radial slit 2215, 

and a sector 2220 for being joined at each radial edge to opposing edges of 

the radial slit 2215, whereby the compliant sheet is circumferentially 

compressed. Preferably, the slit disk 2210, and the sector 2220 are joined as 

homogeneously as possible to avoid discontinuities in geometry and material 

properties that could weaken the structure and obstruct fine elastic balance. 

Even more preferably, the buckled sheet 110 is fabricated without joins by 

inducing circumferential or radial residual stresses in a flat disk using methods 

that include mechanical, thermal, chemical and electromagnetic forming 

processes so as to generate compression in an outer annular area of the disk. 

Mechanical forming processes suited to circumferentially stretching an outer 

annular section of the flat disk for this purpose include: rolling; planishing; 

non-conventional spinning wherein the flat disk is rotated at a speed sufficient 

for aeroelastic flutter to cause plastic deformation; and peening, including 

hammer peening, shot peening, laser peening, and dot peening. It will be 

appreciated that many of these forming processes may be applied more 

generally for fabricating structures of the present invention; the buckled strip 

1010 for example, may be formed from a flat straight strip by peening with 

increasing intensity from a distance from longitudinal edge 1012 so as to 

induce residual buckling stresses.

Residual buckling stresses may also be induced in a compliant sheet 

during fabrication of the sheet. For example, compliant sheets crocheted out 

of yarn that are buckled by varying the number of stitches in successive rows 

are described in the Mathematical Intelligencer Vol.23 No.2 (2001) 1337­

1359 (Henderson et al.) as constructions of the hyperbolic plane. Skilled 

persons will appreciate how the method described may be applied to other 

fabrication processes such as knitting, weaving and knotting. Another way of 

inducing residual buckling stresses in a compliant sheet is to utilise
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anisotropic properties of the compliant sheet as is known in the art relating to

unsymmetric composite laminates. It may also be possible to induce residual

buckling stresses in a compliant sheet of a moldable material such as paper

pulp or plastic, by causing a sinuously-shaped profile in the moldable material

to undulate as it is hardened by a process of drying, curing, cooling or the like.

Following the step 2010 of forming a sinuously-shaped profile in a 

compliant sheet, the method 2000 of fabricating a structure may optionally 

include the step 2020 of checking the compliant sheet for acceptable elastic 

balance. Preferably, elastic balance checks are performed by measuring the 

force required to deform the compliant sheet in an undulating manner to 

various positions, but could also be performed by other methods such as a 

vibration analysis of the compliant sheet while it is deformed in an undulating 

manner. Typically, the targeted state of elastic balance is a state of neutral 

stability such that the compliant sheet is undulatable without appreciable 

opposition from elastic restoring forces. In some cases however, it may be 

desirable for the compliant sheet to have a variable strain energy profile that 

may include one or more stable positions. For example, elastic restoring 

forces exerted on the slider 310 of the linear transducer 300 could be 

customised as a function of its position.

If the state of stability of the compliant sheet determined by step 2020 

is not acceptable, the step 2030 of elastic balancing may be performed. 

Elastic balancing may be achieved in a number of ways including: altering the 

distribution of external forces acting on the compliant sheet; altering the 

distribution of residual stresses in the compliant sheet; locally altering the 

geometric stiffness of the compliant sheet; and locally altering material 

stiffness of the compliant sheet.

Optionally, the method 2000 of fabricating a structure includes the step 

2040 of joining the compliant sheet to a support for controlling the deformation 

path of the compliant sheet relative to its environment, and in some cases for 

transmitting mechanical energy. Compensation in the elastic balance of the 

compliant sheet may be required in cases where a hole is cut in the compliant 

sheet to accommodate the support, however in other cases such as the
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structure 100, a central hole may be cut in the buckled sheet 110 without

substantially altering its form or stability characteristics.

The method 2000 of fabricating a structure further includes the step 

2050 of providing work input elements in communication with the compliant 

sheet for deforming its sinuously-shaped profile in an undulating manner. In 

general, the work input elements are actuators for locally stressing the 

compliant sheet to cause undulatory deformation, however undulatory motion 

may also be generated by locally altering the geometric stiffness or material 

stiffness of the compliant sheet. Actuators may join between the compliant 

sheet and an external support, may be connected between two points on the 

compliant sheet, may act on the compliant sheet in a distributed manner, or 

may form the compliant sheet themselves. The actuators may be arranged to 

couple primarily with longitudinal or circumferential bending of the compliant 

sheet, but could alternatively be arranged to couple with lateral or radial 

bending of the compliant sheet, or a combination thereof. Skilled persons will 

appreciate that many alternative actuator types and configurations may be 

employed as work input elements for causing at least partial undulation of the 

compliant sheet. Suitable actuators may include, without limitation: 

electromagnetic, electrostatic, hydraulic, pneumatic, thermal bi-material, 

piezoelectric, electroactive polymer, shape memory material, magnetostrictive 

and electrostrictive actuators.

Throughout the drawings, projected gridlines have been shown on 

perspective views of saddle-shaped buckled sheets to emphasise their 

curvature and do not indicate edges or form part of the invention.

Throughout the specification, the aim has been to describe the 

invention without limiting the invention to any one embodiment or specific 

collection of features. Persons skilled in the relevant art may realise variations 

from the specific embodiments that will nonetheless fall within the scope of the 

invention.
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CLAIMS

1. A structure comprising:

a buckled sheet having a sinuously-shaped profile, wherein the sheet is 
buckled due to elastic Instability; and

5 one or more work input elements in communication with the buckled
sheet for deforming the buckled sheet In an undulating manner 
wherein each point in a series of points on the sinuously-shaped 
profile travels at least partially along a figure eight-shaped path 
relative to a common frame of reference.

10 2. The structure of claim 1, wherein the buckled sheet comprises a
material having isotropic mechanical properties.

3. The structure of claim 1, wherein the buckled sheet has a sinuously- 
shaped profile that is sinusoidally shaped.

4. The structure of claim 1, wherein the buckled sheet has a slnuously-
15 shaped profile viewed from a section of the buckled sheet having a shape 

selected from the group consisting of: circumferential, linear, and curved.

5. The structure of claim 1, wherein the buckled sheet has a sinuously- 
shaped profile viewed from a section of the buckled sheet, the sinuously- 
shaped profile having an amplitude that is characterised in a direction

20 extending normally from the section In a way selected from the group 
consisting of: substantially constant, monotonic, and sinuously-varying.

6. The structure of claim 1, wherein the buckled sheet Is saddle-shaped.

7. The structure of claim 6, wherein the buckled sheet Is jointless.

8. A structure, comprising:

25 a buckled sheet having a saddle point, wherein the sheet is buckled
due to elastic instability, and wherein a section of the buckled 
sheet adjacent to the saddle point has a saddle shape; and

one or more work input elements connected to the section of the 
buckled sheet having a saddle shape for acting to rotatably

AMENDED SHEET
IPEA/AU
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reorientate the saddle shape of the section in relation to the 
saddle point by deforming the buckled sheet.

9. The structure of any of claims 1-8, wherein the buckled sheet is 
deformable in an undulating manner with substantially constant net strain 
energy, whereby the buckled sheet may be deformed without appreciable 
opposition from elastic restoring forces.

10. The structure of any of claims 1-9, wherein the structure Is in the form 
of one of the following: a transducer; an actuator; a sensor; a generator; a 
fan; a pump; a loudspeaker; a heat engine; and a propulsion system.

11. The structure of any of claims 1-9, wherein the structure Is a machine 
for performing work on one or more bodies in communication with the 
machine, whereby the buckled sheet performs work on the one or more 
bodies as a result of being deformed in an undulating manner.

12. The structure of claim 11, wherein the buckled sheet is a mechanical
transformer configured to provide mechanical advantage between the one or 
more work input elements and the one or more bodies in communication with 
the machine. ·

13. A method for performing work on one or more bodies in communication 
with a buckled sheet having a sinuously-shaped profile, wherein the sheet Is 
buckled due to elastic instability, the method Including deforming the buckled 
sheet wherein each point in a series of points on the sinuously-shaped profile 
of the buckled sheet travels at least partially along a figure eight-shaped path 
relative to a common frame of reference whereby the buckled sheet exerts a 
motion-producing force on the one or more bodies as a result of the 
deformation.

14. The method of claim 13, wherein the buckled sheet is deformed with 
substantially constant net strain energy whereby deformation of the buckled 
sheet is achieved without appreciable opposition from elastic restoring forces.

15. A method of fabricating a structure comprising the steps of:

forming a sinuously-shaped profile in a compliant sheet by inducing
buckling stresses therein, wherein the sinuously-shaped profile

AMENDED SHEET
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results from elastic Instability In the compliant sheet caused by 
the buckling stresses; and

providing at least one work input element in communication with the 
compliant sheet for causing each point In a series of points on 

5 the sinuously-shaped profile to travel a figure eight-shaped path
relative to a common frame of reference.

16. The method of claim 15, further comprising the step of joining the 
compliant sheet to a support.

17. The method of claim 15, further comprising the step of elastically 
10 balancing the compliant sheet.

18. The method of claim 15, wherein the step of forming a sinuously- 
shaped profile in a compliant sheet comprises the step of externally stressing 
the compliant sheet.

19. The method of claim 15, wherein the step of forming a sinuously- 
15 shaped profile in a compliant sheet comprises the step of inducing residual

stresses in the compliant sheet.

20. The method of claim 19, wherein the step of inducing residual stresses 
in the compliant sheet includes one or more of the forming processes 
selected from the group of: rolling, peening, planishing, and spinning.

AMENDED SHEET
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