1 RESONANCE ENG NE Field of the Invention This invention relates to a
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efforts are aimed at smaller scales less than 3 cm wingspan and 1 g in weight.

A NAYV engine’s thrust-to-weight ratio needs to be high enough as is required to
lift the power source and control electronics, this being increasingly difficult to
achieve with decreasing scale due to the non-linear scalability of component
power densities. To keep the thrust-to-weight ratio high and power consumption
low, it becomes increasingly important to have efficient motor and transmission
systems for both aerial and terrestrial locomotion. As the NAV scale decreases,
the wing beat frequency often needs to be disproporti»onably increased to
maintain comparable performance. Higher wing beat frequencies offer more
efficient lift and improved flight stability in windy conditions but the increased
frictional energy losses in the motor and transmission systems have a
detrimental consequence for efficiency, and engine longevity as related to

structural fatigue engine failure.

Typical NAV research and prototypes for micromechanical insect engines less
than 100 mg employ the use of complex kinematic pair transmissions, with
flexure lever joints to amplify the small deflections from one or more suitable
electromechanical transducers, transforming electrical energy into complex wing
kinematics suitable for insect inspired flight. Piezoelectric materials, shape
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el ectromechani cal transducers, transform ng electrical energy into conpl ex
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15  Typically, when a NAV’s required wing kinematic uses more degrees of motion
to implement flight control parameters, further transmissions, actuators and
associated electronics are added, so adding to the engine’s weight and reducing
its power density. If more appendages, such as legs with terrestrial locomotion,
are added, this again can substantially increase the weight the NAV must

20 sustain in flight.

Operability under natural flight conditions of rain, dust, heat and cold is another
area of concern. Flexure-lever kinematic pair transmissions can easily suffer
particle damage from sand and dust unless in a protective enclosure that adds
25 weight. Temperature fluctuations and rain effects on transmissions can also
prevent flight. Currently, NAV scaled ornithopter mechanisms use some form of
kinematic pair transmission with fairly constrained degrees of movement; thus,
they tend to suffer from increased friction, due to higher bearings loads from
constrained incompliant moments of torque. In addition, such mechanisms
30 require a strong, and therefore relatively heavy, airframe on which to mount the
kinematic pair transmission(s) for reaction there against. These flapping
systems often benefit from operating at resonance, which reduces frictional
losses and means that the systems operate with greater efficiency than
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practical NAV.

Resonant frequencies are normally avoided in any physical product, as they can
15 lead to catastrophic structural failures. However, by appropriately controlling
mechanical resonance through frequency and amplitude modulation, useful
mechanical deflections of specific magnitude and direction can be generated on
demand for powering wings and/or legs on a micromechanical insect NAV.

20 Summary of the Invention
To overcome the inefficiencies and problems of the prior art as noted above, a
resonant engine, herewithin referred to as a Resonant Movement Amplifier
(RMA) is proposed.

25  According to the invention, there is provided a resonant engine, comprising:
a driver plate, to which is coupled at least one oscillatory transducer;
a drive signal generator connected to the oscillatory transducer for
excitation thereof;
a first spring-mass resonator, having a first natural resonant frequency,
30 with a proximal end attached to the driver plate and a free distal end; and
a reaction means attached to the driver plate substantially opposite to the
first spring-mass resonator;
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The drive signal generator may be adapted to generate electrical signals of
variable harmonic content, which is to say that it can generate cyclical electrical
signals having a frequency and amplitude that can each be varied. For example,
the drive signal may be an AC sine wave, or the sum of two or more sine waves.
Such a variable signal can be used to control the engine.

The reaction means preferably comprises a second spring-mass resonator
mounted substantially symmetrically to the first spring-mass resonator on the
driver plate. An alternative embodiment could instead use a weight mounted at
an opposite point on the drive plate to the first spring-mass resonator, the first

spring-mass resonator reacting against the inertia of the weight in order to

resonate. Where such a weight is used, the weight could, preferably, be formed
from ancillary components of the engine, such as a power source. Through the
use of a substantially symmetrical second spring-mass resonator, construction is
simplified, and the weight of the engine can be minimised, which is particularly
important for flying applications. The first and second spring-mass resonators
react against each others’ moments of torque in an anti-phase relationship
through the driver plate when sympathetically excited by the driver plate’s
oscillations at or near the natural resonant frequencies of the resonators. In so
doing, the first and second spring-mass resonators so present at opposite ends
of the driver plate a substantially anti-phase strain relationship with the driver’s
strain components, thus limiting the driver plate’s oscillating stress-strain
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the driver plate, the proximal end of the Z-bend being contiguous with the driver
25 plate. This configuration has particular advantages, as will be described in
greater detail in the detailed description.

The driver plate and the spring of the first spring-mass resonator may be formed
integrally with one another as a unitary piece. Similarly, the spring of the second
30 spring-mass resonator may be formed integrally with the driver plate. All three
components may be integrally formed. These embodiments have the advantage
of reducing parts counts, avoiding potential weaknesses at coupling points
between components, and enabling manufacturing techniques that might not



the driver plate, the proximal end of the Z-bend being contiguous with the
driver 25plate. This configuration has particul ar advantages, as will be
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spring-nmass resonator nay be forned integrally with the driver plate. All
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mass of the resonator. If the mass of the spring component alone is not
sufficient, or is not properly distributed, then it can be supplemented by an
15  additional mass, preferably attached toward the free end of the spring.

The first spring-mass resonator typically further comprises a damper mounted at
the free distal end of the spring, thereby forming a first spring-mass-damper
system capable of doing work. The damper may take various forms, including: a

20 mass for engagement with ground (for terrestrial locomaotion); a fin (for thrust in a
liquid medium); or a wing (for thrust in a gaseous medium, such as air.)

In embodiments having the second spring-mass resonator, it too may further
comprise a damper mounted at the free distal end of its spring, thereby forming
25 a second spring-mass-damper system capable of doing work. Alternatively, the
second resonator may not have a damper attached to its end, in which case the
function of the second spring-mass-resonator is to function as the reaction
means. In the latter embodiment, if the first spring-mass-damper system
includes a wing, then that single wing will produce a rotating flight.
30
As with the damper of the first spring-mass-damper system, the damper of the
second spring-mass-damper system may comprise a mass, a fin or a wing.
Where each of the first and second spring-mass-damper systems comprise a
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additional pairs of wings may be added. Additionally or alternatively, the
additional resonators may comprise legs extending to make contact with the

ground. The legs are vibratable in a manner to produce terrestrial locomotion

15 The or each additional spring-mass resonator may have a respective natural
resonant frequency that is different to that of the first spring;mass resonator (and
that of the second spring-mass resonator, or that of any of the other spring-mass
resonators). As discussed above with respect to the relative natural frequencies
of the first and second resonators, this variance in natural frequency means that

20 selected resonators may be excited in preference to others by varying the
components of the drive signal. Specific examples of how this may be exploited
in order to control motion follow in the specific description.

The oscillatory transducer may comprise at least one material selected from the

25 group consisting of: a piezoelectric material; a dielectric elastomer material; an
electromechanically active material; an electromagnetic-mechanically active
material; a source of nuclear direct collected-charge-to-motion induced
oscillation.

30 In some embodiments, the driver plate and the oscillatory transducer may be
formed integrally as a unitary piece. In other words, the driver plate itself may
form the oscillatory transducer. This is possible where the driver plate is formed,
for example, from piezoelectric material, a dielectric elastomer material, or if it
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the above-mentioned power sources, may be employed.

Of particular significance to embodiments of the engine having wings for flight, is
the weight of the engine and associated ancillary components. A light-weight

25 power source conventionally means a limited power supply, so limiting flight
times. This can be mitigated against by enabling the power source to be
recharged, such as by the means listed above.

In some embodiments, the resonant engine includes a stress or strain sensor

30 connected to the driver plate to detect stresses and/or strains thereof. This can
be used to diagnose the engine’s operation, as explained more fully in the
detailed description.



receiver (which may, for exanple, be an induction coil, a photosensor, an
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second suahbjexhgierewhgnahe caraesa is cotating githPhetrgiabl y, the second engine is
configured (i.e. the wing(s) are nounted) so as to rotate in the opposite
sense to the first engi ne, whereby the second engi ne can be controlled so

as to2pol dn aefthinest theretahoanbodiafntd, Me védonanesmaes may v friownted toaare of

ref erence.
second such engine by a rotary coupling. Preferably, the second engine is

configured (i.e. the wing(s) are mounted) so as to rotate in the opposite sense to
the first engine, whereby the second engine can be controlled so as to hold a
fixed rotational position with respect to a fixed frame of reference.
25
Whereas the engine may include all components required in order to operate in
an automated, stand-alone manner, in some embodiments, the resonant engine
includes means to operate the drive signal generator remotely. This function
enables the engine to be operated remotely, for example by a human or virtual
30 operator. In contrast to embodiments where all operation is stand-alone, this
also enables certain components to be left off the engine, thereby minimising its
weight.



25 Whereas the engine may include all conponents required in order to
operate in an automated, stand-alone nmanner, in sone enbodi nents, the
resonant wogon#7sésel udes nmeans to operate the drive sigmrall/GERnvE2mn
remotely. This function enables the engine to be operated renotely, for
exanpl e by a human or virtual 30 oper qgo In contrast to enbodi nents where
all operation is stand-alone, this alsO enables certain conponents to be
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a first endffedigdonembbdintentpmesking fligvtenti on; 20 Figure 1C is an isonetric
view of the NAV of Figure 1A and 1B; Figure 2 shows four wi ng stroke

positions of a schematic NAV with its attitude orientated for static hover

and reveal Brigf Dég:ﬁ.tﬁ[dn 6Fthe mmwmgat al and rotational 25 conponents of the
wi ng and resonator, ki nemati cs; 0E;ures 3A and 3B show front el evations of

three wingfodMentar Will e &egpriagd, dpe waydot irxAM@lswvith grierence to the

15  accompanying drawings, in which:

Figures 1A and 1B are respective plan and front elevation views of a NAV
having a resonant engine in accordance with a first embodiment of the present
invention;

20
Figure 1C is an isometric view of the NAV of Figure 1A and 1B;

Figure 2 shows four wing stroke positions of a schematic NAV with its attitude
orientated for static hover and revealing the vertical, horizontal and rotational
25 components of the wing and resonator kinematics;

Figures 3A and 3B show front elevations of three wing positions in the up stroke
and then down stoke;

30 Fi'gures 4A-4D each show schematic NAVs in the top and bottom of the wing
stroke positions with wing stroke amplitudes for, respectively: high lift, low lift, roll
left, and roll right;



30 Figures 4A-4D each show schematic NAVs in the top and bottom of the w ng
stroke positions with wing stroke anplitudes for, respectively: high lift,
low |ift,woabii/d7edso, and roll right; 11 Figures 5A andPBEB/GHroW/0S2Rpecti ve
top and underside views of a renote controlled mcro nechanical insect

i ncorporating a resonant engine in acqsr dance wi th anot her enbodi nent of
the invention, contrasting with the fi'rst enbodi nent by the addition of six

| eg resonat.qQr p I e r ! .1 ] al nt
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W ng nountesmtrofgdsiviicaby ntechiahieal | igbéctwiimgprporatingit at resorant eengine am r
vehicle rotates in flight. 10 Figure 7A and 7B.show yespectijyve t and side
Views of PeBidanen v dhroikenamphdimens LR fyénidy cPalRaoRtY Bof ARLT ome
W ng; erfb&dimenBbyp tHagdditid df disicgdebdratoies ahdWer 80dicBERISH bty B8d t WO
counter-rotating 15w ngs; Figure 9A shows a four-w ng NAV using one
resona® eHyNREdhMeasweMant et cal |y sectioned area of the driver used for
f eedback sensing with power supply and control circuits attached in a

central position of the engine; 20 Figure 9B shows another four-w ng NAV,
in which digoeef shews éntfudhernembpdimant of thendvention haying @ fumied bel ow

the reson i i X i : a top
vi ew of a%@%g\g’%g&gl@o&gr@ﬁ@gi V#&?sﬁtgégﬁ%ﬁgﬁgleégagfa M‘ﬂé‘%&a a\r‘%ﬁprér s to
achi eve f dlightattitude and thrust control using just one driver plate; and

Fi gur e1011A and 11B illustratively show the opposing torque vectors on the

two 30 -opposing driver plate-to-spring attachnment points in respective up
and down oBiglires7A VYR 7BNsh@e espdctios abp| @id @lle views of a rotating engine

having two spring-mass resonators but just one wing;

Figure 8 shows a NAV using two resonant engines driving two counter-rotating
15 wings;

Figure 9A shows a four-wing NAV using one resonant engine with an electrically
sectioned area of the driver used for feedback sensing with power supply and
control circuits attached in a central position of the engine;

20
Figure 9B shows another four-wing NAV, in which a power and control module
and a sensor module are mounted below the resonant engine at a central point
thereof;

25 Figure 10 shows a top view of a NAV having six spring-mass resonators and
four wing dampers to achieve full attitude and thrust control using just one driver

plate; and

Figure 11A and 11B illustratively show the opposing torque vectors on the two
30 opposing driver plate-to-spring attachment points in respective up and down
cycles, when in resonant oscillation.



12 Detailed Description In the follow ng specific description, various
enbodi nents of nano air vehicles (NAVs) are described. Common to each of

t hese enbwoizoEmt7365ps a resonance engi ne that operates omCa/gmorispioe of
anplifying relatively small oscillations of an 5 oscillatory transducer
into relatively |large deflections of ége free end of at |east one
spring-nmass resonator. Such a resonan engine will be referred to herein
as a reso : lifier (RWW). Wereas the description of the RVA
is given in %HQ@\%%FHE 'ggP NAVs, it will be 10 understood that the RVA
coul d readnlthe liellcmplpg ispelcitio desd:rmtloappamoust erabedinfents ek aapd ajr vdhicles ngs

v ough 11 NG B 8earsR, imAe RFbn AR ey S RAMSTIS P BRTR 1 s f or

such nano e?@&ieeth&’é@whte@am @ﬁﬁncngﬁfb of &m@fr@;@laewe@csn@almdlahbfys écapt ed RVA
could be used to drive gter vehi cl es A first enmbodi nent of a NAV

10, endl ataskijaiery nyﬂ"%q*UQ% pirRiatively darge Q%legfmmnofl theFfr%?se'l%D(:at B8t Nav 10

has a bodyfefs rin@hﬁawi&%atoh' Such %%bbﬁar{&déHdgk% wilPod Rdi&irb@to REYERT 1 S1 NG @
driver plate 12 with a right spring RS and spring LS emanating

symet r i cdsl g rgsopanioppment ampldier (fMAbof . An oscillatory transducer 14,
such as piezoelectric material or other electro-nmechanically responsive
material is coupled to the driver plate 12, for exanple by bonding. There
nmay be a sWhgﬂeassthetdescrimbde‘ethed%MA is @ivesi idethercoatdxbtof INA\S, diewitlf be he

d | at Ld b t d th
opposPb tgeioed it dnb TR SRUL terflod Rebisd 100 SIERUER! oFBE 10° s
el ectri caldxanm]rtaetvadgs @ouldebé rrapslacbd:by find fopa Giapp) yehigleetamabie ol dri ve

signals froma drj |hqnal generator (not shown) to excite the transducer.
‘swimming’ t roug iquid.

Also, whereas the technology has particular benefits for such nano-scale
15  applications, it is scaleable, so a suitably adapted RMA could be used to drive
larger vehicles also.

A first embodiment of a NAV 10, emulating a fly or bee-like insect, is shown in
Figs 1A-C. The NAV 10 has a body of light weight, high tensile modulus

20 material comprising a driver plate 12 with a right spring RS and left spring LS
emanating symmetrically from opposite sides thereof. An oscillatory transducer
14, such as piezoelectric material or other electro-mechanically responsive
material is coupled to the driver plate 12, for example by bonding. There may be
a single such transducer on a top side or a bottom side of the driver plate 12, or

25 there could be a pair of such transducers on the opposite top and bottom sides
(as illustrated). A set of electrodes 16 is electrically connected to the transducer
14 for supplying electrical drive signals from a drive signal generator (not shown)
to excite the transducer.

30 The or each transducer may be a unimorph (i.e. it tends to bend in just one
direction away from a rest position) or a bimorph (i.e. it tends to bend alternately
to opposite sides of a rest position).



30 The or each transducer may be a uninorph (i.e. it tends to bend in just
one direction away froma rest position) or a binorph (i.e. it tends to
bend al t ewoabalog3ése opposite sides of a rest position). PCIZBBthEMSYIcewed in
the plane of the driver plate 12, each spring-mass resonator, together with
the driver plate, conprises a Z-bend ija which the proximal end of the
Z-bend is contiguous with the driver ate 12. 5 Wiereas the illustrated

p
Z-bend spr I t hi s
2ppl 1 cat | ol R, a RERKe BERKCH hS PfePBlale 32 Baonf sl il BCoidtof 0
possi bl e. together athettietdsiveh plate, eemgmides af Z4oked lireivhichpthe yoxiMahedd raf ght
spring RS ar D,.an ht ,w ng RD, each conprising a
menbrane 1 ez]ﬁeécﬁ C@ﬁ&%&/‘gh}]yeﬁ'vmfﬂéﬁe i\%t ached to the free ends of the
| eft spring LS and right spring RS are d| screte masses LM and RM The
springs L t he ith the 1 oci at ed es LMand RM form
Shr i ng BmotMateds ne R eGaed 2 hend sobanhadk Posis PEvEBAD 28 RS o
frequenci esyitdd thRisHPpYSation!, Atvall b eleft6od Bt Bihdr %nﬂ@%ﬂéﬁé 8feyalkd ansducer
14. The spring-mass resonators, in conbination with the associated w ngs LD

and RD, toReSSHE®- f or m spring- mass-danper systens, each havi ng a natur al
resonant frequency as neasured in isolation. 20 The isol ated natural
resonant frequency of each spring-mass-danper systemis affected by factors
such as i tAttathedrteithefree wadgbf theveit ghringlLStanduight spring BSsarea lefidvinais,

rosonalt 1HeanEE iSRRG AT Bl o e EPE meridnd e Sl Bt
par anet er s20.1t shoul d be noted that the discrete oscillator nmasses LM and

RM may not be required if the masses of the left spring LS and right spring
RS, and/or the left wing LD and right wing RD masses are of sufficient

osci | | at or Aasdttachadl tbunt Hrde aAgesdf MRS Seft %pn@% LSeindi Irigit s§ﬂ oS tdhe
oscillatory transducer 14 is excited in use

y the su el ectrical
drive si gndipeete giasshe M ard HMnalThgesrangsokS cand A% ﬁ’@ élerl‘&ﬂ%t h@ne
cyclical CcoURReResY mhised NANSEANG ©RM, S fathD8hring-rhdsx reBorkASMRONRS e t hat

cyelical mechanically excited at their natural frequencies by the driver plate 12 as excited
by the oscillatory transducer 14. The spring-mass resonators, in combination
with the associated wings LD and RD, together form spring-mass-damper
systems, each having a natural resonant frequency as measured in isolation.
20
The isolated natural resonant frequency of each spring-mass-damper system is
affected by factors such as its dimensions, weight, weight distribution, tensile
modulus, inertia, wind resistance (where the damper is a wing), etc. As such,
the resonant frequency can be tuned by altering one or more of those
25 parameters. It should be noted that the discrete oscillator masses LM and RM
may not be required if the masses of the left spring LS and right spring RS,
and/or the left wing LD and right wing RD masses are of sufficient oscillator

mass that further added mass is not required.

30 When the oscillatory transducer 14 is excited in use, by the supply of electrical
drive signals from the drive signal generator containing at least one cyclical
component, the transducer is urged to flex in response to that cyclical
component. That, in turn, induces oscillating stresses and strains in the driver



conponent. That, in turn, induces oscillating stresses and strains in the
driver 14 plate 12. Those stresses and strains in the driver plate 12 are
t ransf er rwo 20mto03akef | ecti ons of the spring-nass-danper PEIIGHZB1003L00i N
particular, into anplified deflections of the free ends of the respective
springs LS and RS and therefore of th$ wi ngs LD and RD. The springs LS and
RS thus exhibit wi de anplitude 5 osci 1 at i ng novenents at their free ends,
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resonators. This alternati ngt current (AC) drive signal, when in tune with
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express an ase strain relatfonship wth the driver plate 12 and each
ot her so dndvrovide litiiand thrustalopg withdlee wing beati ni mi zi ng excessi ve strains
that m ght otherw se danage the brittle piezoelectric material. This
principle allows for a nore efficient excitation, as the PZT stress does
not need tThesdrib&t sighalajdngratef isradapten dr gereraigl adevd Bighal corpprisingydieer f ul

moment.um t o ther\ sgri q%{na\sns 20 refonat or. appendages. The danped resonat or
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RD, are sowipupedts, Ry edsinosbigdisshabenatiot haar tHeeunadwehtal hesdnagt er r ed
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on the el dfaqugaeies £ therRrNG-AIEsRiFRBARAPISs s £Ateraling coirenh EACLEBYR or s
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so driver strains largely cancel out, minimizing excessive strains that might

otherwise damage the brittle piezoelectric material. This principle allows for a

more efficient excitation, as the PZT siress does not need to substantially

deform the driver plate 12 to impart powerful momentum to the spring-mass
20 resonator appendages.

The damped resonator springs LS and RS, along with their masses LM and RM,
and the wings LD and RD, are so shaped, profiled and positioned that they
adopt the preferred oscillating kinematic when excited by an appropriate
25 electrical signal on the electrodes 16. The wing kinematics is a result of the
resonators shape, their mass distribution, tensile strength, and the harmonic
content of the driver's alternating current electrical drive signal. The resultant
kinematics can be various combinations of rotational and or translational
movements along several axes as is required for efficient flight and flight control.
30
The left spring LS and right spring RS, along with the wings LD and RD, also
have several degrees of elastic freedom depending on their shape and profile,



15 allowi ng for passive kinematic conpliance to aerodynam c forces that

hel ps with flapping w ng ki nematics including wing rotation. To assi st

wi th | argeopas#i7se&s9wi ng tip rotation performed at each ebaapowmiostive 5 wi ng
stroke, the aspect ratio and profile of the armsegnents can be optin zed
to allow for a suitable, w dth-w se, tational elastic conpliance.

Sui tably desi gned spring-nass resonatd S can respond to nore than one

control | at EWITE o pai Bheliltolaan (8Bt Tt dntls v FRERRY . 2
forward anithppirgkwingkingnngicsiimetuding evirgorogetioant coul d be produced by add| ng

anot her frequency conponent to the driver signal and appropriately formng
the resonators to be sensitive to the new frequency in a manor to produce

the desir ey lgs&ierwith qargém@ﬁ@ wih§ t@%td’ﬂém Yéritemeafdtetichdhahge @ theved when
the cyclical lﬁtJrr’rgonent of drive signal is at or near the natural

resona® fWiBgelieke tbelasaeﬁaa%ﬁn% ptqﬁl@r@fdh? agn sgIgeNITIEAMeE SPIHRREE I syst em
20 The natyjrg) rof §30RAME Swdith- P&é«lﬁorﬁheﬁsﬁ BligHcel S and LM is

preferably tuned to a simlar but s erent frequency to the right
side resonator RS and RM so that the arrplltude of deflection of the

respectiv I yig e. sl . free
space, ?%Aﬂ%ﬁexc@pgg %&mad @Frglgﬁ'ggés{rl‘%&fsarc 'gr%e\ggo% rt\éqﬁ@rﬁg&?‘gﬁ hgﬁ% nemat i c
phase of trlesohaitt frecmbncyghﬂowm@es ook tsarc hortehailxis2 and hiee | infi¢pemadntly ght

Wi ngs, RD an eat freﬁuenm es t at tRee sane

ooy diftoliable oy And' el fariiic | hERe | ohelan, For samplke, 23"

Ef fecti Ve|fbn~ér’d€arideliéckwa€’d Wi kinendes cb@?@hé@tfcdlﬂd Beapr@duwbeoysmdm@ mass
resonator s stem having its own nat ural uerhgy ver, the individual

conponent sANAtheY reQueneE spRPONGR! todhe diuer $ighala %fggoprfqtgly TiIAg V% yi ng

W ng beat @EPhatbHIRS be3KbridRRBNGY tHe AW NRYUENES 8n L PnaHdrvier plotiBgeIgRey 1S to
the natural frequency of either the left spring-mass resonator LS and LM

or the ri giasiregkinegatigyespanseénator RS and RM This is described in nore
detailygnith reference to Figures 4A-4D in the context of roll control. 16
I n another enbodi nent of the invention (not shown), the left spring LS and
ri ght spri@ptimemaningdisfiectiopisaachiaid when #hd cyaicabcomnpamand opitlee devect ri ¢
mat eri al Ogignal is at or near the natural resonant frequency (or a harmonic thereof) of a

spring-mass-damper system.

20 The natural resonance of the left side resonator LS and LM, is preferably tuned
to a similar but slightly different frequency to the right side resonator RS and RM
so that the amplitude of deflection of the respective wings can be controlled by
varying the drive signals. In free space, and when excited by a single similar
driver frequency, the kinematic phase of the left and right sides lock such that

25 the left and right wings, RD and LD, flap with wing beat frequencies that are at
the same frequency as each other (possibly at slightly different phase angles).
Effectively, the left and right sides together form a single spring-mass resonator
system having its own natural frequency. However, the individual components
(i.e. the respective left and right sides, flap'with varying wing beat amplitudes,

30 depending on how close the driver frequency is to the natural frequency of either
the left spring-mass resonator LS and LM, or the right spring-mass resonator RS
and RM. This is described in more detail with reference to Figures 4A-4D in the
context of roll control.



pi ezoel ectric conposite material or other electro-nmechanically responsive

5 material so that all these parts are both the driver and resonators,

wi t hout twe 20s@78d59a separate, bonded transducer 14 of eceqdBotwvsetvani cally
responsive material. Figure 2 shows a side view of four down stroke

ki nematic positions N1-N4 of a 10 NA\(6vvith its attitude orientated for
static hover, showing the direction of "lift L and the net direction of the
wi ng exhaust E. An up down-w ng ki nematic conponent D (corresponding to the
wing tip anplitude) conmbines with the forwards-backwards kinematic
conponent IR anothexi emgpadirdenthef the imyentiom{nairshioing ribe ileft springb® rRindRight pr ovi de
t he basic conpogents, qf insect-like flight kinematics 15 (due to the

above ment SOME BEAE Jivae Maal cBotb Teddror 1o PIgRE RN SBICBLAT S wi ¢ h a
fi gur e- of -mégddledtii® ecarhpduitel inhprialHone vier @Febﬂb-rﬂfédﬁﬁﬁ&iailﬁ eeppesiesat s coul d
be realized by using a suitably shaped RVA excited synpathetjcally with its
associ & ednaleriohso tialcalkiiese Saftsaradot e SRy ansiESsNalor WRow

ki nemat i ¢ g@BpReSEpdrates HBhEES lttansBIGROT4 IdP N cticimBeManiBallyURRpbAgve 0
vi bratory driver stresses and strains are with the resonator’'s natural

frequency ™BA@riab the anplitude of the driver signal. Passive wing rotation
kinematic Ris due to the uneven wing |oading on the leading and trailing
edge of the wings and is a result of elastic wing deformations and

resonat or foouel 2 showelaaside viewnpisiour 2Bwhigoke kKirersatmysositidnsddt-N4l efvat i on of

th i i i1 . g, . ith the wi t at ed
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(k or notd_e) tﬁ’é.n_e;t qirEti:t'@u][cﬁ tgeBm’rg)Rmamngr rmPmeanNihgqih’:]er?ﬁtE:\/menemE Eh& ee
| nemat! C oSl U1 ons n ..aown e W . n r alt e
oremrts i topbeShtndiin 38 (PBe D i lutulsd. orbings it et kvaigRr ot nt
(or node) pakkwalds kinghiaEe c@h@eﬁhwhesmﬁjrahaq%lwm arobiidnlkinematic ol | ed

with just one driver signal of variable frequency and power (preferably a
si ne wave)COMRRIENG T & PHYide thep BARIE ROMMIASBLS Bt kisgot-Hier Hlight kiemaltiag st r oke
anpl i tygde @8t toOheCabHRMRBAiondY H@srs}ﬂ}e”ﬂinbﬁﬁtigrdo\‘@ﬁliaﬁﬁé‘!efhe vty ATRAcktude of
the wing stroke can be increased 5or decreased for thrust control; noting
t hat thrudieats with eat figuneratieightt typsi 9§ prafilske ahpweverdeothed kigematic he .
opposite '@CE;&' t Wi ng.exhaust .. Ln_f i - hown
that the ?c‘io; Hgﬁ%" s‘&‘;’%?%ﬁ%%gém s&sf'rééo%a o{ras‘? Iﬁm@?&?ﬁ%@o%ﬁ%@ of
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the up-down kinematic component D is directly proportional to how in-tune the

20 vibratory driver stresses and strains are with the resonator’s natural frequency
and to the amplitude of the driver signal. Passive wing rotation kinematic R is
due to the uneven wing loading on the leading and trailing edge of the wings and

is a result of elastic wing deformations and resonator compliant elastic twist.

25 Figure 3A shows a front elevation of three kinematic positions of an RMA’s up
stroke D1 with the wings rotated backwards K1, K2 and K3 and being flapped
about a largely rotational point (or node) P1.

Figure 3B shows a corresponding front elevation of three kinematic positions of
30 an RMA’s down stroke D2 with the wing rotated forwards K1, K2 and K3 and
being flapped about a largely rotational point (or node) P1.



10 sufficient weight for which the forces exerted by the resonators to
react against), operate effectively as a single resonator system having a

| ocked ampbizbude3asdt h respect to one another. If one spPCmEGBTARKS2®8ONat or
is tuned to a different natural resonant frequency than another, then the
reaction fromthat other resonator w I{7 not fully counteract the forces
generated by the first resonator; 1501 y partially, or not at all. For best
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resonance to the driver signal frequency and express any un-tuned
resonator will not fully counteract the forces generated by the first resonator;

15  only patrtially, or not at all.

For best operation, each spring-mass resonator will comprise part of a set of
resonators of the same natural resonant frequency, and positioned so that the
forces acting through one component of the set will be balanced out by those

20 through the or each other component of the set. This is described more fully by
reference to the embodiment illustrated in Figure 10. Nevertheless, the principle
of controlling flight through having wings responsive to slightly different drive
frequencies holds true and is described below.

25 Figure 4A shows the NAV 10 with its driver signal power set high and its
frequency set between the natural resonances of its slightly tuned-apart damped
resonators, which are depicted at the top of a wide wing stroke RD1 and LD1
and bottom of a wide wing stroke RD2 and LD2, such that the wing stroke
amplitudes, RA1 and LA1, are of equal amplitude and therefore provide

30 balanced vertical lift.

Figure 4B shows the NAV 10 with its driver signal power set at a lower level than
in Figure 4A. The driver frequency is again set between the natural resonances



10 stress conponents as a left-right wing stroke anplitude difference
and/ or phase angle difference. By varying the driver signal frequency

bet ween twe 2wm7sk@aped resonators' natural frequencies, pdirfdensmseab

| eft-right wing stroke anplitude can be achi eved, useful for roll control.
It has been observed that there may belsa slight phase angle difference
bet ween such | ocked resonators, 15 but “they do resonate with the sane

frequency 0 r ' .
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di f f er ént | EAMPRIEANER e Ave sigpRkOTAHgE e RA3 and LA3. Therefore, the |ift
on the right side of the RVA 15 is nore than on the left, 25causi ng the NAV
10 toroll to the left L. Figure 40 shows the NAV 10 with its danped

r esonat or sBigaglycspranking, tame with sibsiardiaty iymneeivicallyamopatedadamped t om of
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of the | efsynizatipett nessmarmtecto th&drivérasignal ftdaeencyghnd éapness ang soraned RD7.
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damped resonators’ natural frequencies, differential left-right wing stroke

amplitude can be achieved, useful for roll control. It has been observed that

there may be a slight phase angle difference between such locked resonators,
15  but they do resonate with the same frequency as one another.

Figure 4C shows the NAV 10 whose damped resonators are depicted at the top
of wing stroke, RD5 and LD5, and bottom of wing stroke, RD6 and LD, with its
driver signal power set high and its driver signal frequency set between but
20 closer to the natural resonance of the right damped resonator RD5 than to the
left damped resonator LD5. This results in wide wing stroke amplitude on the
right side RA3, and a narrow wing stroke amplitude on the left side LAS3, such
that there is a differential between wing stroke amplitude RA3 and LAS.
Therefore, the lift on the right side of the RMA 15 is more than on the left,
25 causing the NAV 10 to roll to the left L.

Figure 4D shows the NAV 10 with its damped resonators depicted at the top of
wing stroke, RD7 and LD7, and bottom of wing stroke, RD8 and LD8, with its
driver signal power set high and its driver signal frequency set between but
30 closer to the natural resonance of the left damped resonator LD7 than to the
right damped resonator RD7. This results in wide wing stroke amplitude on the
left side LA4, and a narrow wing stroke amplitude on the right side RA4, such
that there is a differential between wing stroke amplitude RA4 and LA4.



19 Therefore, the lift on the left side of the NAV 10 is nore than on the
right, causing the NAV 10 to roll to the right R Figure 5A and 5B show a
second emvodnnmntB6sof a NAV 10a, being a multi- 5 nodal RAV/aGezpmbiseicof both
flight and ground | oconotion. The NAV 10a is simlar to the NAV 10 of the
first enbodi ment, but includes additiq al conponents; like parts are given
the sanme reference as for the first enbodi nent. Al so, the oscillatory
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natural . frequenci es, a controlled, forwards, backward eft and right

hoppi ng vuaétaah@qigmuat:ﬂampahswg ohihe drined plgie 8.t he | egs at any given tine
that gpe closest in-tune with the sweeping driver frequency will react nore
strongly than the less in-tune | eg resonators, allow ng for independent
control oflntadditioads’ thewiedirmd)rightcwinga,cltD fand d#D véix lfurthm resorfadars, whose

Prope! Ly Dbk e s, S Oy B S gl 5
to alter trpsorthtom%nd sl@ﬂlqrtumedi rapbet fromteach othéh groeudesipeawards smdig or | eg
Funct | ons. 2k ageatser (<SR Broroug uhen ke NaSbTog stch sWPassal o show
contrqglk electronics 22 attached to the driver plate 12, for
Each leg comprises a Z-fold spring S1-S6 similar to, but thinner than, the springs
of the wing resonators. A proximal end of the spring is contiguously connected
with the driver plate 12. A discrete mass M1-M6 is mounted at the free end of
the spring.
20
Rather than having discrete masses M1-M86, the mass could be included in the
mass of the leg springs S1-S6. By sweeping the driver signal frequency around
the slightly tuned-apart leg resonators’ natural frequencies, a controlled,
forwards, backwards, left and right hopping vibratory locomotion is achieved as
25 the legs at any given time that are closest in-tune with the sweeping driver
frequency will react more strongly than the less in-tune leg resonators, allowing
for independent control of the legs’ vibratory contact force with the surface, so
propeliing the NAV 10a in the desired direction.

30 When the NAV 10a is required to switch between terrestrial locomotion and
flight, it only needs to alter the driver frequency to be in-tune with the respective
wing or leg resonators’ natural frequencies. By sharing one driver for all motor
functions, a weight reduction is achieved.



environmental and inertial sensory feedback. A power nodule 24, including a
power source, which may conprise a battery; a rechargeable battery; a
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i npinging on the solar cell; electricity generated through external
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snap transarqditﬁﬁéﬁly'élﬁ%ﬁa\ggr grodifie e %‘?VHI@E“ gé$ ceifer agapiedip el acti ve
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shown) . be seen Trom Fi gures 3A and hat the spring arns

bend sl i gHessiversinalddelan isduction coilia Breiesenssr; amaenabl thalikeis to be

subst g gtlally even along the length of the spring arm it may have a
tapered profile, with less material towards the free end. Mdire even bends
cor r espondA hybrigh eargy setifcec cempysing cembingdions aharyeof. thg abogrrmengosédbws a

darper o, WU chues ial be Saiiai@l s {20 PEPTR opposi te directione 90 {he
NAV, including attached power nodul e 33 and control electronics nodul e 35,
rotates | r]I'rfel b&b‘ér rfn%ulienﬂ ?’naasyei(rjlcl%é1 %‘ éx')\;[v ggrﬁrc}l %irgali{ gﬁg ?ﬁe %rive signal
20 generator (not shown). The power module 24 is electrically connected to the
transducer 14 by the electrodes and associated wires 16.

The electronic control circuit may be controlled remotely, for example by means
of an electromagnetic radiation remote control, with receiver 28 electrically
25 connected to the power and control module 24.

The body of an alternative NAV could be central with two or more separate
drivers and wing resonators mounted for better flight control (not shown).

30 More complex folds and intricate resonator spring profiled features can induce
snap transitional changes at wing stroke reversal to enable powerful active wing
rotation and other useful resonant frequency kinematic effects (not shown).



10 forces and increased |ift L, as the NAV becones a rotary wing aircraft
powered by its flapping and rotating wings 30, 31. Just one or any nunber
of fl appiwgQ 20iwgs3659fi ns or ot her means can be enpl oyed tProTiGRRODfIS28bDOr ed
resonator energy to directly or indirectly performwork in a 15 nmanner to
provi de | oconotion. If one danped res? ator is used, all the mass of the
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resonator R BskafibiratigURSA tnd 8BthaRGR! Gtig B dbifthg woul d
m r

be a flapping and rotating sing mto a sycanore

seed (not dsileakgn. Ilnforda!r@rtth@hem@oms?ﬁolQersubsamlaﬂmvemai@ed thedngth or is
used and t(ﬂetﬁe §| %rrﬂoﬁ'rﬁ%\?ﬁgge thagétjeﬁﬁréfﬁlet ﬂﬁl"n le nrtn' {é??o%ve{rﬁg(fﬁé on

torques work ag t each es no requrre an
i nerti al rfmerid)rMbreeevefmwsmosresponcbmogreatgaeﬁ&:tenc&rbéeaergyrtnauisf;elr.es are
conbi ngd in the enbodinent illustrated in Figures 7A and 25 7B, in which a

fourth“enbodi nent of a NAV 10c conprises a rotating NAV having two
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attached to the left resonator. The | eft resonator is mounted to the driver
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NAV's rotation so the NAV 10c can performfull attitude control by

I ncreasing the driver 5excitation signal anplitude at defined points al ong
i ts rotatiJustbngbrary ntimber obitappirey wings) fivey erasthegmlehs cah bteimuplpyvémt
Figure 8 ' ' ri ses

driving 38 B slored vspen 6Mnﬁﬁ%f§§39m@?ﬁ%mb%f%ggtlynag&w H‘@’”Fel\)ié\sa 50 and
70 15  manner to provide locomotion. If one damped resonator is used, all the mass of
the power and control parts would be mounted opposite to the wing so as the
resonator has an inertial mass to react against. An example of this would be a
flapping and rotating single wing NAV of similar form to a sycamore seed (not
shown). If more than one similar frequency damped resonator is used and they
20 are positioned oppositely, their anti-phase reaction torques work against each
other in a manner that does not require an inertial mass for the resonators to

react against.

These principles are combined in the embodiment illustrated in Figures 7A and

25 7B, in which a fourth embodiment of a NAV 10c comprises a rotating NAV
having two spring-mass resonators LS, LM, RS and RM but just a single wing
damper D1, attached to the left resonator. The left resonator is mounted to the
driver plate 12 oppositely to the right resonator. The left and right resonators are
tuned to a similar frequency and, under suitable drive signal control, flap the

30 wing D1 forcing the NAV 10c to rotate about its centre of mass C. Lift L is
produced by both the flapping and rotating of the wing D1.



10 are attached to each other using a rotary coupling R about their centre
of rotation. The wing D1 of the first RVA 60 is facing the opposite way
round t o wbeowatgesD2 of the second RVA 70 so that their PCOIGH20MER100
directions 61, 71 are opposite. The first RVA 60, which nmay be broadly
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control circuits nodule 37 provides t 15 NAV 50 with |ift L and attitude
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magnetic and optical sensors, much as the module 39 of the NAV 10c.

20 Figure 9A shows a sixth embodiment of a NAV 10d in which the transducer 14
has an electrically separated area 80 for stress-strain feedback sensing with two
attached wires 81 and 82 connected to the NAV’s controller electronics module
84 and sensor module 86 so that it can detect proper tuned resonance in the
correct driver excitation frequencies for maximum efficiency. The NAV 10d has

25 two pairs of wings: a larger pair 90 and a smaller pair 92, arranged symmetrically
about an axis along the longitudinal extent of the NAV.

Figure 9B shows a seventh embodiment of a NAV 10e in which its power and
control module 24 and sensor module 22 are attached below the driver plate 12

30 at a central point C on the RMA so as to express a minimal influence on its
balanced oscillating stress-strain components.



conprises two simlarly tuned conponents oppositely |ocated al ong anot her
axis 15 on the driver plate 12, offset fromthe axis of the first pair.
Only one wb 20hi®73¢3pi Ng- mass resonators RS2, RMWVR of the sert@Bropaiseiohas a

wi ng danper RD2 attached thereto. This wing RD2 provides attitude control
for the NAV. The opposite conponent of ,the second pair does not have a w ng
danper attached to it; its sole functizgn is to counteract the torque

t i d
roTent s " kY 98 60847 ke SRS BALR SRR ER
di fferent dpposingepringmsassp@sonadibes mdlintBS oppdsitely olthendniver plate 18F simlarly

tuned spring-nmass resonators LS3, LM3, RS3 and RMB 25 is simlar to the
second pair, but having the wi ng danper LD3 attached on the |eft side
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signal ' s Hesmue drivarplatatitselnattirdesn ihasakisequency. As | ong as the harnonic

content of the driver's excitation signal only contains frequency
conponents simlar to one or nore of the three pairs of spring-nass

resonat or sp ddagnd tpaer of | 'sﬁﬁﬁg -Aidsal r@§or\ﬂa\tb||s DSQKEMZ 2157 a'ﬂiUnRWThWMléét
efficiently maxim zing driver's oscillati n? stress 10 energy's
YT
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parti Gl ardy tl?éj\ﬂﬁ{?(% 1 AgaRH$2) Bﬁéaaﬁorﬁ%ﬁé‘ e bf He hgsg%ﬁt 0 lyf?ﬁﬁé of§hé true

tuned pair, cance out’ the torque nmonents uced e opposite
r esonat or smlngﬁeamres,onaiom&m M2 b the $enonﬂmauhbas aemngidammd%@Z(such 15

s 3 MoS)auRneh haly 1896 DR HR Bl RS AL /o o N Bl 1t 2l

pass thro a cen ol nt Iver Wl e under st ood
that rat hecrpp:olsae] cenrpongmteofstpelsegemm;aalr rdeesrmt chaye augingaaniiiss, atfabBedbei ng
used to cotun e act, the nonen

osite r|ng
r esonat or e o e bl vip Bhe GpRNBHARERAL SRR ros,
RVB caal d dpbosne spring-mass-damper RS2, RM2, and RD2. The tuned frequency of the

second pair LS2, LM2, RS2 and RM2 is different from the first pair LS, LM, RS
and RM.

A third pair of similarly tuned spring-mass resonators LS3, LM3, RS3 and RM3

25 is similar to the second pair, but having the wing damper LD3 attached on the
left side rather than the right and tuned to yet another different frequency. The
axis along which the third pair is arranged is offset from the axis of the first pair
by the same angle as that of the second pair, but in an opposite sense, so
providing a symmetrical arrangement along a longitudinal axis of the NAV 10f.

30 As with the single wing damper RD2 of the second pair, the one wing damper
LD3 provides attitude control for the NAV.



20 replaced by two or nore spring-mass danpers, all tuned to the sane
frequency and arranged so that their sumred nonents counteract those of the
opposi t e wpnong7a@Ess( - danper) resonator. For exanple, tReTGB2MYPSIEALS
resonator RS3, RMB could be replaced by a pair of |ighter-weight
spring-mass resonators arranged symebyically offset on opposite sides of
the axis along which the third 25 pair was originally aligned, the sum of
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t ransducermd, oftthd three %ﬂg o‘#’@W‘hq hﬁs@?@é&ia’l&s%@ﬁ thCdavst difaindwliwse 11B
shows the masses RM and LMin a | ow position towards the end of a 10 down

cycle. | n ktem 40 @AM uFh Whilkk eﬁﬁﬁnﬁg maxBizieg dheydsiver' e veeillating §tiess or ce
vectons ReReffk baherda 1d sderb@idBRABANLAE iRRosT ng ends RC and LC of

t he drlver taneously, torque force vectors RDU and LDU of
the driver pI ate 12, under the action of the transducer 14, try to bend up

t he opposi T e dor rce
vectors ex TZ% Qﬁﬂ% dl%[?% p[!a S'CLH"?” sg&\?es%i%qtugr @ héyggg% ptggrn%fefésgﬁ%o[' e torque
force vectantSamaetmaadbmgd phie aimceldang piuatiee 1ctque lmumnemtbqira@ﬂoml by treancel | i ng
out the driver. Iate @‘g‘? tglde QSCi Idl att}‘gﬁ% strah The en‘gﬁ of the
springs RS PRA! §39H3 r 1 theair, Witaguy theneed Py (Enepreaction measis{suthnnect i on
poi nt SSRCa%rhdnia@spr Pfeterablyy e@éﬂ’ﬂﬁbir is IScaictedlong fetpactivel dxdseipaeal pass a
central point C a result e stresses induced in the driver plate 12

by the osdifiough Wﬂt@éﬁgﬂﬁé@rthfﬁr%é Péner tlbwilhBe understeqd thah rathee,

def | ecti ongdn of éu'i@ed Y- mBé@t:‘ésorb&tbr lichsSiHI L | A3 Welitp fRedOto ener gy,
into progressively e strains along the |ength of the springs RS and LS.

Thi s resulopyn'iefﬁ%ﬂd%n‘@mﬁfﬁ%tfpi@ FHORRSSIte SPIiRgrs avs(-dam PED) resAnade suglb be

o epool et By UT e IR AU APk A A BN ST phase

condi 20on replaced by dwo ior e spengHmassrdamepateralt tuaad do e same fiegueoce t he

case, and arranged so that their summed moments counteract those of the opposite
spring-mass(-damper) resonator. For example, the spring-mass resonator RSS3,
RM3 could be replaced by a pair of lighter-weight spring-mass resonators
arranged symmetrically offset on opposite sides of the axis along which the third

25 pair was originally aligned, the sum of the moments of the replacement pair
equalling those of the spring-mass resonator RS3, RM3 (and equalling, but

opposite to, those of the spring-mass(damper) resonator LS3, LM3 (and LD3).

Figure 11A and 11B show two phases of an RMA with two oppositely attached
30 spring-mass resonators RS, LS, RM and LM in respective up and down cycles
when in resonant oscillation.



30 because damage from excessive strain is prevented. Two or nore

spri ng-nmass resonators can be so tuned and positioned on the driver plate
12 in a meoanirwo3ebf ect nultiple frequency sel ect abl e detorgmoiomsgionhat in
groups mnimze the driver strain. 26 Rather than having a separate
oscillatory transducer 14 bonded to t driver plate 12, the two conponents
could be forned as a unitary piece, f exanple by formng the entire piece

froma piegz A | ri s Al ' ' ctive
el uei on 100 A poERiEhBeet pl A By TR e gt Rt hifbf of 10| 0
density ofancuprayolel ylrathds Icabditiomathieespringenhss respnavars lexeftfterquenfoyces hor t

flight duratjan Lt nyi s d that for short djstance operations say
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el ect r Smadtiei SMuianeaysivn inraue Fce ¥eeotsRPRANd LD the Wévaegyﬁ’ﬂﬂft%(??at ed t hat

aspect s ofyidae thhétRinSorRBAHNER0ES HESRF 1oSchPEOWE tHe oBBsingE ehR@TRicNed Wi th
those of other enmbodinents in order to 'develop further alternative NAVs.

For exanpla®d liGie stress or strain sensor could be enployed in any of the
enbodi nents. Likew se, the power nodul e and/ or sensor nodul e of one

enbodi ment may be swapped for that of another enbodi nent. The principle of
t he pai r edrigunedd B gwovsathe msassiestRM aadihddiima law posifionytovarddthesendoef 20

AR R e R Ry R R
vectors RSD and LSD that try to bend down the opposing ends RC and LC of
the driver plate 12. Simultaneously, torque force vectors RDU and LDU of the
driver plate 12, under the action of the transducer 14, try to bend up the
opposing ends RC and LC.

15
Throughout the cycle, the torque force vectors exerted by the spring-mass
resonators tend to cancel out the torque force vectors exerted by the driver plate
12, thus substantially cancelling out the driver plate’s attempted wide oscillating
strains. The ends of the springs RS and LS that are attached to the driver plate

20 12 at connection points RC and LC preferably exhibit minimal strain with respect
to a central point C. As a result, the stresses induced in the driver plate 12 by
the oscillatory transducer 14 are converted not into strain (i.e. deflections) of the
driver plate, but, in an efficient transfer of energy, into progressively wide strains
along the length of the springs RS and LS. This results in wide energetic

25 deflections RO and LO suitable to be coupled to one or more dampers, such as
a wing, to perform work.

When piezoelectric material is used for the transducer 14, this 180° out of phase
condition means that it can be driven harder than otherwise would be the case,

30 because damage from excessive strain is prevented. Two or more spring-mass
resonators can be so tuned and positioned on the driver plate 12 in a manor to
effect multiple frequency selectable deformations that in groups minimize the
driver strain.



power source, sensors and control electronics then separately controlled
with different excitation signal anplitudes to offer several spatially
separ at e wbnost072&s8our ces suitable for attitude orient aPcorGcBRomaseion The
RMA engi ne principle works at a broad range of scales. For exanple, a |arge
RVA coul d be used with appropriately ggsigned | i ght -wei ght aero-elastic

Wi ngs to be a personal transporter as“attached to a controlling harness on
a 30 person's back. 27 or nass to react against and its driver typically
shows negligible strains whilst in operation, it's principle can be used to
make many Ratbhdutiiam having ws segarateoesaiitatonyctravestdacerall 4 bonded @b ftheidriver and have

much | ess uyn d vibration, .su ting framework or mass to rk

of foct | velRAtee 4 et anpoien SRR e fs B UntRudiess. I GmHE R one or
nore W ng f@anpgthe antirs prede o WpieZoddtee Aiditémd oo heRgRAh hsvingiat are
bonded subst ant i ahlﬁg@gg‘gpm tely on a piezoelectric driver plate. ese

r esonatsi nd"egral R§ IAér systens are excited to resonance by the driver
plate and anplify 10 the piezoelectric oscillating stress and sone residual

strains converting to a large rotational deflection suitable for driving
t he w ngs.Atmmeall sgales of argundthe sizerpbasioney beedbe pawer dengifyi sigusentiener gy

d ducj | WSt : |
motor . f uncl e BN hnVEidy W oblyFhr R FILRS soF eRliba ™, |,
strai ns i rthat for ¢boftl digtpnce) operatiohs nayrat ieesmieteradine EMAl baséad NAs/caresonant

i f.i i d.without, th f.pivotall | t
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and hi gh eddili for enstairiedetighty asdlichrtbd eednaggeriTchighi bplit hovaeinlg tkesi gn at t he

NAV scal e. .
electromagnetic field without the need to land.

It will be appreciated that aspects of the various embodiments described above
15 may be combined with those of other embodiments in order to develop further

alternative NAVs. For example, the stress or strain sensor could be employed in

any of the embodiments. Likewise, the power module and/or sensor module of

one embodiment may be swapped for that of another embodiment. The

principle of the paired tuned resonators of the embodiment of Figure 10 can be
20 extended to be applied in any of the other embodiments.

Some NAYV designs can consist of more than one separate RMA attached to the

power source, sensors and control electronics then separately controlled with

different excitation signal amplitudes to offer several spatially separate thrust
25  sources suitable for attitude orientation control.

The RMA engine principle works at a broad range of scales. For example, a

large RMA could be used with appropriately designed light-weight aero-elastic

wings to be a personal tranéporter as attached to a controlling harness on a
30 person’s back.

Piezoelectric actuation that uses small strains to do work is widespread in many
products, as the RMA engine typically does not need a strong supporting frame



20 As the RVMA notor and transm ssion mechani sns have no cl osely positioned
parts, friction induced nechanical engine failure, and failure due to

forei gn paotoolesesont am nation is | ow. 25 The cost of neowiGa2bUvS2108 | oW,
as the whole body of an RVA, including its resonator appendages can be
formed in one piece, by nolding, 3-D pkinting, extrusion and other

est abl i shed manuf act uri ng net hods. y manufacturing appropriately shaped

resonat or sor f8fd RAlket égmhgttafhdqfs &r\)ar .M%hgwlsmepﬁ@ﬁﬂe'ﬁ% ndMMEAEANt can be

realized, thus assisting wth conplex 7 nsect nemati cs, 1 ncluding
passi ve w%"@fdﬁfht IténpﬂnQB'eN@éﬁahes weedniel anakey mgny OTOdUESS | that bsei ngl e
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to nore t one driver Trequency OW ng nematl ¢5to be
per f or ned snppdﬁmgrfcanh@warﬁjansnassgowmk dffectmelya gnal to augnent fight

control5. 5 Preferably, the RVA, including the wing veins are fornmed, as a
single“part, although it could be formed as an assenbly of attached

sub- sect i dnsgerferalf ahaRMA thgin&Nanabel used sy ai NAVWIdihg Redormmdes fwiegn a | i ght
wei ght and, hi ' carbon and or ultra high nol ecul ar

h 10 t ile part usin
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mat eri al s, subdedhtiasy W&ﬂ@ly@ﬂé’bl&@éle@ﬂi@ cﬁ!ﬁ/épﬁlﬁf@ Thesé%%ﬁét%' ébrin e RWA's
vi brational driver is formed as a bi norph transducer wt ayers of

pi ezoel ectPRES-AANBEYT SYStYBH AR cxetashiogeperansedasther drivies Pl%@lyfindzﬂ"ﬂmkﬁhgh i t
nmay cqgfst 'thétﬁeﬂé%d?ﬁc %&lﬁatﬂilgeéﬂgése%h&'sco r}gﬁgueﬂaéﬂ ns YBRY %tt§
S O e a el ng
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opposi te tl@rg@n@t@timaheleflentionhwtabla/ﬁ)rpdiramrm IIE wingani THe tapidinvdeg steabd t hat

zlot thgﬁ)g;hcgdt#"&)‘%% g‘lrlr%r%h%%n‘{ twgﬁf‘a él ke?trwggﬁﬁi ﬁé@%ﬁq %aé%@éh@nwggé one or
nmor e furt hertexdast. i One deearsis (ebe fdrall nactdr funatiarks. nrasses or addi ti onal
resonators) is enployed to bal ance out the forces.

15  As the amplification of the stresses and small driver strains into wide flapping
wing kinematics is achieved solely by resonant movement amplification and
without the use of pivotally coupled paris or other types of kinematic pair, the
engine offers low friction, high speed and high efficiency ideally suited to
micromechanical insect design at the NAV scale.

20
As the RMA motor and transmission mechanisms have no closely positioned
parts, friction induced mechanical engine failure, and failure due to foreign
particle contamination is low.

25 The cost of manufacture is low, as the whole body of an RMA, including its
resonator appendages can be formed in one piece, by molding, 3-D printing,
extrusion and other established manufacturing methods.

By manufacturing appropriately shaped resonators, definable amounts of 3-D
30 passively compliant movement can be realized, thus assisting with complex
insect flight kinematics, including passive wing rotation.



25 The engine itself and the nechanisns for driving the wings nmay be forned
as a single conposite part. This solution reduces the weight of the

i nsect - siwe 2dewvi7a@9and i s capabl e of produci ng hi gh w ngCham20fowrisepeenci es.
The device replaces the thorax exoskel eton, the dorso-ventral and

dor so- | ongi tudi nal insect nuscles w't Iésone flexible part. 30 A single
spring-nmass resonator and driver does not exhibit w de deflections at

resonance ' i A tgt: Lt e driver
<ot aoned Ot Tolrdhgl 8 Iy (S (I5s YGRS Sart ARUPEATEE hapll 1ohale™ O i o
the 29 couetecthabengirespnanirmechaniclviespensei tb mowe thiat ong diiverdeequenonat or s
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spri ng- masdriveesignalk toraughidnt éightigontral. ground. The engi ne may conpri se either
a nunb%r of discrete elenents assenbl ed together, such as separate driver
pl ate Y2, transducer 14 and spring-mass resonators, or nmay be fornmed from a

cont i nuousPrafdrabl9f thd HMA WRictidind tHE Wit Selrne afedidrmedmated istigle péf,
2011/ 073659PCT/ (3B2010/ 052100 30 CLAI M5 A resonance engi ne, conprising: a
driver pl @bough itgeuldbe torpedssan agsembhsef liashed sub-saetiang. ¢ r ansducer ;

Preferably the RMA and wing veins will be a made from a light weight and high

10 tensile part using carbon and or ultra high molecular weight polyethyle'ne fiber
composites; although it may constitute other materials, such as carbon
nanotubes and graphene.

Preferably the RMA’s vibrational driver is formed as a bimorph transducer with
15 two layers of piezoelectric material bonded to opposite sides of the body,
although, it may constitute one or more piezoelectric bonded parts.

Whereas the respective pairs of resonators have generally been described as
being opposite to one another on the drive plate 12, it will be understood that

20 they could be slightly off-set from such a symmetrical alignment, although such
an arrangement would likely be less efficient, unless one or more further reaction
means (whether additional masses or additional resonators) is employed to
balance out the forces.

25 The engine itself and the mechanisms for driving the wings may be formed as a
single composite part. This solution reduces the weight of the insect-size device
and is capable of producing high wing beat frequencies. The device replaces
the thorax exoskeleton, the dorso-ventral and dorso-longitudinal insect muscles
with one flexible part.

30
A single spring-mass resonator and driver does not exhibit wide deflections at
resonance when on a light wire tether unless the opposite end of the driver is
attached to a heavy base (ground) to act as a reaction means to isolate the



5a drive signal generator connected to the oscillatory transducer for
excitation thereof; a first spring-mass resonator, having a first natural
resonant woegquarsss9 with a proxi mal end attached to theprdriGBzoiopisatoe and a
free distal end; and a reaction neans attached to the driver

pl ate substantially opposite to the 1(§t|9i rst spring-nmass resonator;

wherein when the oscillatory transducéi is excited by a drive signal from
the gener L QImlAvEAding FRARAEN! HBlvellr, Of 478 _hitnSiiflabl [RboRAGH Bhe  esOnant
frequency, e firs pring-nass resonator oscillates~at resonance,

subst ant i amoynied Wnoppeditesend® aof e diiver; evotbl resenateds prodiice laegomdnge engi ne

ol cct ri cai Sl TaR S S plub oMl R ACATE R 45 FEHRRD el dREE i e of
cl aim 1 ormab@resohatomMdthed virttidiggro@ad:t i on nmeans 20conpri ses a second

spring-mass resonator nounted substantially symmetrically to the first
spri ng-hass resonator on the driver plate. 4. The resonance engi ne of

claim 3, whes &ingirehmayessmsriseP bithér BBRIMb&S 8N Aisefote aeMBABUASSEMBled
i sol ati on, has a second natural resonant frequency, 2bdifferent to the

first natUPgpthebssvdhast seRplieigcyriver plate 12, transducer 14 and spring-mass
resonators, or may be formed from a continuous part of light-weight high-tensile

modulus material.



5. The resonance engine of any preceding claim wherein the spring of the
or each spring-nmass resonator, together with the driver plate, conprises a
Z- bend W¥0 2011807862 n t he pl ane of the driver plate, th&CHBAWAS2WAD of
the Z- 30bend being contiguous with the driver plate. 6. The resonance
engi ne of any preceding claim wherein the driver plate and the or each
spring are forned integrally with one3@nother as a unitary piece. WO

2011/ 073659PCT/ (3B2010/ 052100 31 7. The resonance engi ne of any preceding
claim fur annnising a discrete mass attached at or near the free
distal end of the or each spring-mass resonator. 5 8. The resonance engine

of any of {cl ai PBregonhc@ engind\R8r@kiBinghe first spring-mss resonator further
conpri ses a danper nount er? at tf@lrfrge di stal end of the spring, thereby

form ng a firs@ dper plgtanie whithnp epuplpd atleaston %mﬁlat@scbmadecmngi ne of f
[ ' : [ | resonan engi ne o
claim S vhen deohhe SHER et Seliel B e usblEie S RNGERRS

claim?9, when dependeni o aim ( .
r esonat or ekcitativethereofori ses a danper nounted at the distal end of its

spring, thereby fef hiih AaSEFORhat AR frel ATREL RLSEST rdduency,
with a proximal end attached to the driver plate and a free distal end; and
a reaction means attached to the driver plate substantially opposite to the
10 first spring-mass resonator;
wherein when the oscillatory transducer is excited by a drive signal from
the generator having a component at or close to said first natural resonant
frequency, the first spring-mass resonator oscillates at resonance, substantially
in anti-phase to the driver plate.
15 |
2. The resonance engine of claim 1, wherein the drive signal generator is
adapted to generate electrical signals of variable harmonic content.

3. The resonance engine of claim 1 or claim 2, wherein the reaction means
20  comprises a second spring-mass resonator mounted substantially symmetrically
to the first spring-mass resonator on the driver plate.

4. The resonance engine of claim 3, wherein the second spring-mass
resonator, as measured in isolation, has a second natural resonant frequency,
25  different to the first natural resonant frequency.

5. The resonance engine of any preceding claim, wherein the spring of the

or each spring-mass resonator, together with the driver plate, comprises a Z-

bend when viewed in the plane of the driver plate, the proximal end of the Z-
30 bend being contiguous with the driver plate.

6. The resonance engine of any preceding claim, wherein the driver plate
and the or each spring are formed integrally with one another as a unitary piece.



11. The resonance engine of claim 10, wherein the danper of the second

spri ng- mass- danper system conprises a wing. 12. The resonance engi ne of
claim 11, WaReHd7360Phe wi ng of the second 20spri ng- mass- 8&kEdR20ENS2Wh f aces
the sane direction as the wing of the first spring-nmass-danper system

13. The resonance engine of claim1l, wherein the wing of the second

spri ng- mass- danper system faces in an bpposite direction to the wing of the
first 25 spring-mass-danper system 14. The resonance engine of claim 3,
or any cl ai mdependent thereon, further conprising at |east one additional

spring- mass reStieatasonahtdaigthd of targ Eféc\éé_fngpbl@hﬁ,- fitther loomgdriing @sonance
engi ne of claim 14, wherein the or each additional spring-mass resonator
has a res ¢lo dnaes faghed & onARer thedtpeedietal endiof the er eachrsnfingtmassat  of
the first regiriafg mass resonator. WO 2011/ 073659PCT/ GB2010/ 052100 32 16.
The resonance engi ne of claim 14 or claim15, wherein further said
spring®nass resonators formlegs extending to make contact with the ground

and vi braigabl e 7hg Bs SN enlghePSONCS dfss e 42t LIRGamahs Aist spring-

mass resonator further comprises a damper mounted at the free distal end of the
spring, thereby forming a first spring-mass-damper system.

10 9. The resonance engine of claim 8, wherein the damper comprises a wing.

10.  The resonance engine of claim 9, when dependent on claim 3, wherein

the second spring-mass resonator further comprises a damper mounted at the

distal end of its spring, thereby forming a second spring-mass-damper system.
15

11. The resonance engine of claim 10, wherein the damper of the second

spring-mass-damper system comprises a wing.

12. The resonance engine of claim 11, wherein the wing of the second
20  spring-mass-damper system faces the same direction as the wing of the first
spring-mass-damper system.

13.  The resonance engine of claim 11, wherein the wing of the second
spring-mass-damper system faces in an opposite direction to the wing of the first
25  spring-mass-damper system.

14.  The resonance engine of claim 3, or any claim dependent thereon, further
comprising at least one additional spring-mass resonator attached to the driver
plate.

30
15.  The resonance engine of claim 14, wherein the or each additional spring-
mass resonator has a respective natural resonant frequency that is different to
that of the first spring-mass resonator.



5 17. The resonance engi ne of any preceding flainh rhereiﬂ the oscillatory
transducer conprises at |east one material selecte romthe group
consistiﬁgoéﬂgﬁﬁﬁﬁpezoelectric material; a dielectric eP&3{@REI/TRI8rI al ;
an el ectronechanically active material; an el ectromagnetic-nechanically
active material; a source of 10nuclear direct collected-charge-to-notion

i nduced oscillation. 18. The resonané@ engi ne of any preceding claim
wherein the driver plate and the oscillatory transducer are forned
integrally as a unitary piece. 1519. The resonance engi ne of any preceding

laim furtéer Trempesopance aingireast ckid O8-QOSER PEBMBIhGEI BftheP &lfFt ed from
the g Patte rechar geabl e batter a nucl ear battery;

ETpesamang : o
:[ahgelglr ;oug sf%gigagﬂll%%g%sé’%é@?% ,%arr lﬁﬂga‘?’dé@ﬂmg ta maka C@@BP‘YWEU the.graend esonance
engi ne of anddlibiakible Wehithiel BPradudeRibsfBPioPANBLioour ce 1 s T echar geabl e

by at | east one energy source selected fromthe group consisting of: |ight
I mpi ngPng on said solar cell; electricity generated through external

i brati [+ st iqRal H~RLEZ0 | Co LI u c.radi o-i S0t opi c
Gecay: fual’ f orihespRancd Efialecromye hdcebing, BB, iyt 39 Sspnitonf
di f f er ent it@nsddgear sompsises at leasl onzomptariasélédted fonelheqjrous adbngidtivigasty . 21. The

resonance enqi . ecedi cl ai further conprisin n on- board
recei ver aadgi%t'zgﬁe@éc ﬁ%@ﬁ%’égaﬂgg&é@tqﬁ{%@ﬂ QPE%ﬁ'a"e?'é@hCHﬁH%ﬁg?P‘Ea'@’ner gy
i nto el ectactivmlmaiadalgyn &éctromagnetic-mechanically active material; a source of

10 nuclear direct collected-charge-to-motion induced oscillation.

18.  The resonance engine of any preceding claim, wherein the driver plate
and the oscillatory transducer are formed integrally as a unitary piece.

15 19.  The resonance engine of any preceding claim, further comprising at least
one on-board power source, selected from the group comprising: a battery; a
rechargeable battery; a nuclear battery; a cell; a rechargeable cell; a solar cell; a
fuel cell.

20 20. The resonance engine of claim 19, wherein the at least one power source
is rechargeable by at least one energy source selected from the group consisting
of: light impinging on said solar cell electricity generated through external
vibrational stimulus of said piezoelectric transducer; radio-isotopic decay; fuel for
the fuel cell; electricity generated by a heat differential; direct electrical coupling

25  to an electrical charger.

21.  The resonance engine of any preceding claim, further comprising an on-
board receiver adapted to receive and rectify external electromagnetic energy
into electrical energy.

30
22.  The resonance engine of any preceding claim, further comprising a stress
or strain sensor connected to the driver plate to detect forces thereof.



WO 2011/ 073659PCT/ GB2010/ 052100 33 23. The resonance engi ne of any
preceding claim further conprising at | east one sensor selected fromthe
group cor¥POIIAY3GP: an attitude sensor; a position sen®6T/GRROHVISEWPI on
sensor; a notion sensor; a |location sensor; an inertial sensor; a gyro
sensor; a magnetic sensor; a light sensor; a proximty sensor; a scanning
5sensor; an altitude sensor; a cameras324. The resonance engi ne of claim

23, wherein saigd at | east one sensor is ca | e of detecting the engine's
rotat i onalngr i gﬁ?é%?%”ﬁft%gm&‘g@&y qrgc%{:ﬁ@gpggan,ffpgp@r %9’“?%?“89 ahleast "25. The
r esonance oasglengorodelsdtad Ifi’oaﬂthev@@nﬂ%ﬁ@i@ﬁ#@bf: QAR AtiRHE @36 208bsiig M 9 or

claim 13, wherein an output fromthe at |east one sensor is fed to the
drive si gﬁﬁﬁ‘s‘ﬁéﬂgfrﬁ?tlﬂn J4Rsan PdBatAt ReNSO6 A weatien senseyirarhineriabsensorve

si gnal s f"afq%é Beng?Ng htldPletivsbhsdrOh ﬁ%htogén%r;tahﬁo?m nsof & scHffidgESonance
engi ne_of cl'aim 25, further conprisinhg a second such engr e Fount @d t her et o
by a rdt af§nIBup flidegesseny aanersecond engine is controlled so as to hold
a fixed rotational position with respect to said fixed frane of reference.

27. The resonance engi ne of any preceding claim further conprising nmeans

t o oper at 84t heTHeiresorsingaaingirenef alaon 23¢nicediy .sakBat [Hast bas aeABGEisengi ne of

claim 3, | ai m,. dent thereon, wherei.n 25 the spring-mss

r esonat or gé%@gélso ﬁ C@h%?«ggsgﬁ% QOGRS origatatign yyjth fespeet Fﬁ)gﬂnﬁiaeg

gener at edframetdiecfessgect i ve spring-nmass resonators substantially cancel
each 6her out and substantially cancel out the torque force nonents of the
driver plate, thereby resulting in a systemin which substantially all

energy inpst tThé hesohan¥€enBlndt 6 ¢igint PANGALA (RAcherdtth SRl @aﬁ@%ﬁ
3 I h rather than

resonators for defection of the free 30di stal ends thereof,

resul ti ng®/Rif" SRR 1hwheseinen oWyt isemithe atileagskenppensor ivted i thesonance
engi ne asqify Rk YeRErtSIER Y feB8BadM ibBp $6%8"t6 G fcrBnikE Grids SRYMBRAWMY

dr awi ngs.
the generator with rotation of the engine.

15
26. The resonance engine of claim 25, further comprising a second such
engine mounted thereto by a rotary coupling, whereby the second engine is
controlled so as to hold a fixed rotational position with respect to said fixed frame
of reference.

20

27.  The resonance engine of any preceding claim, further comprising means to
operate the drive signal generator remotely.

28. The resonance engine of claim 3, or any claim dependent thereon, wherein
25 the spring-mass resonators are so tuned and arranged that the torque force
moments generated by the respective spring-mass resonators substantially cancel
each other out and substantially cancel out the torque force moments of the driver
plate, thereby resulting in a system in which substantially all energy input to the
driver plate is transmitted to the spring-mass resonators for defection of the free

30  distal ends thereof, rather than resulting in substantial deflections of the driver plate.

29. A resonance engine as hereinbefore described with reference to the
accompanying drawings.



