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Abstract

Conventional electromechanical actuators cannot independently produce flapping-wing motion and typically require compli-
mentary mechanical transmission mechanisms to achieve that motion. Hence, the selection and design of electromechanical
actuators need to be considered in parallel with the selection and design of mechanical transmission mechanisms. The article
presents a review on the mechatronics-based flapping-wing mechanisms applicable to micro air vehicles, which have been
reported so far in the literature to the best of authors’” knowledge. The contribution of this review explicitly illustrates a design-
map showing all the possible mechatronic methods to synthesize flapping-wing mechanisms, highlighting both attempted
approaches in literature and unattempted approaches, which can be investigated in the upcoming time. The comparative
discussion highlights both the capabilities and design-trade-offs of all the approaches to produce flapping-wing motion in
their own way. The research gap recognized by the design-map presents the scope of future investigation in this domain.

Keywords Flapping wing - Micro air vehicle - MAV - Robotics - Bio inspired - Bio mimicked - Mechatronics

1 Introduction

The lift producing aerodynamic models for the fixed-wing
and rotary-wing aircraft have been thoroughly explored and
established over the last century. However, the flapping-wing
aerodynamics and its associated aero-elastic interaction have
received meager attention due to their complexity involved
at low Reynolds number regime. Therefore, the engineers
have preferred to adopt bio-mimicking instead of devel-
oping flapping-wing MAVs from the first principles. The
bio-mimicking approach is a guided approach, which pro-
vides an insight to estimate the wing material, wing structure,
wing dynamics, body mass, geometry, and the actuation
technique to make an initial design of a flapping-wing micro-
robot. The study also helps to roughly correlate the lift force
with the wing structure and wing dynamics. The natural fly-
ers, such as, few species of insects, bats and birds fly at low
Reynolds number regime [1]. The exploration and analysis
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of such flyers provides a preliminary knowledge to initiate
the design of bio-mimicked flapping wing MAVs [1,2].

1.1 Wing Actuation in Natural Flyers

Both the hovering and maneuvering flights are common in
natural flyers. We find various wing kinematics in natural
flyers due to their extensive morphological diversity. Fig-
ure 1 shows the locus of the wing tip relative to the body
for different natural flyers during their flight [1]. Unlike the
birds, which can flap their wings in a vertical plane and can
change the pitch angle of the wing by a small amount during
flight, the insects can flap their wings in horizontal plane and
can change the pitch angle of the wing by a large amount
during flight [1]. The wing structures of some natural fly-
ers, such as, birds and bats, are extremely complex, since,
their wings consist of muscles, which are distributed over
their whole wings. This type of bio-mechanism causes active
wing actuation [1]. Whereas, the wings of insects do not
contain any muscle [3] and are actuated and controlled from
their thorax. This type of bio-mechanism causes passive wing
actuation. The complexity of passive wing actuation is less
than the complexity of the active wing actuation. Based on
the actuation inside the thorax of insects, the actuation mus-
cles are further classified into two categories: synchronous
flight muscle and asynchronous flight muscle (Fig. 2) [4].
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Fig. 1 Locus of wing tip relative to the body for different flyers: a
albatross, fast gait b pigeon, slow gait ¢ horseshoe bat, fast flight d
horseshoe bat, slow gait e blow fly f locust [1]

Actuation by synchronous flight muscles is synchronized
with the neuro-controlled signals. These muscles can con-
trol each wing directly and cause direct flight [3]. Whereas,
actuation by asynchronous flight muscles is not synchronized
with the neuro-controlled signals. These muscles expand and
contract the thorax to actuate both the wings simultaneously.
This is known as indirect flight [3]. In direct flight, individual
wing control is possible, whereas, in indirect flight, individ-
ual wing control is not possible since both the wings always
flap simultaneously. Deora et al. have investigated that the
functionality of bio-mechanical flapping-wing mechanism
in insect can be modelled using conventional fundamental
mechanical elements, which are used for making mechani-
cal mechanisms. Figure 2¢ shows a schematic representation
of a Dipteran thoracic mechanism using conventional funda-
mental mechanical elements [5]. The discussion leads to a
conclusion that the indirect flight actuation technique (Figs.
2b, 3) is the simplest technique for flapping wings among
all the flyers, which are available in nature. This conclusion
is also supported by the publication statistics, which is dis-
cussed in the concluding remarks section at end of this article.

Apart from the flight muscles, the bio-mechanical trans-
mission mechanisms are also integral elements, which are
tasked to produce flapping wing motion with desired wing
kinematics [5], [6]. Further research has shown that the body
structure of the natural flyers also contributes to flight dynam-
ics to some extent. Extensive physiological investigation has
revealed that the morphological features, such as, shape,
size, venation pattern, compliance, flapping frequency of
the wings, actuation muscles, bio-mechanical transmission
mechanisms, body structures of natural flyers exhibit con-
siderable diversity in nature. Also the availability of various
wing kinematics, which are shown in Fig. 1, discard the logic
to adopt any specific wing kinematics assuming that is the
best option to mimic a bio-inspired design. There is no evi-
dence in literature to conclude whether this morphological
diversity is because of bio-material limitations or for bene-
ficial flight performance [7]. This might have happened due
to constrained evolution. This ambiguity also motivated the
researchers to pursue bio-mimicking of any flying species
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Fig.2 Wing actuation by a Synchronous flight muscles, which are also
known as Direct flight muscles b Asynchronous flight muscles, which
are also known as Indirect flight muscles [4] ¢ Schematic diagram of the
Dipteran thoracic mechanics, which is associated with flapping wings

(5]
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Fig.3 Classification of wing actuation technique in natural flyers

expecting that all the natural flyers inherit efficient and opti-
mized biological design obeying their respective constrained
evolutionary footprint. This provides flexibility to mimic and
customize any wing-flapping mechanism and wing kinemat-
ics, which can satisfy the engineering requirements.

1.2 Bio-mimicking and Design Constraints

The preceding discussion indicates that the indirect flight
actuation technique (Figs. 2b, 3) is the simplest wing actua-
tion technique among all the natural flyers. As a consequence,
most of the investigators have attempted indirect flight
mechanism to design and develop bio-inspired flapping-
wing robots. As applicable to existing aircraft, light vehicle
weight, high pay load capacity, high energy efficiency, long
endurance and controlled maneuvering are the prime fea-
tures required in any flapping-wing MAV. The manufacturing
technology faces many challenges to achieve these features
along with the structural miniaturization. For instance, the
development of bio-inspired flapping-wing MAVs face chal-
lenges because of the unavailability of proper actuators and
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mechanical transmission mechanisms, which will exactly
match the quantitative characteristics of bio-muscles and bio-
mechanisms. Therefore, the endeavor of the developers is
limited to develop mechanisms to achieve the indirect flight
kinematics with the available technology, which is not the
exact replica of the targeted bio-muscle and bio-mechanism.
The increasing demand for low-speed MAVs has led to the
development of such designs.

The scope of the present review is confined to the elec-
tromechanically actuated flapping-wing mechanisms, which
have been attempted so far by several researchers. As already
mentioned, available electromechanical actuators can not
solely generate flapping-wing motion and always require
complimentary mechanical transmission mechanisms to pro-
duce that motion. Therefore, the review will be carried out
considering that the selection and design of electromechani-
cal actuators need to be considered in parallel with the selec-
tion and design of mechanical transmission mechanisms.

2 Choice of Electromechanical Actuators and
Mechanisms

The function of asynchronous flight muscles (Fig. 2b), which
cause indirect flight, can be synthesized electromechanically
in various ways. Several types of electromechanical actuators
and associated mechanical transmission mechanisms, which
can be used to synthesize such flapping-wing motion, are
illustrated in the following section.

2.1 Choice of Electromechanical Actuators

Based on the excitation signals, the electromechanical actua-
tors can be classified into two categories: (a) voltage-driven;
(b) current-driven actuators. Voltage-driven actuators will
provide longer endurance time. In reality, we drive flap-
ping mechanisms either by battery or by electrical power
adapters. Both are voltage source, which by its definition
supplies current for constant voltage. A battery stores elec-
tric charge and later depending on the load, it supplies
electric current ensuring that the source voltage remains con-
stant. We need current in both voltage-driven actuators as
well as in current-driven actuators. However, voltage-driven
actuators draw less current than the current-driven actua-
tors. Therefore, current-driven actuators have a tendency
to exhaust the battery faster than the voltage-driven actua-
tors. For this reason, voltage-driven actuators can provide
longer endurance time than current-driven actuators, if both
are operated by sources having equal amount of charge stor-
age. Electric motor, solenoid, shape memory alloy (SMA)
actuator, bimetallic strip, etc. are representatives of current-
driven actuators. Whereas, piezoelectric actuator, dielectric
elastomer actuator, ionic polymer metal composite (IPMC)
actuator etc. are representatives of voltage-driven actuators.

Electromechanical actuator

Assembled structure | Single Structure |
D I —

| 1 Ny
Electrostatic| | Bimetallic
| actuator actuator
\_“ " J\ 4

] r
Electromagnetic| [ ppyvic
linear motion actuator
.| generator (
Electromagnetic |\ >
. Motor y ] I 2 T T
e Piezoelectric | [ SMA actuator | [ DEA |

I \
. Motor

Piezoelectric
Motor

Fig. 4 Type of electromechanical actuators on the basis of structural
design

Current-driven actuators are superior over voltage-driven
actuators for providing both higher block force and larger
deflection. However, voltage-driven actuators are superior
over current-driven actuators for providing higher energy
efficiency, and hence, the longer endurance time for flying-
systems. Therefore, considering the trade-off between the
energy efficiency and wing deflections, which are required
for flight, the choice of actuator is not a straight forward
decision. Hence, the trade-off between several properties of
actuators has kept the actuator selection process open, and
the designers and investigators have attempted various actua-
tors to design bio-inspired flapping-wing robots. Apart from
this, the structures of electromechanical actuators also have
impact on the miniature flying robot designs. The structures
of the actuators can be classified into two main categories
(Fig. 4): (a) Assembled structure; (b) single structure based
on their constructional designs.

Electric motors, piezoelectric motors and solenoid-type
actuators are representatives of assembled structures. Con-
ventional actuators such as the electric motor and solenoid
utilize electromagnetic induction principle, and contain mov-
able or sliding parts in them [8]. Whereas, piezoelectric
deflection-actuators, Shape memory Alloy (SMA) actuators,
ionic polymer Metal Composite (IPMC) actuators, Dielec-
tric Elastomer Actuators (DEA) are representatives of single
structure or monolithic actuators. These single structure actu-
ators generally belong to the smart material family [9].
Piezoelectric actuators are preferably piezoceramic actuators
to develop high block force through high stiffness. Piezoelec-
tric actuators and SMA actuators are induced strain actuators,
which are often called solid-state actuators [10]. Smart
material actuators are single structure in nature and exhibit
enormous potential in miniature integrated systems design.
In the design of flapping-wing mechanisms, an electrome-
chanical actuator is expected to behave like a single-stroke
actuator [10], which is typically an inherent property of
smart materials-based actuators. Apart from the positive
features mentioned above, the smart materials-based actua-
tors provide high configurability, high customization facility,
multi-functionality, high integrability, high scalability, high
damage tolerance, and compactness [10]. Table 1 compares

@ Springer



105-120

International Journal of Aeronautical and Space Sciences (2023) 24

108

agejjoa
Sunerado ySiy
K104 Jo JuowdInbay

asuodsax

JSeJ “I0)EN)OR

ajons o[Surg
‘uonodapgep Y3IiH

a3e)joA SurALp
ySiy K104 ‘urens
9%00¢ 1oA0 d[qede)

SOx

SOx

Or1oA

puesnoy jo a3uel

oy ur A[reord4y)
a3eyjoa Y3y K10p

amonns d[Surg

ON
06 — 09
(o[oka/sw
Jo a3uer o)
ur A[reardAy) wnipajy

wnipa

(wo jo o3uer
oy ut Aqreard£)y) ySty

mmonns
) Jo ssauyns
JLjowwAse
01 onp uonerado
10§ paxmbaz
wsTuRyOIW
Sunoysar ‘osuodsar
mo[§ ‘Kouaroyje

AS10U9 MO

Jojenjoe ayons
9[3uIg ‘9210 }20[q
Y31y ‘UOnOdYAp YSIH

Kysuop
K31oua y3y K1op

ON

SOX
(erodury
M3J Jo oFuer
oy ur A[reard£y)
JuaLInd Y31y

monns 9[3urg

ON
¢ >
(€SI
M3J Jo o3uer
oy ut A[reardAy) mors

YSIH

(wd jo a3uer
oy ur A[reord4y) ySty

RIS (ON

Sunerado ySiy

Jo Juowarnbay
‘UonOdPIp MO

asuodsar
Jsej ‘10Jen)oe
yons J[3uIg
‘Joremoe Juerdwod
A[reamonng

‘2910 %20[q YS1H

a3ejjoa Sunerado
y31y ‘ermonns
Jouuerd ordug

SO

SO

(1oA pazpuny

M3J Jo oSuer

ay ur A[reord£)
a3ejjoa Y31y

amonns 9[3uIg

ON
0¢€ — 01

(10Ko/s71 Jo 28uex
yy ur A[redrdAy) 1seq

wnipaN
(w7 parpuny
M3J Jo a3uer ay)
ur A[reardAy) wnrpajy

asuodsax
MO[s ‘AOuOYJ
A310U9 MO

101EM)OR
ons J3uls
‘1orenoe Juerjdwod
A[reamonng

‘2010 20[q YSIH

uonoI9es
s[eLIojew Jsa5e|
‘SOLIIOWO0T [NBSIOA

SOx

SOx

(orodury

M3J Jo da3uer

oy ur A[reord4y)
JuaLmd YySIHg

amonns d[Surg

ON
G >
QRIS
M3J Jo a3uel
Ay ur A1jeord£y) mols

UsSIH

(ww jo a3uer ayy
ur A[reardAy) winipajy

UoModYP [[eWS
K19 ‘Anpowod3d
Sunerado [rews K1oA

asuodsax
jsey ‘101enjoe
ayons JSurg
‘10jemyoe Juerdwod
A[remyonng
‘Louaroyye

AS1ou2 Y3ty

ssao01d
Sunmoeynuew
SINHIAL se1mbay

SOX

SOX

(JJOA M9 Jo oFuel
oy ur A[reordAy)
a3e)j0A WINIPIN

monns 9[3urg

ON
06 <

(a19K9/s71 Jo a3uex
oy ur AqeardAy) iseq

MO

(wu paspuny
MJ Jo aSuer
auy ur A[reardAy) mo

“are A1p ut

sdoip aoueurioyrod

Ay L, Jojemoe oy}

Ul JUIUOD AINISIOW

uo spuadop

Aysy uonemoy
9010§ Y00[q MO

J0jen)oe aons
9[SuIg ‘armonns
jueridwo)
‘uondAYP YSIH
‘a3eyjoA Sunerado

MO Jo JuawaInboy

J0jen)oe Ay}

U1 JUUOD INSIOWL
uo spuadop
QouBWLIOJID

SOX

SOX

(JJOA M3J Jo oSuel
oy ur A[eardAy)
23e)[oA MO

monns A[3urs

ON

(o[oKd/sw parpuny
M3J Jo oFuer A
ur A[eardAy) wnrpay

MO

(wo jo oSuex
oy ur Aqreard£y) yStg

jueridwoo-uou

A[rermonng ‘uonerodo

10J WSIURYOIW UMOP

days Kouanbaigy panmbay

‘J0jRN)OR 9YONS-9[3UIS

JON ‘Teuonejox

A[reuonouny ‘Sunurid q¢

juapuadopur 0y o[quedwod

jou ‘syred [eurdyur Surpifs
UM 2IMONDS PIA[qUIASSY

asuodsar 1sey ‘Kouaroyje

AS1oud yS1y ‘uonoayep
yS1y ‘onbioy ySiy “10qo1
Suiky oz1s 31q 10j 9[qeINg

‘puesnoy)
M9J Jo 19p10 Ay} Jo A[reardKy
Y31y A10A ST NI 991

ON

ON

(Vw paipuny maj Jo ouer
Ay ur Areard4y) Juarnd ySiy

PI[qUIASSY

(ySry K10a
st widx o213 [eo1d£) 0UIS) SO

06 <

(o10Ko/su1 maj
Jo d3uer oy ur A[eordKy) iseq

Y3IH

(wo jo
a3uer oy ur Apeord£y) ySiy

(eAnoadsiad

WISTUBYOIW

Suim Surddey
wol]) uone) I

(eAnoadsiad

WISTUBYOIW

Suim Surddey
wo1) o3ejueApy

AON
amonng juerjdwo)

10)eN)oR
ayons 9[3uIg

Kq pareradp
ad£y aimonng

paxmnbax
umop days Kouanbaig

(9) @8ue1 Kouaroyyg

uonenoe Jo paads

2010J/onb10)
WNWIXBA

UOT)OOPAP WNWITXBIA

I2A9[NURD Juipuaq 12A9[NUERD Suipuaq arerd 2Imonns Anowoa3d
I9PUSIXa Jeaur] [RLIOJRWIIQ QAN ydiowrun ‘ydiowrg I9AQ[NURD Surpuag [a[rered 9ALIp quo) I9A9[NURD SuIpusg [BOLIPUI[AD SPISUL A[qUIISSY saneuasaiday
UONBULIOJOp
ONSB[2-00SIA 109150
Sursnes oZueyp oseyd o1o9[9-0za1d urens paonput
SSaMS [[OMXBIN paonpur A[rewiay g, 9SIOAUOD) uorsuedxs [ewLay [, 9010 ONLISONIJH A[reorwayo-ono9[g anbioy onsuSewonos g ordound SuneradQ
I0AQ[IIURD
IOWI0)SE[D OLII[I( VINS O10320Z31d ISAI[NUEBD OI[[RIAWIg ST1BISONIAT DINAT I0JO]N

[6T-LT°€T11°01] uS1sop AVIN Suim-Surdder ur L)1[1qens I10y) puyy 0) SI0JeN)OE [EITURYIAWOINII[I SNOLIRA Jo uosLredwod odueuriojiod | ajqe]

pringer

Qs



International Journal of Aeronautical and Space Sciences (2023) 24:105-120

109

the performance of selected electromechanical actuators
[11]. The comparison shows that the efficiency in electro-
static actuation can exceed 90%. However, the geometrical
dimensions of electrostatic actuators are not suitable for this
application [12]. Thermal actuators, namely, bimetallic strip
and SMA structures, are current-driven actuators, and exhibit
very low energy efficiency (< 5%). The dielectric elastomer
actuators exhibit 60% to 90 % efficiency, but require very
high operating voltage (typically in the range of kV), which
is difficult to generate internally considering the constraints
of MAVs. Researchers also investigated IPMC actuated flap-
ping wing mechanisms [13-15]. Although IPMC actuators
can produce large deflection at low voltage, but these actu-
ators exhibit low bending stiffness, and hence, low block
force, which impedes their ability to overcome aerodynamic
drag during flapping. Also, the moisture content in the actu-
ator and the humidity level in the atmosphere severely affect
the performance of the IPMC actuators. Whereas, piezoelec-
tric actuators are voltage-driven smart material actuators, and
can provide high stiffness, high block force, high energy
density, large frequency bandwidth but with low deflection
(typically in the range of pum). All these actuators have
their own advantages and limitations. Commercial availabil-
ity of assembled-structure actuators is greater compared to
the availability of single-structure actuators. Also, typically
assembled-structure actuators (e g., electric motor) can pro-
duce both higher deflection and higher block force compared
to single-structure actuators (exception being SMA actua-
tors). However, single structure actuators typically provide
advantages for being inherently single-stroke generator, less
bulky and compatible to batch fabrication, which are favor-
able for the development of miniature flapping-wing robots.
Hence, the choice of actuators for miniature flapping-wing
robots is cumbersome. Gerdes et al. [20] have reported a
survey confined to the electric motor-driven flapping-wing
micro air vehicles.

2.2 Choice of Mechanical Transmission Mechanisms

Flapping-wing MAV design favors single-stroke actuators
to synthesize flapping-wing motion. Motors do not belong
to the single-stroke actuator category and generate rota-
tional motion [10]. Whereas, the monolithic actuators belong
to single-stroke category and can directly produce transla-
tional motion [10]. However, all these actuators are unable
to solely produce the required kinematic motion necessary
for flapping-wing motion. Therefore, these actuators are inte-
grated with suitable mechanical transmission mechanisms to
synthesize the required flapping-wing kinematic motion. Fig-
ure 5 shows the types of mechanisms, that can be used for
this application.

Mechanism

1
I I 1

Hybrid mechanism Compliant mechanism
(Non-monolithic) (Monolithic)
- 1
1 § 1
Flexure hinge mechanism Dirtributed compliant mechanism

Pin joint mechanism
(Non-monolithic)

Fig.5 Classification of mechanisms for mechanical transmission

There are two distinct type of mechanisms: (a) Pin-joint-
based mechanisms, which are non-monolithic and consist
of rigid links and pivot joints (b) Compliant mechanisms,
which are monolithic. The compliant mechanisms are of two
types: (a) Flexure-hinge-based mechanisms, where the elas-
tic deformations are concentrated in the flexural pivots. (b)
Distributed compliant mechanisms, where the deformation is
spread throughout the whole structure. A distributed compli-
ant mechanism performs better than a flexure-pivot mecha-
nism [21] because of reduced maximum stress in the structure
and high out-of-plane stiffness relative to in-plane stiffness.
However, flexure joint-based mechanisms can produce more
deflection compared to distributed compliant mechanisms for
equal amount of input force. The advantages and limitations
of these mechanisms from the perspective of flapping-wing
MAV application are discussed in Table 2. The hybrid mech-
anisms exist to include the advantages of both rigid-link
pinned-joint mechanisms and compliant mechanisms wher-
ever necessary. There are few single structure actuators e.g.
piezoelectric actuators, which inherently produce very low
deflection but with very high block force. The deflections pro-
duced by such actuators can be increased by integrating those
actuators with displacement amplification mechanisms. This
method increases the deflection of the actuator by reduc-
ing the force production following the energy conservation
principle. A comparative discussion of these mechanisms
(Table 2) considering the trade-off between several design
parameters suggests that no-mechanism can uniquely sat-
isfy all the requirements for flapping-wing MAV design.
Therefore, the designers get flexibility to choose a mech-
anism giving priority to certain design parameters. As a
consequence, we find diversified approaches in literature
to design flapping-wing MAVs. Zhang et al. [23] have
reported a survey confined to the compliant mechanism-
based flapping-wing micro air vehicles. Essentially, there
are several different approaches to report a review article on
the flapping wing mechanisms, such as electric motor-driven
flapping mechanisms, compliant mechanisms for flapping
wings, single structure actuators for flapping-wing mech-
anisms, etc. Some researchers have reported survey on
electric motor-driven flapping-wing mechanisms. Whereas,
some other researchers have reported survey on compliant
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Table 2 Performance comparison of different types of mechanisms to find their suitability in Flapping-wing MAV design [21,22]

Mechanism with pin joints

Mechanism with flexure hinge

Distributed compliant mechanism

Analysis and design is easier
compared to compliant
mechanisms, Higher energy
efficiency compared to compliant
mechanisms since no input
energy is stored as elastic energy
like compliant mechanisms,
Requires less force compared to
compliant mechanisms to cause
equal amount of deformation

Non-monolithic, Assembled
structure, Wear effect during
repetitive flapping motion result
in low reliability, Lubrication
required, No built-in restoring
force, Assembling process
required, Subjected to fatigue

Monolithic, wear-free motion
results in high reliability, Easy
scalability to small size,
Lubrication not required, Low
built-in restoring force,
Assembling process not required

Concentrated stress near joints,
Repetitive flapping motion
results in joint failure, Chance of
hysteresis due to dislocation
movements in the material if the
stresses are in the plastic
deformation range, Weak
toleration for large loads since
large loads can cause buckling,
Accidental overloads can lead to
fatigue, Out of plane stiffness is
low and drive direction stiffness
is high

Monolithic, Distributed stress over
the structure reduces joint failure,
wear-free motion results in high
reliability, Easy scalability to
small size, Lubrication is not
required, High built-in restoring
force, Assembling process is not
required. Distributed compliant
mechanism exhibits high energy
efficiency if operated in
resonance mode. Since, in
flapping wing MAV application,
the wing-flapping frequency may
vary, hence, the usage of a
compliant mechanism may not be
confined in resonance mode only.

Complex to analyze, Complex to
design, Depend on modulus of
elasticity of a material which is
hard to control, Chance of
hysteresis due to dislocation
movements in the material if the
stresses are in the plastic
deformation range, Weak
toleration for large loads since
large loads can cause buckling,
Accidental overloads can lead to
fatigue, Out of plane stiffness is
low and drive direction stiffness

is high

mechanisms for flapping-wing motion or a survey on single-
structure actuators for flapping-wing motion. However, none
of these approaches provide a coherent map of the possible
flapping wing mechanisms comprising of electromechani-
cal actuators and transmission mechanisms. Those are the
limitations of the earlier reported review articles. Here, in
this present article, we have tried to overcome those limita-
tions and comprehensively presented a coherent map of the
flapping-wing mechatronic mechanisms, which comprise of
both electromechanical actuators and transmission mecha-
nisms.

3 Electro-mechanically Synthesized
Flapping-Wing Mechanisms

3.1 Choice of Electromechanically Operated
Mechanisms for Flapping Wings

The previous discussion indicates that no specific actua-
tor and no specific mechanism can uniquely satisfy the
requirements, which are necessary to generate flapping-
wing motion. Hence, the designers are left with several

@ Springer

options and can select any electromechanical actuator and
any mechanism, which are mentioned in Figs. 4 and 5,
respectively, by mentioning the design criteria. Therefore,
including all the combinations of Fig. 4 and Figs. 5, 6
provides various options to synthesize electromechanically
driven flapping-wing motion. All these combinations have
their own advantages and challenges. Since, till now, no
flapping-wing MAV has been commercially manufactured
and developed with robust maneuver control, hence, the
state of the art is still an open area. Following sections
illustrate several combinations of electromechanical actua-
tors and mechanical transmission mechanisms, which have
been explored until now by several researchers to synthesize
flapping-wing motion. This article presents a review on the
mechatronic approaches, which have been reported so far in
the literature, to synthesize biomimetic flapping-wing mech-
anisms.

3.2 Electromechanically Synthesized Bio-mimicked
Indirect Flight Mechanisms

The mechanisms, which are shown in orange color in Fig.
6, have been reported in the literature; and the mechanisms,
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Fig.6 Electromechanically actuated mechanisms, which are suitable for synthesizing bio-mimicked flapping-wing motion. Orange colored boxes
represent attempted mechanisms, which have been reported in literature and the white colored boxes represent the unattempted mechanisms

which are shown in white color in Fig. 6, have been not
reported in the literature so far to the best knowledge of
the authors. The indirect flight mechanism has been mim-
icked predominantly over the direct flight mechanism for its
simplicity, and the statistics of the reported literature sup-
ports the claimed research endeavor. The bioinspired indirect
flight mechanism has been mainly synthesized by (1) Elec-
tric motor (2) Electromagnetic coil type linear actuator (3)
Smart materials-based actuators, such as piezoelectric bend-
ing actuator, IPMC bending actuator, dielectric elastomer
actuator, SMA actuator etc. All these approaches will be
illustrated in the subsequent discussion.

3.2.1 Electric Motor-Driven Mechanisms

Several researchers have investigated electric motor-driven
pin-joint-based mechanisms and hybrid mechanisms to
implement flapping-wing motion. Since the rotating shaft
of electric motor is a part of the flapping-wing mechanism;
hence, electric motor-driven flapping-wing mechanism can-
not be a fully compliant mechanism.

Pinjoint-based mechanisms: Several researchers have reported

electric motor-driven four-bar pin-joint-based rigid-link mech-
anisms to implement flapping motion by mimicking the
functions of asynchronous flight muscles [24-27]. Figure 7
shows an electric motor-driven four-bar pin-joint based rigid-
link mechanism (single-crank mechanism)[25].

The researchers also have attempted to improve the energy
efficiency of similar type of mechanisms by connecting pre-
stretched elastic elements with both the wing [26], [27].
Figure 8a, b shows the linear elastic elements and torsional
elastic elements, respectively, which are attached with the
wings. These mechanisms can store energy in the elastic ele-
ments while flapping-up the wings and releases the energy

Gear assembly
driven by motor

Fig.7 Electric motor-driven flapping-wing mechanism using pin joints
and four-bar linkages [25]

Motor

Motor
(a) (b)

Fig. 8 Flapping mechanism with a linear elastic element [26] and b
torsional elastic element [27] connected with both wings

while flapping-down the wings. Since, a single-crank mech-
anism drives both the wings in Fig. 7; hence, the wings
experience asymmetric flapping motion during the pull-up
and pull-down phase of the wings in every cycle.

This problem is resolved by introducing a synchronized
double-crank mechanisms [28] to drive a pair of wings (Fig.
9a). In this design, each wing is driven by its own single-crank
mechanism. Though the mechanism, which is shown in Fig.
9a, appears similar to the direct flight mechanism of insects
(Fig. 2a); however, this is an indirect flight mechanism (Fig.
2b), since both the single-crank mechanisms are driven by a
common electric motor.

@ Springer
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Fig. 9 a Electric motor-driven flapping-wing mechanism using a
double-crank mechanisms [28]. b Gear transmission-based flapping-
wing mechanism (hummingbird-size flapping wing micro-aerial vehi-
cle) [29]. ¢ A wing-flapping mechanism capable of 3-DOF flapping
and rotation developed using three independent servomotors [31,32]. d
Spherical four-bar mechanism based flapping-wing mechanism [32]

Fig. 10 Mechanism for driving
two pairs of wings mimicking
indirect flight (DelFly) [33,34]

Gear assembly
driven by motor

The linkage mechanisms, such as, a planner four-bar link-
age or a spherical four-bar linkage mechanism, generally are
subjected to limitations, such as, high mechanical complexity
and low controllability. Therefore, Zhang et al. [29] and Tu et
al. [30] have investigated gear transmission-based flapping-
wing mechanism, which is shown in Fig. 9b. In this design,
a pinion gear, which is driven by the shaft of an electric
motor, drives a secondary gear to generate a reciprocating arc
motion for flapping each wing. The aforementioned flapping-
wing motions have been synthesized using planner four-bar
mechanism. McDonald et al. [32] have investigated a spher-
ical four-bar rigid-link mechanism, which is driven by a DC
motor, to achieve an approximate spherical flapping-wing
motion having favorable aerodynamics (Fig. 9d). There have
been efforts also to develop mechanisms for driving two pairs
of wings (Fig. 10) by mimicking indirect flight mechanism
[33], [34], which is done in (DelFly). In this design, the wing
kinematics is similar to the wing kinematics of dragonfly,
which flaps two pairs of wings in opposite phase (except
that dragonfly uses direct flight mechanism). A flapping-wing
MAV with two pairs of wings provides better stability during
flight compared to an MAV with single pair of wings.
Hybrid mechanisms In this category, an electric motor can
drives flexure-hinge-based compliant mechanism or a dis-
tributed compliant mechanism for flapping wings. Since,
the associated compliant mechanism, which is used for
mechanical transmission, is connected to a driver motor
via a revolute joint, hence, this type of actuator-mechanism

@ Springer
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Fig. 11 aElectric motor-driven flexure hinge-based flapping mech-
anism [35]. b Electric motor-driven flexure hinge-based flapping
mechanism with an external spring driven resonant drive [36]

% \C}\D/;Il;l’lge gglrﬁ - El.astic string
Wing Wing /Strmg shaft connector
Jw /b Jw , Riie

Jm Wing —~— DC motor

— String shaft connector
—— Flastic string

(a) (b)

Fig. 12 DC motor-driven resonance-based direct flapping wing mech-
anism. a Flapping motion, b an actual prototype [38]

assembly cannot be a completely compliant mechanism.
The flexure-hinge-based hybrid mechanisms for flapping
wings have been reported by several researchers [35-37]. For
instance, few such hybrid mechanisms for flapping wings
have been developed by Lau et al. [35], Baek et al. [36]
and Gupta et al. [37], and are shown in Fig. 11. In all
the three designs, flexure-hinge-based mechanical transmis-
sion mechanisms have been driven by dc motors via crank
type mechanisms. The advantages of having flexure-hinge-
based mechanical transmission over pin-joint-based rigid
link mechanism are discussed in Table 2. The design, which
is shown in 11b, is operated in resonance mode with the help
of an additional spring, which is attached to it. This improvi-
sation helps to efficiently produce a large flap angle. Another
type of hybrid flapping-wing mechanism, which is shown in
Figure 12, is proposed by Campolo et al. [38]. The design
consists of a pair of wings, an elastic element and a dc motor.
The motor drives the elastic element in resonance mode by
producing a reciprocating circular motion in its rotating shaft,
and thus the mechanism produces a flapping-wing motion.
The design can produce a flap angle of around £31°.

Discussion One common feature of all these single actuator-
driven flapping-wing mechanisms, which have been reported
in literature and described above, is that the angle of attack of
the wings is fixed and can not be changed during flight. These
single actuator-driven flapping wing mechanisms exhibit low
maneuvering control due to limited flight control surfaces.
However, a multiple actuator system can resolve this issue.
The usage of auxiliary actuators to change the angle of
attack of the wings has been reported in the literature by
Khan et al. [31] and Jang et al. [39]. Researchers of Univer-
sity of Delaware reported a rigid link-based flapping-wing
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mechanism (Fig. 9¢), which can generate 3-DOF flapping
and rotation of wing [31]. This mechanism uses three servo
motors to achieve the desired kinematics in space.

3.2.2 Electromagnetic Coil Actuator-Driven Mechanisms

Ball-joint-based Rigid-link flapping-wing mechanism Elec-
tromagnetic coil actuator-driven ball-joint-based rigid-link
flapping-wing mechanism has been attempted by Yoon et
al. [40]. A pair of electromagnetic coil actuators have been
used in this design to generate flapping-wing motion. One
electromagnetic coil is placed in the front side and another
coil in the rear sides of a ball-joint, which holds the wings.
In the beginning of the upstroke, the front coil remains sta-
tionary and the rear coil pulls the mechanism downwards.
The flapping and twisting motion of the wings have been
implemented by moving both the coils synchronously and
asynchronously, respectively.

Flexure-hinge-based compliant mechanism On the other
hand, Bontemps et al. reported a flexure-hinge based com-
pliant mechanism, which carries an embedded permanent
magnet and is driven by an electromagnetic coil type actua-
tor for producing flapping-wing motion [41]. This attempted
design is smaller in size compared to the previously men-
tioned electric motor-driven mechanisms.

3.2.3 Smart Materials-Based Actuator-Driven Mechanisms

Smart materials-based actuators are typically single-structure
type. The structure of the actuator deforms to cause an actu-
ation, and inherently exhibits its compliant nature unlike
the electric motors and electromagnetic coil type actua-
tors. The mimicking of indirect flight mechanism (Fig.
2b) by such actuators can be achieved by several config-
uration. Two such configurations are shown in Fig. 13.
Figure 13a,b shows smart materials-based actuator-driven
distributed compliant mechanism and flexure-hinge-based
mechanism, respectively, for flapping wings. Several smart
material-based actuators, such as, piezoelectric actuator,
dielectric elastomer actuator, IPMC actuator and SMA actu-
ator, have been reported so far in the literature to synthesize
flapping-wing motion. These actuators are discussed in the
following section. Since smart material-based actuators are
of single-stroke type, hence, the front view of these mech-
anisms (Fig. 13) resemble the indirect flight mechanism
(Fig. 2b) unlike the motor-driven mechanisms. This reflects
the simplicity of the smart material-based flapping-wing
mechanisms over the motor or electromagnetic coil-driven
flapping-wing mechanisms.

Distributed compliant mechanism Distributed compliant
mechanism consists of jointless flexible structure. If a force
is applied to this type of mechanism, the whole structure
of the mechanism deforms and if the applied force is with-

actuator

| Smart materials based |
x actuator
1 ' ]

PSS Y K e

(a) (b)

Fig.13 Smart materials-based actuator driven. a Distributed compliant
mechanism for flapping-wing. b Flexure hinge-based mechanism for
flapping wing

Wing Wing Wing Wing

7 P s 4
* ml_‘ﬁ

= = = Tip of Piezo-beam actuator

(2) (®)

Fig. 14 a Conceptual design of a piezoelectrically actuated distributed
compliant mechanism for flapping wings [42]. b Piezoelectric bending
actuator-driven distributed compliant mechanism for flapping wings
[43]

drawn, then the structure goes back to its original state due to
the inherent restoring force developed by its own structural
elasticity.

Piezoelectric actuators are compliant in nature. These
materials are of two types: (1) Piezoceramics and (2)
Piezoelectric polymer film. Generally, piezo-ceramics are
preferred for actuation. Table 1 shows that a piezoelectric
actuator can be a good choice for this application considering
the trade-off between several design parameters. However,
a piezoelectric bending actuator produces low deflection
with high block force. The deflection can be increased by
reducing the block force using a displacement amplifica-
tion mechanism. In that case, the associated mechanical
transmission mechanism serves both deflection amplification
and reciprocating flapping motion generation purposes [42],
[43]. Figure 14a,b shows two different distributed compliant
mechanisms, which can be driven by piezoelectric actua-
tors to produce flapping wing motion [43]. The inherent
electro-elastic property of the piezoelectric actuators helps
to recover elastic energy, which is stored during the flapping
motion. The distributed compliant mechanisms can exhibit
efficient performance in their resonance modes. However, all
the applications can not be executed at resonant frequencies.

A similar type of topology has been adopted to develop a
flapping-wing mechanism using an IPMC bending actuator-
driven distributed compliant mechanism (Fig. 15a) [44].

AnIPMC actuator-driven flapping-wing mechanism inher-
its two main advantages: (a) low driving voltage (typically
in the range of few volts, which is very less when com-
pared to the driving voltage of piezoelectric actuators, which

@ Springer
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== Tip of IPMC actuator CFRP

(a) (b)

Fig. 15 a An IPMC bending actuator-driven compliant mechanism to
generate flapping-wing motion [44]. b Integration of a carbon fiber
reinforced polymer (CFRP) shell and rolled Dielectric Elastomer Actu-
ator (DEA) with a thoracic mechanism to form an insect-inspired wing
flapper. [45]

Flexure hinge based
compliant mechanism

Flexure hinge based
compliant mechanism

Wing ~ Wing

Piezoelectric

Top view
actuator

(@) (b)

Fig. 16 a Schematic diagram of mechanical transmission mechanism
[6] and b schematic diagram of Harvard RoboBee of insect size, which
has been driven by a piezoelectric bending actuator and flexure hinge-
based compliant mechanism [47]

require typically in the range of few hundred volts), (b) high
deflection (typically in the range of centimeter, which is very
high compared to the deflection of a piezoelectric actuators,
which produce deflection typically less than 1 mm. However,
IPMC actuator-based mechanisms show limitations due to
low block force and poor performance in low moisture level.
Some researchers have also attempted to develop Dielectric
Elastomer Actuator (DEA)-driven ring type compliant mech-
anism for synthesizing flapping wing motion. In this design,
a DEA is connected along the diameter of a flexible ring
type structure (Fig. 15b) [45], [46]. As the DEA contracts,
the ring expends vertically, and then returns to the original
unscratched shape by its inherent structural elasticity. A pair
of wings are attached at the top of the mechanism to produce
flapping-wing motion.
Flexure hinge-based compliant mechanism A typical design
of smart-materials-based actuator-driven flexure-hinge-based
compliant mechanism is shown in Fig. 13b. In this design,
a smart-material-based actuator drives a compliant mecha-
nism to flap a pair of wings to mimic indirect flight of insects.
Several researchers have worked on this design [47-49]. The
initial design of Harvard RoboBee of insect-size has been
designed and developed using this topology. In this work, a
pair of wings are flapped by a piezoelectric bending actuator
through a flexure hinge-based compliant mechanism (Fig.
16b) [47].

Similar types of wing-actuation method were explored
further by some researchers, who have reported an even
smaller micro air vehicle named as a pico-air vehicle [48].

@ Springer

= =
[SS- =
Wing : i | | b : Wing
o I}

8 layer DEA

Fig. 17 Dielectric elastomer actuator-driven pin-joint based mecha-
nism for flapping wings [51]

The same flapping mechanism has inspired some investiga-
tors to design and develop a quadcopter type flapping wing
MAV having four pairs of flapping-wings [49]. Apart from
the piezoelectric actuator, a few researchers have investi-
gated shape memory polymer (SMP) actuator-driven flexure
hinge-based flapping-wing mechanism. A wing is attached
with a body by a flexure hinge, which is constructed by
shape memory polymer material [S0]. However, the electro-
thermo-mechanical property of SMA imparts two major
challenges in this design: (a) low flapping bandwidth and
(b) low energy efficiency.

Hybrid mechanism: Another flapping-wing mechanism is
based on a hybrid mechanism, which includes both pin joint-
based mechanical transmission and a DEA-driven-compliant
structure to form actuator-mechanism assembly. Fig. 17
shows such a dielectric elastomer actuator driven hybrid
mechanism for flapping wings [51]. In this design, a DEA
expands and contracts vertically, and then drives a pin joint-
based mechanism to flap a pair of wings.

3.3 Electromechanically Synthesized Bio-mimicked
Direct Flight Mechanisms

The direct flight mechanism, in which each wing is inde-
pendently driven by a pair of muscles, is shown in Fig. 2a.
A critical constraint in aerial robotics is that every single
actuator, which can improve the flight control performance,
can also affect the payload capacity by loading the system.
Hence, inclusion of additional actuators to improve flight
performance by direct flapping mechanism faces critical
challenges. This is one of the reasons for which the engi-
neering design of such wing-actuation method has not been
attempted by many researchers.

3.3.1 Electric Motor-Driven Mechanisms

Hybrid mechanism Figure 18 shows an electric motor-driven
hybrid mechanism for flapping wings which mimics the
direct flight mechanism of insect.

In this design, each wing is actuated by a dedicated DC
motor, spring and wing-fixture assembly that act together to
produce a reciprocating motion to synthesize wing-flapping
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Wing Wing
Wing  flexure flexure ~ Wing
Spring Spring
DC motor ~ DC motor

Fig. 18 A direct control mechanism for flapping wings using two dc
motors and hybrid mechanism [52]
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Fig. 19 a Smart materials-based bending actuator driven direct wing
flapping (e.g. piezoelectric fan) [53], b piezoelectric bending actuator-
driven direct wing actuation. Each wing can be driven by a pair of
piezoelectric bending actuator to synthesize both flapping and twisting
motion [54]

[52]. Since both the wings are actuated independently, inde-
pendent wing control is possible in this design unlike in the
case of the indirect flight mechanism discussed in the previ-
ous section.

3.3.2 Smart Materials-Based Actuator-Driven Mechanisms:

Distributed compliant mechanism: In a piezoelectric fan, a
wing-type-structure is directly attached at the tip of a piezo-
electric bending actuator (Fig. 19a). Since each wing can
be driven by a dedicated piezo-actuator, this design also
resembles with the direct flight mechanism of insect. A
few researchers have attempted this design to conceptualize
flapping-wing MAV [53]. A single actuator-driven piezoelec-
tric fan can cause only flapping. Therefore, some researchers
have investigated double actuator-driven piezoelectric fan to
twist the wings on the stroke plane (Fig. 19b) [54]. However,
it is challenging to get satisfactory flap-angle using these
designs.

Flexure hinge-based compliant mechanism A piezoelectri-
cally actuated flexure-hinge-based flapping wing mechanism
mimicking the direct flight of insect is shown in Fig. 20
[55]. The figure shows that each wing is driven by a ded-
icated piezoelectric bending actuator, which causes flapping
independently. However, the wing twisting mechanism is not
present in this design.

The recent versions of Harvard RoboBee include wing
twisting mechanism. The researchers have incorporated
stroke plane deviation mechanism for the wings, by incor-
porating two orthogonal piezoelectric actuators and a flexure
hinge-based compliant mechanism, which is shown in Fig.
21a [56]. The recently reported Harvard RoboBee has two
independent piezoelectric bending actuators for twisting each

Fig. 20 Flapping-wing MAV design with two dedicated piezoelectric
actuators to control two wings independently [55]

Compliant
mechanism

Wing

Wing Wing

Piezoelectric

Compliant actuator

mechanism Piezoelectric

actuator assembly

Piezoelectric
actuator

(a) (b)

Fig.21 Harvard RoboBee. a Stroke plane deviation mechanism for the
wings using two piezoelectric actuators and flexure hinge-based com-
pliant mechanism [56]. b The RoboBee with two pairs of wings driven
by piezoelectric bending actuator and flexure hinge-based compliant
mechanism [57]

wing independently. The researchers have further improved
the design, by incorporating two pairs of flapping wings in
RoboBee (Fig. 21b) [57].

3.4 Electromechanically Synthesized Bio-mimicked
Active Wing Actuation

In active wing actuation, flight muscles are distributed over
the wing of natural flyers [58]. The bio-mimicking of active
wing actuation technique is rarely reported in literature due to
its complexity. However, presently the engineers have started
working on such designs [59,60]. Recently Festo’s Bionic
Learning Network has developed a motor-mechanism-driven
SmartBird that can mimic the active flapping-wing kine-
matics of an ornithopter and has shown a reasonably well
aerodynamics and maneuverability [59]. However, Fig. 22
shows an attempt by researchers to develop a similar type
of mechanism, which is a bio-inspired bat-wing design con-
sisting of multiple SMA actuator-driven flexure hinges [61],
[62]. Although, multiple SMA actuators have been dis-
tributed over the wing-skeleton, but the design complexity

@ Springer



116

International Journal of Aeronautical and Space Sciences (2023) 24:105-120

Super-elastic Super-elastic
joint ) / k&'«/ joint
SMA wire — SMA wire
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Fig. 22 a Festo’s SmartBird mimicking motor-driven active flapping-
wing kinematics [59]. b Bio-inspired wing skeleton of bat using SMA
actuator-driven flexure hinges [61]

is much less than the complexity of actual Active Wing Actu-
ation mechanism.

4 Concluding Remarks

Considering the low-speed aircraft, the helicopter technol-
ogy is an established and mature technology. The proposal to
design flapping-wing MAV has been revived in twenty-first
century by observing the limitations of helicopter technol-
ogy at its scaled down versions at low Reynolds number.
Therefore, any effort to design a flapping-wing MAV must
show some distinct advantages over the helicopter tech-
nology at comparable dimension to justify the efforts to
develop flapping-wing MAVs. The review has addressed the
motivation behind bio-inspired flapping-wing mechanism
design. The discussion has emphasized with justification
that the selection and design of electromechanical actua-
tors should be considered in parallel with the selection and
design of mechanical transmission mechanisms to develop
productive flapping-wing system. Therefore, the survey has
focussed on the mechatronic approaches, which have been
reported so far in the literature, to synthesize biomimetic
flapping-wing mechanisms. The discussion has included the
advantages and challenges of those mechatronic approaches.
Figure 6 and Table 3 show mapping of several actua-
tors and mechanical transmission mechanisms related to
flapping-wing MAV applications that have been reported
in the literature. The mapping reveals that few specific
actuator-mechanism assemblies have been predominantly
investigated over other assemblies by most of the researchers.

Figure 23 shows a publication statistics on electrome-
chanically actuated flapping-wing mechanisms considering
a sample group of forty five research articles.

Considering the aspects of bio-mimicking, the statistics
reveals that passive wing actuation mechanism has been
attempted in far more ways compared to the active wing actu-
ation mechanism (Fig. 23a). In the passive wing actuation
category, the indirect flight mechanism has been attempted
in far more ways compared to the direct flight mechanism
(Fig. 23b). This leads to a conclusion that indirect flight
mechanism being the simplest flying mechanism has been
attempted by the maximum number researchers. Consider-
ing the aspects of engineering design, the statistics reveal
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Fig.23 Publication statistics on electromechanically actuated flapping-
wing mechanisms considering a sample group of 45 research articles
a Passive wing actuation vs. Active wing actuation. b Indirect flight
mechanisms vs. direct flight mechanisms. ¢ Electric motor-driven mech-
anisms vs. Electromagnetic coil-driven mechanisms vs. Smart material
actuators-driven mechanisms. d Assembled structure mechanisms vs.
single structure mechanisms

that electric motor driven flapping mechanism and smart
materials-based actuator-driven flapping mechanisms have
received almost equal attention (Fig. 23c). The compara-
tive discussion concludes that there is no unique solution
to design flapping-wing mechanism, and all the assemblies
exhibit capabilities to generate flapping-wing motion in their
own way. The discussion in the article concludes that all the
approaches have their own advantages, limitations, and trade-
offs. The discussion also concludes that all these approaches
are beneficial in their own way. Therefore, the selection of
appropriate design definitely depends on the type of applica-
tion and the constraints in the requirements. The objective of
this review article is just to present all possible approaches
available in this area reported so far to the best of authors’
knowledge. We agree with the reviewer that, the designers
finally have to choose the approach, which will be appropriate
for their applications subjected to their constrained require-
ments. Although, several mechatronic approaches have been
tested on bench-top experimental setup, but only few mech-
anisms have been installed in actual MAYV, so far, to execute
independent flight. Table 3 shows the testing-status of the
reported mechanisms. Therefore, the assemblies, which have
been investigated only on bench-top experimental setup, but
not on a flying system prototypes, must be explored further
to examine their potential to make a robot fly. On the other
hand, the mechanisms, which have shown capability to exe-
cute successful flight, must be explored further to improve
their primarily requirements, such as, controlled maneuver-
ing facility, high endurance time and high payload capacity
to accomplish a task, which is the primary purpose of these
systems. High payload capacity will allow to carry large
batteries, which will help to increase the flight endurance
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time. These objectives can be fulfilled by performing struc-
tural design optimization, flight dynamics optimization,
power management optimization and control-surface anal-
ysis. All these mechanisms must be explored further to
see their compatibility to existing 3D printing technology
for batch fabrication. Single-structure-based flapping-wing
mechanisms are suitable for easy 3D printing and batch
fabrication. These single structure mechanisms exhibit best
performance in their resonance mode, but the performance
drops if the flapping frequency deviates from the resonant
frequency. Therefore, if a flapping-wing MAV is designed
to fly with a narrow frequency bandwidth around a fixed
high resonant frequency, single structure mechanisms can be
the preferred option. In natural flyers, the wing-flapping fre-
quency can be as low as one beat per minute for an adult
eagle [63] and as high as more than 700 Hz for an adult
mosquito [64]. This provides us a wide range of operating
frequency to develop bio-inspired flapping-wing MAVs. The
fast single-stroke actuators, such as, piezoelectric actuator
along with a distributed compliant mechanical transmission
mechanism, which can provide a high resonant frequency,
can be used to design a high-frequency narrow-band MAVs.
Whereas, the extremely slow single-stroke actuators, such
as SMA actuator along with pin-joint or ball-joint or hybrid
or flexure hinge-based mechanisms, which can provide large
deflection along with very high block force, can be inves-
tigated further to examine their capability for being a good
choice of large-scale but low-frequency MAVs. The natu-
ral flyers do not exhibit one unique solution, and Table 3
shows many empty places. Therefore, the other unattempted
combinations may also be investigated to explore their capa-
bilities for this application. There is another important aspect,
which throws a challenge to the development of bio-inspired
flapping-wing MAVs. Since the available electromechanical
actuators are not as efficient as biological muscles; hence,
every invention of new actuator, which exhibits a better per-
formance compared to the existing actuators, open a new
paradigm to redesign an existing flapping-wing MAV. The
same exercise is applicable to the fabrication of a minia-
ture mechanism, which provides a desired wing kinematics,
due to the limitations in existing 3D printing technology.
The scope of this review article is limited to the mechatronic
approaches for mimicking flapping-wing mechanisms of nat-
ural flyers for developing flapping-wing MAVs. In a close
relation to the above mentioned area, an extensive research is
going on to develop new designs of compliant mechanisms,
which can mimic the natural flyers in a better way. For an
instance, a compliant spine design is one of those mecha-
nisms [65]. Extensive research is also going on to design
several wing kinematics favourable for flapping-flight. For
an instance, as discussed in Fig. 1b, c, the wing-tip of nat-
ural flyers sometime follow a pattern of figure-eight. Jiang
et al. have reported an investigative work to mimic figure-

@ Springer

eight wing-tip trajectory [66]. Nguyen et al. have reported
a study on the energy-optimal hovering wing kinematics of
a hawkmoth using neural-network approach [67]. However,
the contribution of all the aspects, such as, identification,
design and development of mechanisms for complex wing
kinematics, high energy density batteries, light weight minia-
ture sensor, optimized MAV structure, optimized control
surfaces for efficient flight control, and finally, the swarm
intelligence and multi-agent control, are equally impotent
for the implementation of successful flapping-wing MAVs
and accomplishments of desired tasks.
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