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In many insect species, the thoracic exoskeletal structure plays a crucial role in enabling flight. In
the dipteran indirect flight mechanism, thoracic cuticle acts as a transmission link between the
flight muscles and the wings, and is thought to act as an elastic modulator: improving flight motor
efficiency thorough linear or nonlinear resonance. But peering closely into the drivetrain of tiny
insects is experimentally difficult, and the nature of this elastic modulation is unclear. Here, we
present a new inverse-problem methodology to surmount this difficulty. In a data synthesis process,
we integrate literature-reported rigid-wing aerodynamic and musculoskeletal data into a planar
oscillator model for the fruit fly Drosophila melanogaster, and use this integrated data to identify
several surprising properties of the fly’s thorax. We find that fruit flies likely have an energetic need
for motor resonance: absolute power savings due to motor elasticity range from 0%-30% across
literature-reported datasets, averaging 16%. However, in all cases, the intrinsic high effective
stiffness of the active asynchronous flight muscles accounts for all elastic energy storage required by
the wingbeat. The D. melanogaster flight motor should be considered as a system in which the
wings are resonant with the elastic effects of the motor’s asynchronous musculature, and not with
the elastic effects of the thoracic exoskeleton. We discover also that D. melanogaster wingbeat
kinematics show subtle adaptions that ensure that wingbeat load requirements match muscular
forcing. Together, these newly-identified properties suggest a novel conceptual model of the fruit
fly’s flight motor: a structure that is resonant due to muscular elasticity, and is thereby intensely
concerned with ensuring that the primary flight muscles are operating efficiently. Our
inverse-problem methodology sheds new light on the complex behaviour of these tiny flight
motors, and provides avenues for further studies in a range of other insect species.

1. Introduction

The flight motors of insects are complex struc-
tures. Flight muscles, of varying forms, interact
with thoracic structures and additional musculature
to generate finely-controlled multi-axis wingbeat
motion—in a process showing considerable diversity
across phylogenetic orders [1, 2]. Studying this pro-
cess is challenging. Flying insects are small, and their
wingbeat motion is rapid. Even with state-of-the-art

© 2023 The Author(s). Published by IOP Publishing Ltd

observation techniques, such as micro-CT [3, 4],
x-ray diffraction [5-7], sophisticated microscopy
[8-10] and high-speed videography [11-19], the roles
played by many elements within the flight motor
are not well understood. Understanding the propaga-
tion of mechanical quantities—deformation, forces,
torques, power and energy—is also challenging. Such
quantities are only measurable at particular loca-
tions, or under particular ex vivo conditions: thoracic
exoskeletal deformation [20, 21]; wing aerodynamics
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[17, 22-28]; muscular strain and load [5, 9, 29-31].
Attempting to understand the mechanical operation
of insect flight motors is thus an inverse problem—a
problem in which the operation of the motor must be
inferred from its inputs and outputs.

In about three-quarters of known insect species,
the primary flight muscles are asynchronous, that is,
stretch-activated [1, 32], and the flight motor inverse
problem takes a form of particular interest. In many
such insects, the flight mechanism is indirect: the
cuticle of the thoracic exoskeleton is thought to act
as a dynamic transmission between the asynchron-
ous flight muscles and the wing, modulating mus-
cular action through elastic effects [4, 33-36]. This
thoracic elastic modulation could represent a state of
structural resonance—in which thoracic elasticity, i.e.
stiffness, would absorb wing inertial loads, thus sav-
ing energy. Current studies have demonstrated broad
evidence for the existence of resonant effects in several
insect species, including demonstrations of resonant
tuning effects in asynchronous muscles ex vivo [37],
and in insects with wing and thorax mass alteration
[21, 38, 39]; as well as dynamic mechanical ana-
lysis indicating that the thoracic resonant frequency
in honeybees (Apis mellifera) corresponds approxim-
ately to the wingbeat frequency [40]. Theoretical and
data-driven treatments of the dynamical behaviour of
indirect flight motors, including the pioneering work
of Ellington [41, 42], have emphasized the potential
significance of resonant elastic energy storage within
indirect flight motors. However, there is also evid-
ence against a direct association between the indir-
ect flight mechanism and the significance of reson-
ance: for hawk moths (Manduca sexta), which utilise
an indirect flight mechanism but with synchronous
muscles, resonance may not be significant [43, 44].
Recent studies [45—47] indicate that the elastic beha-
viour of insect flight motors can be quite complex: in
practice, resonant states may exist over a cluster of fre-
quencies, depending on aerodynamic damping and
elasticity distribution through the motor [46].

Understanding the role of flight motor elasticity,
and the details of thoracic load and power trans-
mission, is important: slight variations in the oper-
ation of the flight motor can generate significant
changes in flight characteristics [4, 10, 33, 48]. With
limited information, the treatment of flight motor
elasticity in other areas of insect flight analysis—
energetics, control and biomimicry—is restricted. In
the study of the energetics of flight, thoracic ener-
getic effects must be assumed e.g. via stroke-averaged
potential model [49, 50]; or negative-work stor-
age mechanism [51-53]; or simple linear elasticity
[45]. In the study of insect flight control, correl-
ations between control muscle activity and wing
motion are available [3, 10, 54, 55], but the role
of thoracic modulation cannot yet be isolated. In
the design of biomimetic flapping-wing micro-air-
vehicles (FW-MAV5s), a range of elastic energy-storage
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systems have demonstrated their utility [56—60]: with
more information on the elastic properties of insect
flight motors, these biomimetic flight motors may be
refined even further.

It is in this context that the solution of the flight
motor inverse problem becomes attractive. Integra-
tion of data for kinematics and loads of both the wings
and muscles could itself reveal the elastic modula-
tion of the thorax—and so, its energetic effects, and
the implications for FW-MAV systems. In this work
we perform this integration and develop a solution
process for the flight motor inverse problem. This
solution process is similar to a data synthesis pro-
cess, combining aerodynamic, wingbeat kinematic,
and muscular data in the literature. It generates not
only the capability for high-fidelity predictions of the
dynamics and energetics of flight motor systems, but
the capability for identifying qualitative and quant-
itative dynamical properties of the thorax via inverse
problem solution. Applying this process to Drosophila
melanogaster, as a case study in Diptera, we find sev-
eral surprising properties. We observe the effective
elasticity (elastic energy storage, or stiffness) of the
active flight muscles to be dominant over the exo-
skeletal elasticity, and overall flight motor elasticity
to show strain-hardening nonlinearity. The nature
of these nonlinearities is fundamentally related to
D. melanogaster wingbeat kinematics. The energetic
motivation for flight motor elasticity is shown to rep-
resent a complex optimisation problem, with mul-
tiple conflicting energetic objectives, including the
need for matching muscular forcing to nonlinear
wingbeat dissipation. This matching process provides
a new cohesive framework for understanding the
complexities of insect wingbeat kinematics. As a case
in point, we show how synthetic wingbeat kinematics
used frequently in the literature [22, 27, 61] behave in
a radically different way to experimentally-observed
wingbeat kinematics [23-25, 62, 63] in terms of load
matching. These synthetic kinematics are fundament-
ally unsuitable for the flight musculature, due to the
location of the wake capture drag loads within the
wingbeat cycle; whereas biological wingbeat kinemat-
ics are well-suited in this respect. These considera-
tions may provide a motivation for detailed features
of biological wingbeat kinematics which have not
previously been explained. In this way, the inverse-
problem approach to thoracic dynamics provides
fundamental insight into the structures, mechan-
isms, and physiological choices present in insect flight
motors; and the translation of these structures, mech-
anisms and choices into FW-MAVs.

2. Materials and methods

2.1. Formulating the thoracic dynamics as an
inverse problem

The problem of identifying causal mechanisms in an
insect flight motor based on its observable behaviour
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Figure 1. Observability and inverse problems in the flight motor of D. melanogaster. (A) Schematic of the flight motor of D.
melanogaster, indicating points of observability and associated sources of data. (B) Functional block diagram of the inverse
problem for optimal thoracic exoskeletal modulation. (C) Functional block diagram of the inverse problem for consistent

thoracic exoskeletal modulation.

is an inverse problem. In the flight motor of D.
melanogaster more broadly, key points of observab-
ility are the wings, the muscles, and the thoracic exo-
skeletal structure (figure 1). Observable data includes
wing kinematics, observed by high-speed cameras;
wing aerodynamic loads, computed via computa-
tional or similitude modelling; and muscular strain-
load profiles estimated via ex vivo experiments. Less
easily observable data includes the load and power
that is transmitted through the flight motor; and the
elasticity of the thoracic structure as experienced by
the flight motor. Here and throughout, we elasti-
city in the sense of elastic potential: a linear or
nonlinear conservative potential that absorbs strain
energy [64, 65]. Greater elasticity is greater potential,
e.g. greater linear stiffness.

With these motor data in mind, two distinct
inverse problems for the flight motor can be dis-
cerned. Both are based on the principle of load-
matching: the loads required to generate observed
wing motion must be equivalent to the forces gener-
ated by the flight motor (figure 1). The first inverse
problem asks the questions: how does the thoracic
modulation alter the muscular forces required to gen-
erate the observed wingbeat motion, assuming the
muscles can generate force at any waveform? What
is an optimal thoracic elasticity, with respect to rel-
evant metrics (e.g. energy consumption, peak load
requirement)? And how does this optimal elasticity
depend on the metric(s) under consideration? Elast-
icities identified in this way may then be inferred to
represent actual thoracic elasticity, under the assump-
tion that insect evolution has optimised the same
performance metric. This approach has been util-
ised in several previous energetic studies [33, 49, 52,

66] as the basis for inferring optimal states of elastic
energy storage in the flight motor. The second inverse
problem then seeks to eliminate this dependency on
an assumed evolutionary optimisation process. It asks
the question: given (i) the flight muscle forcing; (ii)
the loads required by the wing; and (iii) the fun-
damental principle that muscular forces, transmitted
and modulated by the thorax, must match wing load
requirements; what then is the thoracic elasticity that
ensures load-matching is satisfied? This identified
elasticity would be a data-driven description of actual
thoracic behaviour, without reliance on assumptions
about optimality.

The process of solving this pair of inverse prob-
lems necessitates a degree of meta-analysis, as there
is no single source or single methodology that
provides all required data. Sources of data used in
this study are tabulated in table 1; and illustrated
in figure 2. Wingbeat kinematics for D. melano-
gaster are sourced from published results [11, 22,
62], as well as additional in-house data [67]. Aerody-
namic data for D. melanogaster, accounting, e.g. for
aerodynamic added mass, is sourced from compu-
tational and experimental analyses. Both synthetic
[22, 26, 27] and experimentally-measured [17, 23—
25, 28] wing kinematics are represented. Muscular
stress—strain profiles, for insect asynchronous flight
muscles extracted from a range of species, are sourced
from ex vivo studies [29, 30, 68—70]. Details of the
data sourcing process are given in the supporting
information.

2.2. Dynamic and kinematic transmission
In structural terms, the role of the thoracic
exoskeleton within the flight motor transmission
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Table 1. Data sources for thoracic inverse problem. Dataset parameters are: data sampling frequency f;; Reynolds number Re; stroke

angle peak amplitude &; muscular strain peak amplitude é.

Source References Conditions
Wingbeat kinematic data References fs Description
Maya et al (2022) [67] 20 kHz Free flight
Ben-Dov and Beatus (2020) [62] 20 kHz Free flight
Beatus and Cohen (2015) [11] 8 kHz Free flight
Dickinson et al (1999) [22] Synthetic model
Aerodynamic load data References Re ) Description
Subcategory (i): synthetic kinematics
Dickinson et al (1999) [22] 136 80° Experimental similitude
Sun and Tang (2002) (27] 136 72.5° 3D CFD
Ramamurti and Sandberg (2002) [26] 136 80° 3D CFD
Subcategory (ii): biological kinematics
Muijres et al (2014) [17] Not spec. 67° Experimental similitude
Meng et al (2015) [23] 112-122 67-76.5° 3D CFD (3x)
Meng et al (2017) [25] 105 71° 3D CFD
Shen et al (2018) [24] 77-108 67.5-75° 3D CFD (5x)
Yao and Yeo (2018) (28] 115 70° 3D CFD
Experimental muscular forcing data References Prescribed € Description
Josephson et al (2000) [29] 1%—4% Cotinus mutabilis, basalar
Krzi¢ et al (2010) [70] 0.80% Lethocerus indicus, DLM
Ramanath et al (2011) (68] 0.35% D. melanogaster, DVM & DLM
Swank (2012) (30] 0.35% D. melanogaster, DVM & DLM
Wang et al (2018) [31] 0.35% D. melanogaster, DLM

Abbreviations are: dorsoventral muscle, DVM; dorsolongitudinal muscle, DLM.

system is twofold. The thorax plays (i) a kinematic
role; referring to the transmission of displacements
(strain, motion); and (ii) a dynamic role; referring
to the transmission and modulation of load (stress,
force, moment). In (i), the thorax connects the wing
and asynchronous flight muscles via some mechan-
ical linkage, or kinematic chain [4, 74]. This linkage
allows muscular strain to generate wingbeat motion,
and does not presuppose any elastic energy stor-
age within the system. In (ii), the dynamic role, the
thorax may do more than simply transmit load: it
may modulate these loads via elastic, inertial, or dis-
sipative effects. To represent kinematic and dynamic
transmission processes mathematically, we make two
assumptions.

Assumption 1. We take the wing stroke angle—in a
horizontal stroke plane—as the primary wing degree
of freedom (DOF) for flight motor power consump-
tion, i.e. the primary DOF driven by the muscles. Pre-
vious studies have indicated that wing pitch (i.e. angle
of attack) and elevation (i.e. deviation, or heaving)
variation both account for only a small fraction of
total wingbeat mechanical power requirements. In
optimised D. melanogaster kinematics, wing pitch
variation accounts for below 2% of total mechanical
power; and wing elevation variation below 7% [66].

In experimentally-observed hoverfly (Episyrphus bal-
tealus) kinematics, they together account for below
5% of total mechanical power [75]. In addition, wing
pitch variation in D. melanogaster may be attrib-
uted to passive elastic elements, involving no direct
power requirement [11, 72]. Note that the aerody-
namic effects of non-planar wingbeat kinematics are
included in biological-type datasets of table 1—their
effect on planar drag is accounted for in this model;
it is rather that non-planar forces from any source are
not considered.

Assumption 2. We initially assume a one-to-one lin-
ear relation between muscular strains and wing stroke
angle (g; x ¢). This is associated with a parallel-
elastic actuation (PEA) model of the flight motor
[76], in which muscular strains and the wing stroke
angle are perfectly in phase. We will examine the
effect of certain nonlinearities in this relation later,
but experimental evidence from both x-ray diffrac-
tion and vibrometer studies indicates that the rela-
tionship is largely linear and in phase [5, 20].

Under these assumptions, the kinematic and dynamic
effects of the thorax may be expressed as the fol-
lowing functional equations [77], in the time (¢)
domain:
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Figure 2. Key quantitative data sources for the thoracic inverse problem in D. melanogaster. (A) Wingbeat kinematics, as per [11,
22, 62, 67], indicating the envelope (range) of wingbeat kinematics recorded. (B) Muscular stress—strain data, for the
asynchronous flight muscles of Cotinus mutabilis [29], Drosophila melanogaster [30, 68, 69], and Lethocerus indicus [70], with loop
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Equation (1) is a set of functional equations:
loads and strains are defined as functionals, i.e. func-
tions of functions. Analysing the flight motor under
general conditions requires the ability to compute
all the functionals in equation (1) for arbitrary
input. Crucially, however, this ability is not required

for inverse-problem solution. Given data on input
functions, e.g. wingbeat kinematics, ¢ (¢), the only
information required is the functional output at these
prescribed input functions, e.g. aerodynamic loads
for ¢ (t), which can be estimated via the data sources
described in section 2.1.
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Table 2. Unified parameter set for D. melanogaster.

Parameter Source Value Scaling
Stroke parameters:
Air density (p) [71] 1.2kg m~>
Wing mass (1) [72] 2.7 ug
Wingbeat frequency (1) [73] 218 Hz
Stroke peak amplitude ((]3) [11,53] 77.5°
Single-wing parameters:
Wing length (R) [73] 2.39 mm
Wing area (S) [73] 1.78 mm? 0.376R*
Wing dim’less 2nd mom. of area ) [73] 0.35 0.35
Wing stroke mom. of inertia (I,) Calc. 5.40 pg mm? my IR
Wing aero. ref. pt. length (r,) [73] 1.53 mm 0.7R

2.3. Data-driven models of flight motor
components

To identify thoracic exoskeletal elasticity (i.e. nonlin-
ear elastic modulus, within Miy,or.y) via equation (1),
we require estimates of the wing drive moment
(Mying), and the muscular forcing (F;(e;)). We
take the wing drive moment to be composed of
inertial and aerodynamic components. Aerody-
namic moments are computed via literature-reported
single-wing drag forces, Fp () (table 1), as per the
scaling process described in the Supporting Inform-
ation, and via literature estimates of the spanwise
location of the wing aerodynamic centre, r,. We take
ra = 0.7R [26, 73] (table 2), noting the evidence that
r, may vary over the wingbeat cycle [78, 79]. Iner-
tial moments are computed via literature estimates
of total wing mass, m,, [72], wing second moment
of area factor, I [73], and stroke angle profiles from
wingbeat kinematics (table 1). The resulting drive
moment estimate is:

Muying () = 1.Fp () +myIR*¢ (1).

inertial

(2)

aerodynamic

This estimate accounts for the complex wing
planform geometry, but assumes that the wing shows
uniform mass per unit area, i.e. uniform thickness—
an assumption which will be conservative [80], given
that wing veins and vein junctions are disproportion-
ately located nearer to the wing root. Our estimate
of wing inertia (table 2) is consistent with exist-
ing literature estimates [81, 82]; but a coarse ana-
lysis given in the supporting information indicates
that thickness variation consistent with observed flex-
ural stiffness variation in D. melanogaster wings [83]
could lead to 30% reduction in inertia with respect
to the estimate given in table 2. This latter estim-
ate should be regarded as an overestimate. The drive
moment estimate, equation (2), additionally assumes
that the inertia associated with the stroke angle (¢)
is independent of wing pitch and elevation; and neg-
lects wing elastic, inertial and aerodynamic effects
arising from wing flexion [83]. In other Dipterans,
such as the blowfly Calliphora vicina, elastic energy

6

stored in wing flexion can be on the order of 5%
of total wingbeat power requirements [84]. This
energy is stored in elastic strain distributed along the
wingspan—visible, e.g. as spanwise deformation of
the wing leading edge during stroke reversal [84].
In D. melanogaster, specifically, in-flight imagery
confirms no significant deformation of the wing
leading edge at any point during the stroke cycle [85],
indicating that elastic energy storage of this form is
likely not significant. D. melanogaster does, however,
show notable local deformation of the wing root [85],
potentially representing an energy storage and/or dis-
sipation due to wing root elasticity/plasticity—a phe-
nomenon that requires further, more detailed, ana-
lysis (cf [83].). In the same vein, without detailed
computational fluid dynamics (CFD) studies on the
aerodynamic effects of wing flexion in D. melano-
gaster, one cannot further quantify these effects,
although they could have certain significance, as has
been shown in studies of several insect species [86,
87].

To construct an appropriate model of muscular
forcing, F; (g;), we first take muscular forces to scale
linearly with muscular cross-sectional area:

Fi(e;) = A (g;), i € DVM,DLM]  (3)

for muscular cross-sectional area A; and stress as
a function of strain u;(g;). We assume that the
ex vivo experimental conditions are representative
of D. melanogaster flight, including in temperature,
calcium-ion and magnesium-ion concentration, etc.
We then construct a model of the antagonistic action
of the DVM and DLM. Based on observational data,
we assume the DVM and DLM show symmetric
forcing: equivalent length and total cross-sectional
area [3, 9, 33]; equivalent strain amplitude at 180°
phase offset [5, 9]; and stress profiles u; (¢;) that are
equivalent but act at opposite strain proportional-
ity. We neglect the effect of the flight motor steering
muscles, which are known to represent <3% of the
total flight muscle mass in other Dipterans [3]. The
resulting dual-muscle model (the summation over i
in equation (1)) is symmetric about the midstroke
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Figure 3. Flight motor work-loop properties. (A) Dual muscle model of the flight motor, as per equation (4), using a
single-muscle work loop from Josephson [29], for C. mutabilis, as an example. (B) The elastic-hysteretic decomposition, as per
equation (5), performed on the dual-muscle work loop from (A) as an example. Note that common strain refers to DVM strain,
on the basis that DLM strain can be computed via a sign change in our symmetric model (epym = —€pim)-

point, as shown in figure 3(A). Formally:

Apim = Apvm, Kpim = —Kpvm, 4)
UpLm (EDLM) = UpvM (—EDVM) .

The forces generated by this dual-muscle model
have elastic and hysteretic components (i.e. elastic
and viscous moduli [88]), as can be formalised by
the elastic-hysteretic decomposition (section 2.4).
Asynchronous muscles have high stiffness (both at
rest, and when active) compared to synchronous
muscles [1, 32, 89]. This stiffness lies within the
sarcomeres—the repeating contractile units of stri-
ated muscle—and is attributable to a range of dif-
ferent proteins, including myosin, kettin, projectin,
and titin [1, 90, 91]. In asynchronous muscles, the
connecting filaments (C-filaments) that link the thick
myosin filaments to the Z-disk within the sarcomere
are a key source of the increased stiffness of these
muscles relative to their synchronous counterparts
[91, 92]. Additional links between the sarcomere’s
thin actin and thick myosin filaments are also thought
to contribute [93]. Asynchronous muscle stiffness
differs between the resting and activated state—the
ex vivo dynamic analysis results of figure 2 account
for activated stiffness under broadly representative in-
flight activation conditions. We note in passing that
the isometric tension (i.e. pre-tension) of individual
muscles varies significantly across differing ex vivo
studies, even of the same muscle type (figure 2), due
to differing prescribed initial strain. This variation has
no direct impact on the dual-muscle model, which is
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invariant with respect to any constant isometric ten-
sion that is present in both muscles.

2.4. Work-loop analysis and inverse problem
solutions

With regard to the identification by optimality posed
in section 2.1, only the load model, equation (2),
is required. From equation (2), we can seek either
to identify flight motor elasticities, Mmotor elast. (@ )>
that optimally absorb wing inertial loads, m,,IR¢ (1);
or that optimally absorb inertial-type loads (includ-
ing, e.g. aerodynamic added mass) in the total load,
Mying (t). Here Miyotor (¢) is taken to represent the
total parallel elasticity in the flight motor: a combin-
ation of thoracic exoskeletal elasticity and muscular
effective elasticity—and indeed, wing flexion effects
that are in phase with wing stroke angle. The iden-
tification of optimal Myotor (@) involves the elastic-
bound conditions [76], which relate the optimal
elasticity to the system’s work loop, reflecting the
principle of complete negative work absorption. Any
flight motor load, M (), can be represented as a work
loop: the loop traced out by load, M, against stroke
angle ¢. Such aloop can be denoted as M (¢ ), where
M (¢) is the upper arm of the work loop, associated
with the downstroke, and M~ (¢), is the lower arm,
associated with the upstroke.

Going further, these work loops, M* (6),
can be decomposed into components which are
purely elastic (conservative) and purely hysteretic
(dissipative):

M*E () =E(MF) (¢) £H(M) (¢) (5
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where E(M*) is purely elastic, defining the mean
value of a work loop as a function of ¢, and H (M™) is
purely hysteretic, defining the half-width of the loop
(figure 3(B)). These two components are nonlinear
forms of the linear elastic and viscous moduli used,
e.g. in the analysis of muscular forcing [88]. Physic-
ally, they broadly correspond to structural elastic and
inertial effects (E) and structural dissipative effects
(H), though there is some potential for aliasing, as
discussed in the Supporting Information. These com-
ponents of the work-loop equation of motion can be
studied separately, meaning, e.g. that elastic proper-
ties do not need to be known precisely in order to
study dissipative load transmission.

In the context of the identification by optimal-
ity, the elastic-hysteretic decomposition allows us
to optimise thoracic elasticity with respect to load
and/or power metrics. Particularly relevant are the
metrics of absolute (P,y) [94, 95] and positive-only
(f’pos) [51, 53, 96] power consumption. Denoting the
effective wing root power requirement as Pgrive () =
(Mying (£) = Miotor elast. (£)) ¢ (1), for given flight
motor time-domain elastic load Mpotor elast, (£), the
associated P and Py, are given by:

T
1
Pabs = ?/‘Pdrive (t)l dt?
0

~l -

Ppos =

T
/Pdrive (t) [Pdrive (t)]]ldt' (6)
0

where [-]; is the Iverson bracket [76, 97]. Motor
elasticity can reduce P, and Ppos for a flight
motor via the storage and release of negative work
[49, 51, 76]: we may estimate the energy sav-
ings available by comparing a power requirement
without thoracic elasticity (Mmotor elast. (£) = 0), with
one for nonzero Moo elast. (£). Work-loop formula-
tions (equation (5)) can facilitate the identification of
thoracic elasticities that minimise Pyp,s and Ppos via the
elastic-bound conditions [76]: the optimal elasticities
are any elasticity that lies within the sign-flipped work
loop of the load requirement, *Ming ().

With regard to the identification by consistency
posed in section 2.1, integrating the flight motor com-
ponent models defined in sections 2.3 and 2.4, and
defining a dimensionless time variable, the stroke
cycle parameter x € [0,1], equation (1) permits the
time-domain solution for Mi,orax:

Minorax (x) = Mwing (X) — Nupmuyse (X) . (7)

For some muscular scale factor N, which is as-yet
undetermined. Equation (5) can be represented as a
work loop equation of motion [76, 98], allowing solu-
tion for elasticity over stroke angle ¢:

Mtiorax (qj)) = M\fing ((b) - Nuiusc (¢) ) (8)
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In order to identify thoracic elasticity via consistency
rather than by optimality, estimates of the muscular
scale factor N are required. We provide two estim-
ates (equation (9)). The first (Npe) is based simply
on matching wingbeat net power requirements to
muscular net power generation under the assump-
tion of 100% muscular mechanical transfer efficiency,
i.e. zero thoracic damping, see [47]. We refer to this as
the nominal match. The second (Njpsant) is based on
matching the hysteretic components of wingbeat and
muscular forces such that instantaneous muscular
forces are always sufficient to drive the wing motion.
This latter matching process does not assume 100%
muscular mechanical transfer efficiency, and indeed,
provides a simple maximum bound on this efficiency
(€ max> €quation (9))—representing the efficiency of
transferring muscular mechanical power into wing
aerodynamic power:

1 1
Nhpet = /Mwing (x) dx/ / Umusc (x) dx,
0 0

H (Mwing (X)) (¢)
H (”musc (x)) (d))

. {Mwing (x) > )\m;ixMwing (x)h) ,

Ninstant = mix (

1 1
gmax = /Mwing (x) dX/ /Nloadumusc (X) dx. (9)
0 0

A is a load threshold factor for noise filtering, the
effects of which are studied in the supporting inform-
ation. The geometric interpretation of these two
matching processes is illustrated in section 4.2.

3. Results for the identification by
optimality

3.1. Inertial loads imply strain-hardening motor
elasticity

The optimality inverse problem (section 2.1) involves
identifying the thoracic exoskeletal elasticity that
optimises some metric of the muscular force required
to generate the observed wingbeat motion, assuming
the muscles can provide load at any waveform. Evid-
ence for thoracic resonance [21, 37-40] would imply
that thoracic elasticity minimises muscular power
requirements via absorption of wing inertial loads.
Consider then a simple initial analysis of thoracic
resonant modulation, in which we seek to absorb
wing inertial loads via motor elasticity, independent
of aerodynamic effects (section 2.4 and figure 4)—i.e.
we seek to find the state of perfect wing inertial load
absorption.

If the wing stroke kinematics of D. melano-
gaster were purely sinusoidal, then inertial loads (o<
é, equation (2) and elastic loads (o ¢) would be
directly proportional: é x ¢, and it would follow
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Figure 4. Effect of stroke waveform on wing inertial loads and resonant effectiveness in D. melanogaster. (A) Wing stroke angle
kinematics: synthetic, biological, and sinusoidal fit. (B) Stroke angular acceleration (o inertial load) profiles. (C)—(D) State-space
view of stroke angular acceleration profiles, with elastic-hysteretic decomposition generating the required elastic profile for
optimal absorption of inertial loads (as per equation (5)). (E) Energetic effect of elasticity: actuator energy consumption, under
absolute power P, (equation (6)) for this undamped system, achievable with linear and optimal nonlinear elastic profiles.

that optimal absorption of inertial loads could be
achieved via a linearly elastic thorax. However, the
stroke kinematics of D. melanogaster are not purely
sinusoidal: they are commonly thought to resemble
smoothed sawtooth or triangle waveforms [22, 50,
66, 99, 100]. When observed as d) (1), these triangle-
type waveforms show a pulsed profile, with peri-
ods of near-zero acceleration about the midstroke
(figure 4(B)). The optimal elasticity is then not lin-
ear, but nonlinear. For the synthetic kinematics of
[22], the (5— ¢ loop, and thus the optimal Miporax (4 ),
is exactly a freeplay nonlinearity (figure 4(D)).
For experimentally-measured biological kinematics,
a cubic-like nonlinearity is observed (figure 4(D)).
In both cases, the elasticity may be characterised as
strain-hardening.

These strain-hardening elasticities contrast with
current analyses of thoracic energetics, which typ-
ically assume linear elasticity [43, 45, 46, 101]; but
not with experimental studies of thoracic elasticity,
which have identified strain-hardening phenomena
[40, 47]. The analysis in figure 4 establishes a con-
nection between these phenomena and insect wing-
beat kinematics. It also indicates that the assumption
of linear elasticity may not be safe: figure 4(E) shows
the result using linear elasticity to absorb the iner-
tial loads associated with biological stroke kinematics:
resonant efficiencies are markedly reduced. It follows
that biomimetic MAVs attempting to replicate biolo-
gical stroke kinematics and biological thoracic reson-
ance may be well-suited to similar strain-hardening
nonlinearities. Cubic-type nonlinear elasticities have
already been considered for use in FW-MAVs [102],
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and this result provides a biomimetic insight into the
potential role of such nonlinearities.

3.2. Motor elasticity can effect moderate energy
savings

The principle of inertial-elastic load absorption, and
associated optimal elasticities, are still relevant in an
aerodynamically-damped context, but the situation
is considerably more complex. Firstly, aerodynamic
load waveforms may interact with inertial load wave-
forms in non-trivial ways: aerodynamic loads may
contain components, arising, e.g. from aerodynamic
added mass and vortex capture [22, 103], and these
components may alter the effective inertial load that is
able to be absorbed by elasticity. Secondly, in the pres-
ence of damping, states of resonant optimality in the
flight motor system may become distinct and mutu-
ally exclusive [46]. In section 3.1, there were single
optimal elasticities, which near-perfectly absorbed all
inertial effects, but when any form of damping is
present, elasticities which optimise metrics of load
and power consumption may differ from each other
[46], and indeed, may be non-unique [76].

Within this complex landscape of elastic optim-
ality, several salient features can be identified. Con-
sidering the minimisation of mechanical power
consumption, Py, or P, we analyse a dataset
involving three inertial load profiles (from experi-
mentally observed wingbeat kinematics), and four-
teen aerodynamic load profile. This dataset mixes kin-
ematic and aerodynamic data from different sources
(section 2.1). In doing so, we pay a price in inconsist-
ency in exchange for increased precision in individual
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model components (e.g. the ability to utilise the most
recent kinematic data) and a degree of uncertainty
quantification. From the combined dataset, we cal-
culate total load requirement profiles, and split these
profiles into two classes: those utilising aerodynam-
ics based on biological, and synthetic kinematics,
respectively. For each class, we calculate mean profiles
across the class, and estimate:

(i) Energy consumption: referring to the wing-
beat power requirements Py, and f’pos in the absence
of any thoracic effects (figure 5(A)). These power
requirements represent wingbeat power requirements
only, and do not account for muscular mechanical
inefficiency, e.g. arising from thoracic damping. Val-
ues are in the range 9 uW to 21 pW for a single
wing. Relative to the full insect body mass, ~ 1 mg,
this is 18 W kg=!-42 W kg~! body mass, consist-
ent, e.g. with estimates of Pyero + Pyec for D. melano-
gaster [50] and D. hydei [49]. Power requirements for
aerodynamics based on biological kinematics are, on
average, 25% smaller than those based on synthetic
kinematics.

(ii) Resonant energy savings: referring to the
maximum reduction in Py, and Ppes possible via
overall flight motor elasticity (figure 5(C)). Our

estimates are in the range of 0%—19% (P,;) and 0%—
10% (Ppos) for aerodynamics based on synthetic kin-

ematics; and 8%—31% (P,ps) and 4%—-18% (Ppos) for
aerodynamics based on biological kinematics. These
estimates are given by the elastic-bound conditions
(section 2.4) [76], and are related to the fraction of
negative work in the wingbeat drive load require-
ment (Mying). The difference in maximum power
reduction between synthetic and biological kinemat-
ics is notable. The larger reductions available to bio-
logical kinematics do not directly imply that these
kinematics are more efficient overall. They indicate
rather that overall flight motor elasticity may be par-
ticularly important for biological kinematics—a res-
ult not only of the smaller mean aerodynamic power
requirement (figure 5(A)), but also, the fact that bio-
logical aerodynamic loads appear much more like
purely dissipative loads, and thus interfere less with
the absorption of inertial negative work (figures 2
and 5(B)).

(iii) Resonant elasticities: referring to the set
of elasticities that ensure this maximum reduction
in Py and Ppo, as given by the elastic-bound
conditions [76]. The elastic-bound conditions state
that any elasticity, Muotor (¢ ), that is bounded by the

10
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minimises Pyps and Ppo,. Within this set of elasticit-

ies, the midline elasticity, E (—Mvﬁng) , then ensures
that peak load and power are also minimised [76].
This midline elasticity is thus ‘most optimal’ in a cer-
tain sense—midline elasticities for our data-driven
model are illustrated in figure 5. We observe again
that these elasticities are strain-hardening: reinfor-
cing the conclusions of our simplified analysis that
strain-hardening elasticities are energetically optimal
flight motor elasticities in D. melanogaster.

3.3. Motor elasticity can effect significant changes
in load timing
Returning to an overall view of the role of flight
motor elasticity in D. Melanogaster, we may observe
that the resonant elasticities identified in section 3.2
(iii) are non-unique: by selecting a different elasti-
city from this non-unique optimum, the load and
power waveforms that the flight motor must provide
(i.e. the required w5 ) can be altered significantly, at
no overall energetic cost. That is, flight motor elasti-
city allows the wingbeat load and power require-
ment waveforms to be tuned, or synchronised, to
the optimal action of the flight musculature—while
remaining optimal in overall power consumption.
Figure 6 illustrates a simple example of this effect.
Starting with the midline elastic profile for the
biological kinematics (figure 5(C)), we study two dif-
ferent parametric alterations of this profile (figure 6).

The first alteration involves shifting the profile uni-
formly towards either the upper or lower bound-
aries of the resonant zone (the loop —M‘j;ing). The
second alteration involves shifting the profile simul-
taneously to both boundaries, in the manner of a
bistable elasticity. This pair of alterations allows a
simple parametric exploration of the resonant zone—
their formal definitions are given in the supporting
information.

Motor elasticities represented by these alterations
exhibit significantly different distribution of flight
motor load/power requirement over the stroke cycle.
The first alteration (figure 6(A)) shifts load/power
between upstroke and downstroke: in the limit case,
leading to the one-way drive system of [76], in which
the motor actuation is near-unidirectional. This res-
ult indicates that asymmetry in the DVM/DLM load
waveforms can be consistent with energetic optimal-
ity: even if the wingbeat kinematics are symmetric,
this does not necessitate symmetric muscular forcing.
The second alteration (figure 6(B)) shifts load/power
between each half of the upstroke and downstroke:
from the first and third quarter-stroke to the second
and last, and vice versa. In D. Melanogaster, this power
transfer would represent a preference for muscular
forcing immediately after high muscular extension
(1st/3rd quarter stroke) vs. after low muscle extension
(2nd/4th quarter stroke)—a forming of load timing
control which may relate to the motor’s ability to syn-
chronise wingbeat loads with the timing of delayed
stretch activation [31].
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4. Results for the identification by
consistency

4.1. Hysteretic musculature action follows an
elliptical profile

The inverse problem for consistent transmission
(section 2.1) allows us to eliminate the need to make
assumptions about the energetic priorities of the
D. melanogaster flight motor, but instead requires
an adequate model of muscular forcing within the
motor, which is not trivial to obtain. In section 2.2,
we detailed several sources of muscular forcing data
that could be used as a model for the DVM and DLM
of D. melanogaster (table 1 and figure 2). None of
these sources provides a perfect model. Data specific
to D. melanogaster asynchronous muscles is avail-
able only for experimentally-prescribed strain amp-
litudes (peak-to-peak 0.7%) which are much lower
than in realistic motor operation (average peak-to-
peak 3.3%-3.5%, for D. virilis tethered flight [9]).
Data from the asynchronous muscles of other insect
species raises the question of generality of asynchron-
ous muscle properties between species.

Fortunately, the nature of the work-loop
approach to inverse problem analysis (section 2.4),
leads to a level of invariance in the analysis—for
instance, an invariance to the scale of measured
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muscular forces (via direction identification of N,
equation (9)), and the ability to analyse elastic and
hysteretic components of the system separately. In
this context, we observe first that there is a key fea-
ture of dual-muscle forcing which appears highly gen-
eralizable: the hysteretic component of the muscular
work loop (the nonlinear viscous modulus, governing
the muscle pair’s network generation) is well approx-
imated by an elliptical profile. When the hysteretic
component of the loop is normalised over strain and
load, this profile is well-approximated by a circle
(figure 7). This circular profile is present irrespective
of the strain amplitude, and, indeed, of the muscular
dataset. This is effectively equivalent to stating that
dual-muscular forcing (specifically) can be accur-
ately modelled by a classical viscous modulus—as per
the modelling approach often used in low-amplitude
sinusoidal analyses of single asynchronous muscles
[68, 69]. This result has significant implications for
the interpretation of D. melanogaster wingbeat kin-
ematics (section 4.2).

4.2. Biological wingbeat kinematics are consistent
with muscular forcing; synthetic kinematics are
not

As per our transmission model in sections 2.2-2.4,
wingbeat load requirements must match muscular
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synthetic kinematics.

forcing. In the work-loop equations of motion
(equation (8)), load-matching implies that any dif-
ference between the elastic component of muscu-
lar forcing (effective muscular elasticity), and the
elastic component of the wingbeat load require-
ment must be the result of thoracic elastic and/or
inertial effects. Any difference between the muscu-
lar hysteretic loop (network output) and the hys-
teretic component of wingbeat load (primarily, aero-
dynamic dissipation) must be the result either of
thoracic damping, and possibly the action of addi-
tional muscles (the bl muscle [104], etc) acting
independently of the main flight muscles. As noted
in section 2.4, two approaches are available to
match muscular forcing with wingbeat load require-
ments. We can match wingbeat network require-
ments with muscular network generation under the
assumption of zero thoracic damping (the nom-
inal match); or we can match wingbeat work loop
requirements with muscular work loops such that
muscular forces always exceed or are equal to the load
requirement—and thereby obtain an estimated min-
imum bound on thoracic damping, i.e. a maximum

bound on muscular mechanical transfer efficiency,
& max (equation (9)).

Figure 8 shows the results of these two match-
ing processes, applied only to the hysteretic (work-
generating) component of wingbeat loads and mus-
cular forcing. The load threshold factor A = 35%
(equation (9)): a parametric study in the Support-
ing Information demonstrates the insensitivity of our
analysis to A over the window 0%—95%. Even though
these loop matches are approximate, their implica-
tions are striking. In the case of the biological wing-
beat kinematics, the load-matched and nominal loops
are quite similar: the difference being only a factor
of 1.4 in power consumption—a maximum muscular
mechanical transfer efficiency of 72% (figure 8(B)).
That is, 28% of muscular mechanical power is lost
to thoracic damping, consistent, e.g. with an estim-
ate of 20% in M. Sexta [47]. Across the full dataset
based on biological kinematics, this transfer efficiency
ranges from a best case of 87% for a datapoint of
Shen et al [24]; to a worst case of 23% for a datapoint
of Meng et al [25]. For the synthetic kinematics,
the loop matches are radically different: even the
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worst-case datapoint based on biological kinemat-
ics retains roughly twice as much useful work as
the average for synthetic kinematics (20% vs 12%);
and, as a whole, the biological kinematics perform
several times better. Under threshold values of 0%-—
95%, maximum muscular mechanical transfer effi-
ciency under the mean synthetic kinematics profile
ranges from 12%-15%; and under the mean biolo-
gical kinematics profile, from 55%-72% (see the sup-
porting information). Physically, wing aerodynamic
dissipation under biological kinematics follows near-
elliptical profiles, matching the elliptical muscular
loop well. In the case of the synthetic wingbeat kin-
ematics, load-matching is practically impossible: to
match the instantaneous load and power require-
ments associated with vortex-capture around the
wing stroke extrema, excessive muscular forcing is
required. In such a situation, the muscular instantan-
eous forcing is too great over the vast majority of the
stroke cycle, and so nearly 90% of the muscular power
is wasted (dissipated). Even given uncertainty in the
aerodynamic data, the core flight musculature is fun-
damentally unsuited to generating synthetic wingbeat
kinematics.

We pause for a moment on this stark distinc-
tion between the behaviour of synthetic and biolo-
gical wingbeat kinematics. This distinction stands in
contrast to existing studies, which do not discern not-
able functional differences, e.g. in overall lift or power
consumption [99, 100, 105], between biological and
synthetic kinematics. This analysis of the drag load
waveform associated with wingbeat kinematics, and
its relationship to muscular forces, provides another
avenue towards understanding biological wingbeat
kinematics. Here, we have evidence that biological
kinematics are significantly better suited to the flight
motor musculature: their load requirements form a
near-elliptical loop, matching the dual-muscle sys-
tem’s elliptical work loop profile. Our data-synthesis
analysis means that we cannot directly study the effect
of specific wingbeat kinematic variables on these rela-
tionships, but we conjecture that the wing eleva-
tion angle is one key factor in generating this ellipt-
ical loop. The wing elevation angle could control the
nature of the wing vortex-capture event, such that
the peak drag load has specific amplitude and timing
(figure 8). If this is so, then the need to ensure flight
motor load matching could explain the wing eleva-
tion angle variation in insect flight—further research
is required.

4.3. Intrinsic muscular elastic effects provide the
majority of flight motor elasticity

Having matched the hysteretic component of the
muscular forcing and wing load requirement work
loops (figure 8), we can turn to a complete match
of hysteretic and elastic components. Figures 9(A)
and (B) show dual muscle work loops (over the full
dataset of table 1) and the wingbeat load requirement
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(the mean for biological wingbeat kinematics) in the
normalised form of figure 7. The restriction to bio-
logical wingbeat kinematics follows the conclusion of
section 4.2 that the D. melanogaster flight motor can-
not realistically generate the synthetic wingbeat kin-
ematics in our study dataset. We note that the nor-
malisation of figures 9(A) and (B) does not itself
constitute a match between the muscular forcing and
wingbeat loading (this requires matching network, or
instantaneous loading, as per equation (9)); it serves
instead to highlight the relative elasticity require-
ments of these two sets of work loops. The compar-
ison is striking: muscular forcing typically provides
significantly greater elasticity than is required by the
wingbeat. Any muscular datasets in table 1 is capable
of matching or exceeding wingbeat elasticity require-
ments. The only datasets that come close to parity of
elasticity with the wingbeat requirements are those of
Josephson et al [29] with peak-to-peak strain amp-
litudes of 2.4% and 3.3%. Interestingly, of all the pro-
files within the muscular datasets of table 1, it is these
two profiles that match closest the muscular strain
amplitudes of D. melanogaster flight. The estimates
of Chan and Dickinson [9], that indicate that D. vir-
ilis DVM and DLM peak-to-peak strains average 3.3%
and 3.5%, respectively, though the strain waveform
estimates associated with these results are coarse, and
no force results are associated. In this sense, Joseph-
son’s [29] two forcing profiles are probably the best
existing model available for the D. melanogaster flight
motor—though the conclusion that muscular elasti-
city is sufficient does not rely on this point.
Performing the detailed matching process
(equation (9)) with this pair of profiles, as an
example, yields four estimates of the effective muscu-
lar elasticity (figure 9(C)). This confirms the intuition
of figures 9(A) and (B): intrinsic muscular elasti-
city is at least sufficient to account for all wingbeat
elasticity requirements, and may in fact exceed these
requirements. Again, this conclusion holds for all the
muscular forcing datasets of table 1 and figure 9(A).
Thoracic exoskeletal elasticity is not required, and
indeed, if the thorax has any effect, it is likely to be
inertial—increasing, rather than reducing, system
elasticity requirements, to account for excess mus-
cular elasticity. This may tentatively suggest that
inertial effects of the thorax are more significant
than its elastic effects. Further experimental results
could shed light on this topic. On the topic of ali-
asing, alluded to in section 2.4, we note that we are
unable to conclude whether this muscular elasti-
city realises the elastic energy savings identified in
section 3.2. This is because, while we can reliably
identify that elastic-like effects of active asynchron-
ous muscle are sufficient to account for wingbeat
elasticity requirements (without thoracic elasticity);
we cannot be certain that these effects represent actual
energetically-conservative elastic potentials. It is pos-
sible that nonlinear muscular force generation, see
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Figure 9. The relative insignificance of thoracic exoskeletal elasticity. (A) Muscular work loops, displayed in normalised form as
per figure 7. (B) The mean wingbeat load requirement work loop for biological kinematics, displayed in identical normalised
form, illustrating the wingbeat elasticity requirement (elastic component X — 1). The comparative excess of muscular elasticity
relative to wingbeat elasticity requirement can be seen. (C) The results of a formal match (equation (9)) between muscular forcing
and wingbeat load requirements, using muscular data from Josephson [29] at peak-to-peak strain amplitudes of 2.4% and 3.3%,
consistent with D. melanogaster flight [9]. Wingbeat elasticity requirement is compared to the matched muscular elasticity; in all
matched cases, the intrinsic muscular elasticity is at least as great at the elasticity requirement: thoracic exoskeletal elasticity is not

required.

[106], could alias as effective elasticity, which would
satisfy wingbeat consistency requirements but not
actually store and release energy. Further analysis of
this topic shows potential: relationships between cer-
tain muscular forcing phenomena and biochemical
processes within the muscle are already established
[106], and these relationships may allow an assess-
ment the degree to the elastic-like effects of active
muscle are actually energetically conservative.

5. Discussion and conclusions

5.1. The nature of the D. melanogaster flight motor
The inverse-problem analysis set out in this work
leads to several conclusions regarding the nature
of the flight motor of D. melanogaster. The res-
ults of sections 3.1-3.3 indicate that D. melanogaster
can benefit from moderate energy savings (aver-
aging 16% in absolute power) as a result of flight
motor elasticity. These energy savings were sensit-
ive to the details of the wingbeat kinematics and
aerodynamics—reaching up to 30% or down to 0.6%,
again in absolute power—but were insensitive to the
actual elasticity used. In general, achieving maximal
elastic energy savings required strain-hardening non-
linear elasticity—a feature fundamentally related to
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the triangle-wave resemblance shown by D. melano-
gaster wingbeat kinematics. However, careful tuning
of this nonlinear elasticity allows significant control
over load and power timing and waveforms, all while
maintaining maximal energy savings. These results
indicate both that there is significant opportunity—
in D. melanogaster, and perhaps in other species—
for optimisation of wingbeat kinematics in pursuit
of increased elastic energy savings; and also that the
mechanical role of flight motor elasticity may extend
to more than simply saving energy via elastic energy
storage. Ensuring an efficient match between muscu-
lar forcing and wingbeat loading may also be a signi-
ficant role.

The results of sections 4.1 and 4.2 took this con-
clusion a step further, indicating that biological wing-
beat kinematics are specifically tuned to be consist-
ent with muscular forcing, and that forms of synthetic
wingbeat kinematics used widely in the literature are
inconsistent with muscular forcing—these synthetic
kinematics cannot feasibly be generated by the flight
motor of D. melanogaster. This result provides a new
lens through which to consider wingbeat kinemat-
ics: not only as optimising aerodynamic parameters,
such as lift, power requirement, etc; but as optimising
(and, ensuring) the match between muscular forcing
and wingbeat load requirements. Muscular forcing
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data indicates that the D. Melanogaster primary flight
musculature generates forces according to an elliptical
work loop, and thus wingbeat kinematics must also
be tuned to this elliptical loop—necessitating a high
level of wingbeat kinematic adaption given the com-
plex wingbeat aerodynamics.

Finally, the results of section 4.3 signify that the D.
melanogaster flight motor should not be considered
as a system in which the wings are resonant with
the thoracic exoskeleton; but one in which the wings
are resonant with the elasticity of the motor’s asyn-
chronous musculature. Across muscular datasets, the
intrinsic effective elasticity of active D. melanogaster
flight muscles is sufficient for (and indeed, in excess
of) the elasticity required for consistency with wing
loading: there is no need for significant thoracic exo-
skeletal elasticity. However, we note that the degree
to which effective (i.e. observed) muscular elasticity
actually stores energy is uncertain. This result motiv-
ates further analysis, following Lynch et al [107], of
the coupling between asynchronous muscle dynam-
ics and wingbeat dynamics, and lends further weight
to earlier hypotheses of Alexander and Bennet-Clark
[108, 109] and Ellington [42], that intrinsic effective
muscular elasticity is a dominant elastic force within
the flight motor of smaller insects such as D. melano-
gaster. However, following the reasoning of Ellington
[42], we anticipate that this conclusion of dominant
muscular elasticity does not generalise to other insect
species. In larger insects such as hawk moths (M.
sexta), utilising an indirect flight mechanism but with
synchronous muscles, exoskeletal elasticity appears to
dominate muscular elasticity [47]; whereas in smal-
ler insects such as fairyflies (Paratuposa placentis),
inertial effects themselves are practically insignificant
[110]. We propose that D. melanogaster lies on the
boundary between these two types of behaviour,
occupying a state in which inertial effects are signific-
ant, but are largely accounted for by muscular, rather
than thoracic elasticity—suggesting that D. melano-
gaster flight motor dynamics and wingbeat kinemat-
ics are adapted to this distinctive scaling state.

5.2. Limitations and extensions

The core limitation of our results is their focus on
hovering flight in D. melanogaster: we can only spec-
ulate, as per section 5.1, on their generalisation to dif-
ferent flight states and insect species. However, within
the inverse-problem framework, there is potential this
generalisation. The success of our inverse-problem
analysis is founded on the extensiveness of literat-
ure datasets—CFD, x-ray diffraction and ex vivo mus-
cular studies—as are also available for other species,
(e.g. M. sexta) and other flight states (e.g. forward,
ascending, elevated performance [50, 111]). Interest-
ingly, considering elevated performance or ascend-
ing flight at higher frequencies, both aerodynamic
and inertial forces scale roughly quadratically [42,
45, 49]—so, while the significance of any thoracic
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elasticity is likely to increase with increased wingbeat
frequency, the direction in which percentage elastic
energy savings should scale (if at all) is not imme-
diately clear. Our inverse-problem approach high-
lights the importance of individual literature data-
sets to wider analyses of flight motor behaviour, and
provides renewed motivation for the generation of
further data.

In the context of D. melanogaster hovering flight,
our results are limited by our modelling assumptions
and the properties of the source datasets. On the mod-
elling side, we neglect series elasticity in the flight
motor [45, 46], e.g. as could be present at the wing
root [85]; wing deformation [83]; and non-planar
forces, i.e. those perpendicular to the assumed stroke
plane [66, 75]. In addition, our wing rotational iner-
tia estimates are likely to be conservative. We neglect
the flight motor steering muscles, and do not account
for asymmetry in the action of the DVM and DLM,
whether due to their slightly different masses, or
potentially different mechanical advantages [3, 9, 33].
On the dataset side, variability in literature-reported
results leads to a significant level of uncertainty in
estimates, e.g. of elastic energy savings (section 3.2).
While a composite dataset lends the analysis robust-
ness, and enables sensitivity analyses, the question
of exactly how D. melanogaster individuals behave
requires a more specific dataset. In addition, there is
a deficit of muscular data—existing data differs either
in species or strain amplitude. There is scope for the
extension of inverse-problem analyses to account for
all these factors, and thereby to shed further light on
the complex behaviour of the tiny D. Melanogaster
flight motor.

Data availability statement

The data that support the findings of this study are
available upon reasonable request from the authors.
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