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Abstract

Flight dynamics modelling lies at the heart of the aircraft design process, and plays a key role
in understanding and controlling flight performance. This paper considers the special difficulties
posed by flapping flight. Flapping flight dynamics modelling is a new field presenting new chal-
lenges that must be met if we are to understand in a proper physical sense the mechanisms of flight
control used by flying animals. Current interest in developing flapping-wing micro air vehicles
adds further urgency to the challenge. Flight dynamics modelling is complicated by the inter-
action of the vehicle’s solid body dynamics with the fluid dynamics of the surrounding air. This is
especially problematic when the flows involved are strongly unsteady, because the current state of
the flow then depends not only upon the vehicle’s current motion, but also upon its motion history.
How best to account for unsteady aerodynamic effects in flight dynamics modelling remains an
open question. Unsteady aerodynamic effects dominate the complex flows associated with flap-
ping flight, and a key challenge in flapping flight dynamics modelling will therefore be to account
adequately for the effects of unsteady flow phenomena. This paper introduces time-periodic flight
dynamics models and state–space representations of the aerodynamics as possible solutions to
the problem. Because models of flight dynamics are implemented directly in the automatic con-
trol systems of aircraft, it follows that insights into flight dynamics modelling can offer insights
into control system design, including in particular the sensory input required to provide infor-
mation for the feedback loops to act upon. The proposed time-periodic modelling of the flight
dynamics inspires the hypothesis that periodic input from a central pattern generator may allow
flying animals to account for aerodynamic unsteadiness without needing to take account of their
motion history, by using time-periodic control laws. The proposed state–space modelling of the
aerodynamics inspires the hypothesis that the sensor-rich feedback control architecture of flying
animals may allow them to measure internal state variables characterising the current state of the
unsteady flowfield (e.g. chordwise position of the flow separation point) directly in order to avoid
the need to account for their motion history. It is suggested that input from analogous flowfield
sensors could be built in to the automatic control systems of high performance aircraft and missiles
as a means of enhancing automatic control—and thereby of extending the flight envelope.
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1 Introduction: time history effects in flight dynamics

Conferring upon aircraft stable, yet controllable, flight dynamics presents one of the most sig-
nificant challenges to aeronautical engineering design. Much of the challenge lies in developing
a model of the flight dynamics which is sufficiently realistic to implement in the design of the
control system. The complexities of flight dynamics modelling reside chiefly in the fact that the
solid body dynamics of the vehicle are coupled with the fluid dynamics of the surrounding air.
Hence, an exact—if computationally costly—approach to modelling aircraft flight dynamics is to
solve simultaneously the coupled solid body equations of motion and Navier–Stokes equations of
fluid flows (Fig. 1). Note that this complete formulation includes as independent variables both
the current motion state of the vehicle and the current aerodynamic state of the flowfield. It is
therefore significant that the foundational step in the development of aircraft flight dynamics was
Bryan’s formulation in 1903–1911 [1, 2] of a set of differential equations of motion in which the
aerodynamic state of the flowfield was made not to appear explicitly (Fig. 2). This conceptual
device of formulating the equations of motion in terms of only the vehicle’s motion reduces the
problem from being infinite-dimensional (the Navier–Stokes equations describe the motion of the
fluid at infinitely many points in space) to being finite-dimensional (Bryan’s equations of motion
describe the rigid body motion of the vehicle at its centre of mass). This formulation has formed
the basis of almost all subsequent analyses of aircraft flight dynamics [3].

The original justification for Bryan’s formulation [1, 2] rested on the assumption that the
aerodynamic forces and moments could be represented as functions of the motion state variables.
This was equivalent to assuming that each particular combination of instantaneous values of
the motion state variables mapped onto a unique aerodynamic state, and Bryan’s formulation
is therefore implicitly a quasi-steady one with respect to the flow. The shortcomings of this
formulation quickly become apparent when unsteady flow phenomena come into play, and Bryan’s
equations were therefore modified in an ad hoc fashion by aircraft engineers to include such
unsteady terms as became necessary (still as functions of the state variables). Tobak and colleagues
[4] subsequently revised the aircraft equations of motion to include unsteady aerodynamic effects
in a mathematically proper fashion, by assuming that the aerodynamic forces and moments could
be represented as functionals of the motion state variables (Fig. 3). This permitted the aerodynamic
forces and moments to be expressed in terms of the system’s past as well as current state, which is
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Figure 1: Exact approach to flight dynamics modelling, in which the coupled solid body equations
of motion and Navier–Stokes equations of fluid flow are solved simultaneously through
time.
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important, because if the flow is unsteady then the aerodynamic state of the system is not mapped
uniquely by the current values of the motion state variables, but depends upon their history too [4].
This can be accounted for using functionals, which associate the current value of the aerodynamic
forces and moments with the past evolution of the system states through to the present (see Fig. 3).
Unfortunately, this makes the problem infinite dimensional, because the current behaviour of the
system is associated with the evolution of its states through infinitely many points in time. This
leads to integro-differential equations of motion, which present severe analytical problems [4–6].
This should immediately ring alarm bells as we come to consider the dynamics of flapping flight,
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Figure 2: Bryan’s quasi-steady approach to flight dynamics modelling [2], in which the aero-
dynamic forces and moments are represented in the form of a function X(t) = f (x(t)),
which associates the current values of the aerodynamic forces and moments X(t) with
the current values of the system states x(t).
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Figure 3: Tobak and colleagues’ functional approach to flight dynamics modelling [4], in which
the unsteady aerodynamic forces and moments are represented in the form of a functional
X(t) = f [x(τ); 0 ≤ τ ≤ t] which associates the current values of the aerodynamic forces
and moments X(t) with the past evolution of the system states x(τ; 0 ≤ τ ≤ t). Whereas
an ordinary function f (x) assigns a number to each x for which it is defined, a functional
f [x(τ)] assigns a number to each function x(τ) of the set of functions for which the
functional is defined [4]. The square bracket notation denotes a functional (cf. Fig. 2).
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because unsteady aerodynamic phenomena are a dominant feature of the complex flows generated
by flapping wings [7].

Although engineers have been modelling aircraft flight dynamics for over a century [3], the
problem of flapping flight dynamics has only recently been tackled [8–11]. This interest in flapping
flight dynamics has been motivated partly by the need to develop an integrated understanding of
system response for studying biological processes of flight control [9–12], and partly by the need
to develop an adequate modelling framework for investigating the feasibility of flapping wing
micro-air vehicles [7, 8]. The aim of this paper is to consider how unsteady flow phenomena are
likely to impact upon flapping flight dynamics modelling (Section 2). To the extent that some
assumed model of the flight dynamics forms the starting point of any closed-loop flight control
system, this leads naturally to insights into the practicalities of flight control (Section 3).

2 Flapping flight dynamics modelling

It is beyond the scope of this paper to review techniques for modelling the unsteady aerodynamic
response of a flapping animal or vehicle. Suffice it to say that even if a theoretical derivation of
the aerodynamic response is unavailable, it will usually be possible to approximate the unsteady
aerodynamic response empirically via dynamic testing of wind tunnel models [13]. Żbikowski [7]
provides a comprehensive review of analytical techniques appropriate for modelling the unsteady
aerodynamics of flapping flight; Sun and Xiong [14] use computational fluid dynamics to model
the aerodynamic response characteristics of bumblebees; Taylor and Thomas [9] describe direct
measurements of the aerodynamic response characteristics of real insects. For the purposes of this
paper, however, I will simply assume that we are able to predict or measure the aerodynamic loads
generated in response to any given motion history. Our focus must then shift to the problem of how
to incorporate our empirical or theoretical models of aerodynamic response into the equations
of motion. The main complication here is that the motion history of the vehicle with respect
to which the unsteady aerodynamic response must be modelled is usually neither specified nor
known in advance, but is rather the desired result of solving the equations of motion. Much
effort has therefore been expended in simplifying the equations of motion so that modelling the
aerodynamic response to a limited set of characteristic motions will suffice [4]. The purpose of the
following section is to suggest possible simplifications which capture the intrinsic unsteadiness
of flapping flight aerodynamics, whilst avoiding any time-history dependence in the equations
of motion. The aim is to retain the finite-dimensional form of Bryan’s differential equations of
motion, whilst nevertheless dealing with the effects of aerodynamic unsteadiness.

2.1 Autonomous versus non-autonomous unsteady aerodynamic inputs

Systems of differential equations with constant coefficients are time-invariant and are termed
‘autonomous’, to indicate that their solutions do not depend explicitly upon time, but depend only
upon the current values of the state variables [15]. Systems of differential equations with variable
coefficients are time-variant and are termed ‘non-autonomous’, to indicate that their solutions do
depend explicitly upon time, as well as upon the current values of the state variables [15]. Unsteady
flow phenomena resulting from the free motions of the vehicle and depending only upon the state
variables of the system may therefore be considered ‘autonomous inputs’ to the system [16], in
contradistinction to unsteady flow phenomena resulting from other factors (i.e. external distur-
bances, pilot inputs, other forms of forcing), which may be considered ‘non-autonomous’ [16].
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It follows that the most difficult kinds of unsteady flow phenomena to incorporate in flight dynam-
ics models are those forming non-autonomous inputs to the system, because the motion history
with respect to which the aerodynamic response must be modelled is then the desired solution of
the equations of motion, rather than being known or specified in advance.

Most of the unsteady flow phenomena associated with fixed-wing flight are autonomous inputs,
including the time lag associated with convection to the tail of changes in vorticity at the wings
[16, 17], asymptotic adjustment of the wing lift coefficient towards its steady state value at
subsonic speeds (see, e.g. [18–20]), and bursting of delta wing and forebody vortices at high
angles of attack (see, e.g. [21]). External aerodynamic disturbances caused by gusts and tur-
bulence are clearly non-autonomous when treated as inputs, but as they are usually accounted
for in the initial conditions for which the equations of motion are solved, the systems of equa-
tions used to analyse fixed-wing aircraft flight dynamics almost always remain autonomous. In
contrast, all of the most important unsteady flow phenomena in flapping flight result from the
forced motions of the wings, and are therefore non-autonomous inputs to the system. This gap
widens to a chasm in respect of how models of the unsteady flow phenomena may be incorpo-
rated into the equations of motion—especially if unsteadiness of the autonomous inputs to the
system can be considered negligible in comparison with unsteadiness of the non-autonomous
inputs.

2.2 Can autonomous unsteady aerodynamic inputs be neglected in flapping flight?

In general, it will be reasonable to neglect the unsteadiness of a system’s autonomous inputs
if its non-autonomous inputs operate considerably faster. This is tantamount to saying that the
unsteadiness of a system’s free motions can be neglected if they occur on a much longer timescale
than its forced motions. A useful rule of thumb for assessing whether this is the case for flapping
flight is to observe whether the forcing of the wingbeat tends to couple in to the motions of the
body [22]. This offers a good indication of the relative timescales of the free and forced motions,
because the strength of coupling in any system consisting of several interconnected subsystems of
lower order is governed principally by issues of timescale: if the component subsystems operate
on similar timescales, their dynamics are likely to be strongly coupled; conversely, if they operate
on widely differing timescales, their dynamics are likely to be only weakly coupled [23, 24]. The
reason for this is that transient motions in a slower subsystem do not develop quickly enough to
affect the short-term operation of a much faster subsystem, while motions in a faster subsystem
asymptote toward a steady state before they can affect the operation of a much slower subsystem
(if they are stable) or average out through time (if they are oscillatory). Observing the strength
of coupling between two interacting subsystems can therefore give a good qualitative indication
of the relative timescales on which they operate. In the case of flapping flight, the system may
be assumed to consist of a more or less rigid body subsystem with two or more flapping-wing
subsystems attached. Hence, if the body displays pronounced oscillations at the frequency of the
wingbeat, this offers a good indication that the free motions of the body are coupled strongly with
the forcing due to the wing’s flapping, and indicates that the two must therefore operate on similar
timescales. Conversely, if the body does not display pronounced oscillations at the frequency
of the wingbeat, this offers a good indication that the free motions of the body are not coupled
strongly with the forcing due to the wing’s flapping, and indicates that the two are unlikely to
operate on similar timescales [9–11, 22].

A quick survey of the flight trajectories of flying animals suggests that forced oscillations of the
body are only usually apparent in larger members of a taxon with relatively ‘buoyant’ flight [22].
Examples among birds include herons (Ardeidae) and skimmers (Rynchopidae); examples among
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insects include Morpho spp. butterflies and saturniid moths. Not all larger members of a taxon
display pronounced forced body oscillations, however, and it is likely that coupling is promoted
in those that do by the low wing loading associated with ‘buoyant’ flight. Low wing loading tends
to be correlated with low wingbeat frequency relative to body mass [25], and this will tend to
bring the timescales of the free and forced motions of the system closer together. On the other
hand, the flight trajectories of smaller birds and insects do not tend to display pronounced forced
body oscillations, even if their wing loading is low. For example, swallows (Hirundinidae) have
a relatively low wing loading [25], but their flight trajectories do not display pronounced body
oscillations. Small insects, such as Drosophila spp., also display characteristically smooth flight
trajectories [26]. In birds, at least, the absence of forced body oscillations in smaller members of
the taxon may reflect the empirical observation [25] that wingbeat frequency scales with body
mass m as approximately m−0.27 and is therefore allometric with the frequencies of the natural
modes of motion of the body, which are expected to scale as m−1/6 [9]. This allometry will tend
to mean that the period of the free motions is longer relative to the wingbeat period at smaller
body size, leading to weaker coupling in smaller species.

In summary, since the majority of flying animals do not display strong coupling between the
free motions of their body and the forcing of their wings, we may reason that the timescales of
their free motions are long enough for any unsteadiness therein to be negligible in comparison
with the unsteadiness of the flapping wings. This is highly attractive from a modelling perspective,
because we may then assume that the motion-history dependence of the unsteady aerodynamic
forces and moments is due only to the prescribed motions of the flapping wings. Paradoxically,
unsteady aerodynamic effects may therefore be easier to account for in the equations of motion
for flapping flight than in the equations of motion for fixed-wing flight. We must now consider
exactly what form such a flight dynamics model would take.

2.3 Time-periodic modelling of unsteady aerodynamic inputs in flapping flight

Since the wing stroke may be assumed periodic in the (possibly oscillatory) reference state of
steady or ‘non-wandering’ [27] flight, it is reasonable to assume that the corresponding unsteady
flow field will be asymptotically time-periodic when observed in a reference frame moving with
the body. It follows that the unsteady aerodynamic forces and moments will be asymptotically
periodic functions of time during steady flight [10, 11]. This admits no disturbance to the system,
so for illustrative purposes, I will now assume that the vehicle’s pitch attitude angle θ is subject
to a (possibly large) initial disturbance �θ. The instantaneous aerodynamic angle of attack α of
the wings will be disturbed by an equivalent angle �α = �θ, and it is therefore obvious that the
unsteady aerodynamic forces will still depend upon the motion state variables. Nevertheless, if the
vehicle’s free motions occur on timescales considerably longer than the period of the wingbeat,
then the component of α̇ due to the vehicle’s free motions may be small compared to the compo-
nent of α̇ due to flapping, and unsteadiness in the vehicle’s free motion will have a similarly small
effect on the aerodynamic loads. Hence, the unsteady aerodynamic forces will not be strongly
influenced by the time history of the vehicle’s free motions, and it may be reasonable to include the
wings’periodic flapping as the only unsteady aerodynamic inputs to the system. This would allow
the unsteady aerodynamic effects which dominate flapping flight to be accommodated directly
in the differential equations of motion, simply by making their coefficients periodic (Fig. 4;
cf. Fig. 3). Note that this scheme retains the finite-dimensional form of Bryan’s differential equa-
tions of motion, whilst dealing with the effects of aerodynamic unsteadiness—exactly as required
in the introduction to this Section. The only fundamental difference between the time-periodic
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Figure 4: Proposed time-periodic approach to flapping flight dynamics, in which the unsteady
aerodynamic forces and moments are represented as time-periodic functions of the
current values of the motion state variables.

formulation in Fig. 4 and the classical form of the equations of motion (Fig. 2) is that the equations
of motion for flapping flight are non-autonomous, rather than autonomous.

Time-periodic modelling of the aerodynamic forces and moments has recently been used to
model semi-empirically the flight dynamics of locusts [11]. The proposed time-periodic formula-
tion (Fig. 4) also resembles mathematically schemes used by flight dynamicists to model coupled
rotor-fuselage problems in helicopters (so-called ‘air resonance’ problems [28–31]). In forward
flight, the aerodynamic loads on a helicopter blade vary cyclically with the angular position of
the rotor, which means that the coupled rotor-fuselage equations of motion for forward flight
are time-periodic. Owing to the complexity of modelling the unsteady aerodynamics of rotary
wings (especially the problem of dynamic stall [32]), coupled rotor-fuselage models to date have
tended to use quasi-steady aerodynamic modelling [28, 30]. Nevertheless, it should, in principle,
be possible to extend the same time-periodic formulation to include the effects of unsteady flow
phenomena such as dynamic stall, without losing the ordinary differential form of the equations.
As with flapping flight, the validity of this approach hinges upon the forcing period being short
in comparison with the timescales on which the free motions of the vehicle occur.

2.4 State–space modelling of unsteady aerodynamics

It is worth emphasizing that the need to account for time-history effects at all stems from formulat-
ing the equations of motion in terms of only the motion state variables (i.e. with the aerodynamic
state of the system dropped explicitly). A seemingly obvious, but only recently utilised, solution
is to include explicitly in the equations of motion one or more summary variables sufficient to
define the current aerodynamic state of the system. This method was first introduced in 1990
by Goman and colleagues (see [33]), who termed the additional states ‘internal state variables’.
These may have a well-defined physical meaning (e.g. chordwise location of the flow separation or
attachment points), or they may be defined only in a formal mathematical sense [33]. Either way,
making use of this state–space representation of the flow [34–36] has the very useful property of
allowing the ordinary differential form of the equations of motion to be preserved [6, 33]. In effect,
the internal state variables allow the infinite-dimensional functionals of Tobak and colleagues’
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Figure 5: Goman and colleagues’ [33] state–space approach to flight dynamics modelling, in
which the unsteady aerodynamic forces and moments are represented as functions of
the current values of the motion state variables, together with one or more additional
‘internal state variables’ describing the current aerodynamic state of the system.

formulation [4] to be approximated with finite-dimensional differential equations, such that the
degree of the approximation is specified by the number of internal state variables. Accounting
for unsteady aerodynamic effects in this way (Fig. 5) therefore leads to an increase in the finite
dimension of the differential equations, rather than leading to an infinite-dimensional integro-
differential form [33]. Hence, if time-periodic models of flapping flight dynamics formulated in
terms of the motion state variables prove inadequate (as might be the case if the timescales of the
free and forced motions prove similar), then a possible alternative would be to add to the model
one or more internal state variables characterising the unsteady flows. As I will show next, this
idea—developed in the context of flight dynamics modelling—may be important in understanding
sensor design in flying animals and may find application in biomimetic engineering systems.

3 From flapping-flight dynamics models to flapping-flight control

Bryan’s formulation of the equations of motion in terms of only the motion state variables [1, 2]
originated as a pragmatic approach to mathematical modelling, but has been reflected in the
philosophy of aircraft sensor design and feedback control ever since. The basis of feedback control
is to use measurements of the state variables to govern the control inputs to the system. Hence, the
logical consequence of treating the aerodynamic forces and moments as functions (or functionals)
of the motion state variables is that measurements of the motion state variables are the only inputs
required by the feedback control loops of the flight control system.Accordingly, aircraft are usually
instrumented with a Pitot tube for sensing airspeed, an altimeter for computing rate of climb, a
set of gyroscopes for sensing rotations, and possibly vanes for sensing sideslip and angle of
attack [17]. The aerodynamic state of the surrounding flowfield is not usually sensed directly, and
there is therefore a high computational load (not to mention, considerable uncertainty) involved
in dealing adequately with the effects of unsteady flows depending on the motion history of the
system. The purpose of the following Section is to use the discussion of flapping flight dynamics
modelling above to suggest some practical ways in which motion history effects may be avoided
in the design of the control system.
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3.1 Time-periodic feedback control systems

The proposed use of time-periodic modelling of flapping flight dynamics (Section 2.3) suggests
that flapping flight control might be successfully implemented using time-periodic feedback con-
trol laws governed only by measurements of the current values of the motion state variables. The
need for periodic control laws may come as no surprise, but the discussion above suggests further
that periodic control laws may be sufficient to deal with the effects of time-history laden unsteady
flow phenomena if all of the time-history dependence of the flow is tied up with the prescribed peri-
odic motions of the wings. Time-periodic control laws of this sort ought to be readily evolvable in
flying animals, since their periodicity could be referenced to the output of the central pattern gen-
erator forcing the flight motor. Neurophysiologists have long assumed a role for the central pattern
generator in their models of flight motor control, but the discussion of unsteady flow phenomena
herein suggests a new functional interpretation of its role in flight control – namely using periodic
control laws could avoid the need to account for the motion history of the system in dealing with
unsteady flow phenomena. Nevertheless, a corollary of the above discussion of the timescales of
free and forced motions (Section 2.2) is that it may actually be reasonable to neglect the periodic-
ity of the unsteady aerodynamic inputs altogether in formulating a basic model of the flight dyna-
mics. If the system as a whole is unable to respond to inputs occurring on the timescale of a single
wingbeat, then it may be reasonable to replace the time-varying contribution of the unsteady aero-
dynamic forces and moments with the time-averaged contribution of the unsteady aerodynamic
forces. This ‘quasi-static approximation’ forms the basis of many analyses of helicopter flight
dynamics [24], and has also been used in modelling flapping flight dynamics [9, 22]. The same
reasoning would also suggest that where the timescales of the free motions of the body are very
much slower than the timescales of the wings’ flapping, time-invariant control laws might suffice.

3.2 Sensing the aerodynamic state of the system

State–space representations of unsteady flows only appear to have been used in deriving theo-
retical models of flight dynamics [6, 33], but since it ought to be possible to measure physically
meaningful internal state variables directly, measurements of internal as well as motion state
variables could be used to govern the control inputs in flight control systems. Provided that the
salient aerodynamic states of the system can be sensed adequately, this could avoid altogether
the need to account for time-history effects in the control system. It has already been suggested
that birds possess the necessary feather follicle receptors to measure local airspeed over the wing
and to detect the location of the separation point during stall [37]. Birds therefore appear to have
the sensors needed to measure directly at least one of the internal state variables proposed by
Goman and colleagues [33], and this may avoid the need to account for motion history in ‘deci-
ding’ the appropriate control input to apply at a given moment. This suggestion is not specific
to flapping flight control, and the same idea might also find application in the control systems of
high-performance aircraft and missiles if the state of the flow could be sensed adequately.

The notion that flying animals might sense ‘internal’ as well as motion state variables may help
explain why insects, in contrast to aircraft, have evolved what has been dubbed by one control
engineer [38] a ‘sensor-rich feedback control architecture’. Insects possess an enormous range of
sensors for flight control, including optical motion sensors (compound eyes [39]), horizon detec-
tors (ocelli [40]), gyro-like organs sensing Coriolis forces (halteres [41]), anemometer-like organs
(antennae [42]), directionally-sensitive wind detectors (trichoid sensillae [43]), and wing mem-
brane strain receptors (campaniform sensillae [44]). This complicated array of sensors massively
exceeds (in terms of inputs, at least) the sensor system of any operational aircraft. In common with
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aircraft, many of these sensors – compound eyes, ocelli, halteres and antennae – sense information
related directly to the insect’s own motion (i.e. motion state variables). In contrast to aircraft, other
of these sensors – trichoid and campaniform sensillae – sense information related directly to the
current state of the near-flow (i.e internal state variables). This extraordinarily rich sensory input
(a single hindwing of the desert locust Schistocerca gregaria possesses approximately 800 inner-
vated trichoid sensillae [45] and about 70 campaniform sensillae [44]) offers the possibility that
insects may ‘know’ in quite some detail the state of the near flowfield and aerodynamic loading,
although the conduction speeds of the associated neurons may be too slow for them to function
on a wingbeat-to-wingbeat timescale in flight control [46]. This is perhaps not such a problem
if the free motions of insects typically occur on timescales much longer than a single wingbeat.
By virtue of operating on a longer timescale, sensing internal state variables may therefore be
complementary to the periodic control laws needed to deal with unsteady aerodynamic effects on
a wingbeat-to-wingbeat basis.

4 Conclusions

In summary, unsteady aerodynamic effects are difficult to incorporate in models of flight dynamics
only to the extent that they are coupled to the free motions of the body. Since the unsteady flow
phenomena thought to be important in flapping flight are due mainly to the periodic flapping of
the wings, it follows that the effects of unsteady aerodynamics on flapping flight dynamics may be
dealt with using equations of motion with time-periodic coefficients. From a practical perspective,
flapping flight feedback control may therefore be able to deal with the motion-history dependence
of unsteady flows by using time-periodic, rather than time-invariant, control laws. Sensing the
current aerodynamic state of the system directly offers a further possible means of avoiding the
need to account for motion history effects.

Flapping flight offers rich openings for flight dynamics modelling. Because there may be time-
periodic formulations of the equations of motion which avoid entirely the need to account for time
history effects, yet still capture the unsteadiness of the system, flapping flight could prove a fruitful
test vehicle for comparing other flight dynamics modelling techniques dealing with unsteady flow
phenomena. Furthermore, as I have indicated throughout this review, flight dynamics modelling
can offer insights into the practicalities of flight control. By opening a new vista on the system
response of flying animals, flapping flight dynamics modelling promises to yield new insights
for control engineers interested in understanding the ways in which Nature herself deals with the
unsteady flows that have evolved to dominate animal flight.
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