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Unsteady effects in the flight of an insect

M. CLOUPEAU and J-F. DEVILLERS (MEUDON )

UnsTeEADY effects have frequently been invoked to explain the performance characteristics
of insects and birds; their existence has been effectively proved in some cases. However, con-
ventional aerodynamics principles are often considered sufficient for an understanding of most
flapping flight. This point of view has been strengthened by the experimental results of Jensen
on locust flight coupled with measurements of aerodynamic forces exerted by steady flows
on detached wings. The instantaneous lift of locusts flying in a wind tunnel was determined, in
order to compare the results to those obtained with steady flows. A piezo-electric probe was used
to make these measurements. The air flow velocity was adjusted to be equal to that which would
have been experienced by the freely flying insect. To obtain the true aerodynamic forces, the
inertial forces must be subtracted from the gross forces measured. These inertial forces were
calculated from the movement of the centre of gravity and from the mass of the different wing
sections. The amplitude of the obtained lift curves is approximately twice as large as the one
deduced from measurements on detached wings. These two different sets of results are only
compatible if the existence of significant unsteady effects is acknowledged.

Dla wyjasnienia charakterystyki lotu owadow i ptakow czeste jest powolywanie si¢ na efekty
nieustalone; w pewnych przypadkach ich istnienie zostalo efektywnie wykazane. Zazwyczaj
jednak uwaza sie, ze klasyczne zasady aerodynamiki powinny wystarczy¢ dla zrozumienia zasad
lotu opartego na wahliwych ruchach skrzydet. Ten punkt widzenia znalazt poparcie w do§wiad-
czeniach Jensena dotyczacych lotu szaraficZy, popartych pomiarami sit aerodynamicznych na
oderwanym skrzydelku w przeplywie ustalonym. Okreslono warto$¢ chwilowego wyporu dla
lotu szaranczy w tunelu aerodynamicznym i poréwnano ja z wynikami otrzymanymi dla prze-
plywoéw ustalonych. W doswiadczeniu uzyto sondy piezoelektrycznej. Predkos¢ przeplywu
powietrza dostosowano do predkosci jaka rozwija owad w locie swobodnym. Dla uzyskania
prawdziwych sit aerodynamicznych nalezy od sity catkowitej (zmierzonej) odja¢ sily bezwlad-
nosci. Sily te wyznaczono z ruchu §rodka cigzkosci oraz mas poszczegOlnych przekrojow skrzyd-
la. Amplituda otrzymanych krzywych wyporu jest w przyblizeniu dwukrotnie wigksza od am-
plitudy zmierzonej na oderwanym skrzydle. Zgodnoé¢ tych dwoch réznych wynikow uzyskaé
mozna jedynie przy zalozeniu istnienia powaznych efektow ruchu nieustalonego.

s BLIACHEHMA XAPAKTEPHUCTUKH IOJIETA HACEKOMBIX i ITHI[ YaCTO CChUIAIOTCA Ha HEYCTa-
HoBuBlMecA 3dubeKTbl; B HEKOTOPBIX COyYasX MX cymlecTBoBamue 3ddexTHBHO HOKa3zaHO.
OOBIYHO OJHAKO CUMTACTCH, YTO KJIACCHUECKHE IMPHHIMMIL!I a3POJAMHAMHKH JOCTATOUHBLI A
TOHMMAHHMA INPHHIMOOB IIOJIET3, OMHPAIOLIETrocHd HAa KojebaTenbHble ABHMMKEHHMA KPbLIbEB.
OTa TOUKa 3PEHMA HAILIA MOATBEpMHIEHHE B SKcepumentax Hencena, xacaroumxcs monera
CapaHua, MOATBEPMOCHHBIX H3MEPEHHAMH A3DOMHHAMHYECKMX CHJI HA OTOPBAHHOM KpbUile
B HEYCTAHOBHBIIEMCH TeueHHH. Ompe[eieHO 3SHAYEHHE MIHOBEHHOIO BBINOpa uUiA monéra
€apaHya B 23pOJMHAMMYECKOM TYHHENIE H OHO CPAaBHEHO C PE3YNLTATAMH IOIYYECHHBIMH IUIA
YCTAHOBHBIUMXCA TeueHHH. B sKcmepmmenTe HCMONB30BaH MBE303NEKTpHYCCKH 30ud. Cko-
POCTE TEYeHHA BO3/yXa COrMIaCOBAHA CO CKOPOCTLIO KAKYIO PA3BHBAET HAaCEKOMOe B CBODOHOM
nonere. JinA nonyyeruA AeHCTBHTEBHBLIX A3POMHMHAMHYECKIX CHJI CJIEYeT OT MOJHOH CHIIbI
(13mMepsieMoii) OTHATS CANBI HHEPIMH. JTH CHUIbI ONPE/eIeHbl N3 ABIKEHHA LIEHTPA TSKECTH
M MAcC OT/ENbHBIX CEUCHWHA KpBUIA. AMILTMTYAA MONYYEHHBIX KPHBBIX BbINOpa B MpHOGIH-
JKeHH® B JiBa pa3a Gonplle uem amIUTHTY/a H3MEPEHHAA Ha OTOpBaHHOM Kpbute. CoBramenue
9THX ABYX PASHBIX PE3YNBTATOB MOMHO MOJYIHTh TOJIBKO IPH HPEJIONOXEHHH CYILNEeCTBO-
BaHMA 3HATHTEHELIX 2hdeKTOB HEYCTAHOBHBIIETOCH MBIDKCHHA.
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1. Introduction

UNSTEADY effects have frequently been invoked to explain the flight of insects and birds
[1, 2]. Up to now, the necessity of taking into account these effects has been effectively
demonstrated in a few cases [3].

Nevertheless, theories based on the principles of conventional aerodynamics [2, 4, 5]
generally give results which are compatible with- mean lift and thrust values observed [6].
Hence, it is often felt that in most cases, unless proved otherwise, flapping flight can.be
considered as a succession of steady states [7].

This postulate is supported by the comprehensive study made by WEIs-FoGH [8] and
JENSEN [9] on the flight of the locust Schistocerca Gregaria, a four-winged insect whose
main characteristics are roughly:

weight:2 g.; span: 10 cm; stroke frequency: 20 Hz; flying speed: 4 ms™1,

Jensen first measured the mean forces produced by insects suspended in a wind tunnel
from a balance, and determined the different wing postures during a cycle by accurate
cinematographic analysis; a feedback control system allowed to adjust the flow velocity
in such a way that the absolute values of mean thrust and drag were equal, as in free flight.
Then, the detached wings were placed in the boundary layer of a steady flow simulating
the velocity gradient from base to tip due to the angular motion of the wings in a real
flight; from measurements of the forces applied to detached wings under different con-
ditions, Jensen succeeded in plotting the variations in lift and thrust occurring during
a wing-stroke cycle.

He observed that average lift and thrust values calculated by integrating these curves
were practically equal to the corresponding values measured in flight. He concluded tha
“the good conformity between the measured and the calculated forces makes it probable
that the principles of steady-state aerodynamics can be applied to locust flight”.

His work, which includes a considerable amount of delicate experiments and long
calculations is still most unique. The results published in 1956 have often been mentioned
to justify a quasi-steady type of analysis for the flight of different animals.

However, it is possible that the study of the mean values of the aerodynamic forces
is insufficient to detect possible unsteady effects which are, by definition, transient phenom-
ena. —

In our work we measured the instantaneous lift in flying locusts to confirm whether
the values obtained by Jensen on detached wings effectively correspond to the true values.
We shall see that this is not the case.

Few direct measurements of instantaneous forces developed by insects have been taken
hitherto [10-13]. Except in Wilkin’s investigations on locust, the contributioa of the inertial
forces of the wings to the measured forces was not accounted for; furthermore, all meas-
urements were taken either in an airflow in which the velocity was not equal to. that
which would have been assumed by the freely flying insect, or even in still air, yielding
results of questionable validity, as pointed out by various authors [14].

In our experiments [15, 16], velocity matching was obtained by a method similar to
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that used by WEis-FoGgH [8] and JENSEN [9], and inertial forces were determined. We
restricted ourselves to lift measurements for which inertial corrections are relatively lower
than for thrust.

2. Methods and materials
2.1. General

For tests, the locust (Schistocerca Gregaria) was placed at the outlet of an open throat,
variable-speed wind tunnel. The values selected for ambient temperature (30°C), relative
humidity (60%) and the angle made by the locust’s body with the horizontal (7°) correspond-
ed to the values determined by Weis-FoGH [8] for normal flight.

The experimental system is shown schematically in Figs. 1 and 2.

i
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F1G. 1. Schematic diagram of the installation used to measure instantaneous lift in locusts. a, wind tunne
exit; b, force probe; ¢, charge amplifier; d, arm of balance for measuring average lift; e, balancing coun-
terweight; f, metallic block; g, antivibration support; h, high-speed camera; i, projectors; j, heat-reflecting
filters; k, oscilloscope; /, direct writing oscillograph.

2.2. Force probe system

For a rapid positioning of the insects, a thin soft iron disc was permanently cemented
under the pterothoracic plastron of all locusts used in- the tests; this disc fitted on a sama-
rium-cobalt micromagnet (m, Fig. 2) cemented to the upper end of a 10 cm long rod (1)
screwed into the probe body. We used a piezo-electric probe (b) combined with a charge
amplifier (c). A special system (o, p, ) allowed to eliminate the spurious responses to
transverse forces of the probe.

The probe-rod-cylinder system was able to oscillate about a horizontal axis perpen-
dicular to the flow by means of the part (r) resting on two knives (s). In the absence of
flow, with the locust at rest, the verticality of the support rod was adjusted by means of



648 M. Croureau AND J.-F. DEviLLERS

F1G. 2. Detail of mechanical assembly of force probe. b, probe; m, micromagnet for attaching insect;
n, support rod; o, rubber pellets; p, pellet clamping rings; g, cylinder screwed on probe body; r, support
of probe system resting on knife-edges, s; r, dashpot; u, balancing fly-weight; w, probe connection wires,

a fly-weight (#). When the locust was in flight, the flow velocity was adjusted to maintain
the rod vertical. In this way, the absolute value of flow velocity was equal to-that which
would have been assumed by the freely flying insect.

2.3. Balance measuring average lift

The knife-edges supporting the probe unit were positioned at one end of the arm of
a balance (d). The arm equilibrium was adjusted,. before' positioning the locust, by means
of a fly-weight (e, Fig. 1). The new equilibrium position assumed during flight directly
gave the difference between the average lift and the weight of the insect.

The balance-probe assembly, protected from the air-flow by a streamlined case, was
installed on a heavy block (f) fixed to the wind tunnel frame by means of two antivibration

supports (g).

2.4. High-speed camera and oscilloscope

The same camera (h, Fig. 1) was employed to film the insect and to record the force
signal.
~ The light beams of two 800 W projectors (l) were focuaed on the insect by means of
lenses coupled with heat-reflecting filters (j). The locust could be ﬁlmod at 1000 frames/s,
giving about 50 pictures per wing cycle.
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The signal produced by the charge amplifier (c) was fed to an oscilloscope (h) used
without time base, and recorded on the film by means of a lens placed at the rear of the
camera.

A direct-writing oscillograph (/) was used to monitor the regularity of the insect’s
flight before and after the wing-stroke cycle selected on the film for detailed analysis.

2.5. Procedure and use of recordings

To determine the vertical aerodynamic forces (lift: L), the inertial forces (F;) due to
the accelerations of the wings must be subtracted from the raw forces (F;) measured by
the probe. The vertical components of the inertial forces were determined as follows.

Before the test, white paint marks were made on the wings at the points indicated in
Fig. 3 to visualize better the movements of the wings. A single reference point (a) was

FiG. 3. Unfolded wings of Schistocerca Gregaria. Positions of the reference points (a-¢) and partition
of the wings (dashed lines) used for movement analysis and determination of inertial forces.

marked near the tip of the forewings. For hindwings, whose fan structure permits significant
flexing perpendicular to the ribs, four reference points (b-¢) were marked on the trailing
edge.

Immediately after a wind tunnel test, the animal was weighed and killed. The wings
were separated from the body and the hindwings were cut into segments B-E (Fig. 3),
corresponding to the four reference points above. The position of the centre of gravity
of each wing or wing segment was determined as the location indicated by the point of
a needle on which horizontal equilibrium was achieved. This element was pierced at the
centre of gravity, photographed for subsequent distance measurements, and weighed.

The test film was projected and analysed frame by frame. For each picture of the
selected wing cycle, the positions of the different wing reference points were marked on
the screen; the curves obtained by connecting these points represented fhe projection of
the movement of the reference points on a plane perpendicular to the flow (Fig. 4). .

The vertical movement z; = fi(r) of the centre of gravity of each wing segment of
mass m; was deduced from these curves. Each z; was expressed analytically by a Fourier
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Fia. 4. Projection on a plane perpendicular to the flow of the movement of reference points, a-e, of the

left-hand wings during a typical flight. Each curve is plotted from 50 points. Z axis: vertical; ¥ axis: hor-
izontal perpendicular to the flow direction.

series expansion, and twice differentiated to obtain the total inertial force (taken to be
positive when directed upward):

O d
R == 3 m Tt

i=1

where » is the number of refereace points for the two pairs of wings.

To avoid spurious oscillations of acceleration functions, due to measurement uncer-
tainties concerning wing positions, the Fourier series were limited to five harmonics.
Then the gross force curve Fz(t), reconstructed from the positions of the oscillograph
spot in each picture of the film, was frequency-limited in the same manner as for the wing-
stroke curves.

Figure 5 is an example of the curves obtained for the total vertical force and of the
corrected curves giving the variation of lift force during a wing stroke.

Among the different causes of errors which have been considered [16]), some are
liable to modify details in the shape of the curves, but none of them can change significantly
the amplitude of lift variations. Our conclusions are based on the latter.



UNSTRADY EFFECTS IN THE FLIGHT OF AN INSECT 651

F .
Z or — POSITION
P
Up A
3l Down v
Up A
Down v
2
-/
/
/!
11 ;’
II
P e
&
o ‘f
z"! -
\\\._____ / T
.-1 L " . “""‘-.___,/
A v v A

FiG. 5. Flight 1. Gross vertical force Fz (dashed line) and real lift L (solid line) normalized by average
lift Ly, as a function of time # normalized by period T. The pass band is limited to the fifth harmonic.

3. Results and discussion

We analysed completely one wing cycle in recordings corresponding to six different
flights in which the average lift L, differs from the weight of the locust by less than 15%.
Qualitative analysis of the force signal and of wing movements relative to other flights
showed that the same general characteristics were observed in all cases.

=11

FiG. 6. Variations in lift during a wing-beat cycle. Dotted line and circles: Jensen’s results derived from
normal flights JI and JII, and from the very high performance flight JIII, respectively. Other curves: flights
I-111 of the present study (see table 1). Coordinates as in Fig. 5.

3
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We only present the results obtained for three typical flights and a comparison with
Jensen’s data. The principal parameters of the flights are given in Table 1. The lift curves
are shown in Fig. 6. The instantaneous lift and the time are normalized with the mean
lift L, and with the stroke period respectively; this enables us to make a comparison
between insects whose weight, mean lift, and wingbeat frequency are different.

Table 1.

present experiments Jensen’s experiments
flight No. I | 11 J Jx Jin
flight velocity (m,-’s.). 34 3.9 3.6 3.5 i 3.6 3.2
wingbeat frequency (Hz) 21.9 20.1 19.3 ] 17.5 18.3 ‘iz_
insect weight (g) 1.75 _._-2.12 ] 1.95 ) 2.3 2.04 - 1.69
average lift L. (g) 1.97 2.28 1.68 2.23 2.26 2.74
relative lift L.l{“;.i;hl 113% | 107% | 86% ‘ 97‘}; m A 162% .
relative amplitude 3.5 33 3.9 1:6“_ — =~ L7*
(Lasx—Lmin)/La i (mean)

* This result is derived from figure I1I, 17 in the article by Jensen (1956). Note that in this figure
ordinate represents the lift normalized by the weight of the insect and not by the average lift as stated
in the text of the article,

Our results are significantly different from Jensen’s in essentially two aspects:

" 1) direct measurements show that lift is negative at certain moments during the upstroke,

2) the lift variations are far greater than those observed from measurements on detached
wings.

The amplitude of these variations may be characterized by the dlﬁ"erence between
maximum and minimum-instantaneous lift L, normalized by average lift L,. The values
of this “relative amplitude™ are given in Table | for the different flights. It may be ob-
served that its mean value is greater than 3.5 in our curves, and less than 1.7 in Jensen’s
curves, even if the latter include the very high performance flight J IIL.

Hence the relative amplitude obtained by direct measurements on insects in flight is
about twice as that obtained by measurements in steady-flow co nditions.

If our results are correct, this large d:screpancy in the amplitudes can be explamed
in two ways: ,

1) The lift values calculated by Jensen are not exact. But in this case it would be for-
tuitous if the mean aerodynamic forces that he measured and calculated coincide;
therefore, a quasi-steady type of analysis could not be justified by this equality.

2) Jensen’s results are correct. In that case they are compatible with ours only if the
existence of important unsteady effects is acknowledged.

Let us note that this second alternative is further enhanced by the fact that Jensen' s
results do not preclude the existence of significant unsteady effects. The equality of measured
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and calculated forces merely shows that if they exist, these effects successively produce

increases and decreases in the aerodynamic forces which practically offset each other:
in the course of a cycle. This may be observed to occur, for example, in the case of pro-

files oscillating in a constant velocity flow, when the average angle of attack approaches

the stalling angle; experiments-and computations carried out at high Reynolds number, but

reduced oscillation frequencies comparable to those of the locust showed that instanta-

neous lift and drag values are alternately higher and lower than steady values at the

corresponding angles of incidence [17].
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