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Abstract

Recently, flapping wing micro air vehicles have received great attention with the drive to make smaller and smaller
devices. This paper describes a theoretical investigation and subsequent practical implementation of a specific type of
flight motor structure for this type of micro air vehicle that uses a “click” mechanism to improve mechanical efficiency.
Diptera, which may use the mechanism, are the inspiration for this work. It builds on previous research into the “click”
mechanism, which has been studied both from the biological and engineering points of view. It is difficult to capture the
important fine details using a simple analytical model; hence, a multi-body dynamic software is used to model the device
and to aid the design of a large-scale prototype. Force—deflection curves of the structure and the displacement response
are obtained numerically and experimentally. The experimental and numerical results compare reasonably well, enabling
the model to be used for further development and potential miniaturization of the flight motor structure. In a practical
device, asymmetry occurs in the up- and down-stroke. The effects of this asymmetry are compared with previous results
from analytical models. It is found that asymmetry offers a marginal improvement.
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Intreduction nature for inspiration. Many models for the flight

Research into micro air vehicles (MAVs) has received
great attention recently, because of the drive to make
smaller and smaller devices. It has been an important
area in biomimetic research for about two decades.'™
Recently, some MAVs have been reduced to the scale
of a fly.* By comparing two different flight motor mech-
anisms, such as the flapping wing or the rotary wing, it
has been found that the rotary wing has a higher power
density (power to weight ratio).” However, for a very
small scale MAV with high maneuverability, the flapping
wing system may still be attractive.™® A high degree of
understanding of both aerodynamic theory and the
dynamics of the flight motor mechanism are necessary
to improve the performance of flapping wing MAV.

In the search for a suitable flight motor for a flap-
ping wing MAYV, some researchers have turned to

mechanism of diptera have been proposed, one of
which is the “click”” mechanism, an overview of which
is given in Overview of a simple model of the “click”
mechanism section. The “click” mechanism was first
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proposed in Boettiger and Furshpan,” Pringle® and
Thomson and Thompson’ derived a mathematical
model for the “click” mechanism. It is called “click”
mechanism because when the excitation force on the
wing structure of diptera reaches a critical value, the
wings suddenly “click” from an up to a down position
at a high velocity. This interesting phenomenon is due
to the bistable characteristic of the structure, and in
engineering parlance is often called a “snap-through”.
Alexander and Bennet-Clark'® analyzed the benefit of
the ““click” mechanism in the storage of elastic strain
energy. Miyan and Ewing'"'? expressed doubt about
the existence of the “click” mechanism using morpho-
logical analysis. However, a revised model by Miyan
and Ewing'? shows a weak version of “click” mechan-
ism in an inherently asymmetric structure. The new
model attracted the interest of researchers and was
reported by Bennet-Clark'* and Gronenberg.'”> Ennos
analyzed the distortion of the whole thorax and gave a
novel linear model.'® The new model given in Miyan
and Ewing'"!'? was also criticized by Pfu who modified
the ““click” mechanism with a gear change structure.'’
Recently, Pfu built a mechanical model with both
“click” and gear mechanisms to test the plausibility
of the gear change mechanism.'® The gear mechan-
ism'®!"” was put together with a clutch mechanism
recently by Deora et al.*°

Based on the flight mechanism described in
Thomson and Thompson,” Brennan et al.*' and Tang
and Brennan®? analyzed a simple mechanical model of
the “click” mechanism with both linear and quadratic
damping, to determine if it gives any mechanical advan-
tage. Motivated by this work, Chin and Lau**** and
Lau et al.” built a flapping-wing MAV, incorporating
such a mechanism, and recently, Harne and Wang”®
used a compressed beam mechanism in a ““click’ mech-
anism for an MAV. Kok et al.>’ used a quasi-steady
blade-element method to analyze the asymmetrical flap-
ping on the aerodynamic efficiency of half-span wing of
the MAV with “click” mechanism which was built by
Chin and Lau,??* observing greater lift generation
when the wing was excited below the natural frequency
of the system.

The aim of this paper is to build on previous theor-
etical work, investigating the practical implementation
of ““click” mechanism, and to determine whether it
offers any significant improvement in the mechanical
efficiency in a practical device. A large-scale device is
studied (because of resource limitations), but the prac-
tical device and the accompanying numerical model can
be used in further studies of smaller scale devices. A
practical issue that has not been addressed hitherto,
and is of particular interest in this paper, is that a
flight motor structure with a “click” mechanism may
have unavoidable geometrical asymmetry between the

up- and down-stroke. One element of this research that
sets it apart from previous work is that the flight motor
structure is studied both theoretically and experimen-
tally, resulting in a validated model that can be used for
further development work and research.

Overview of a simple model
of the “click” mechanism

The flight motor described in Thomson and
Thompson® and the related simplified mechanical
model described in Brennan et al.?! and Tang and
Brennan®? are shown in Figure 1. Figure 1(a) to (c)
shows the three successive positions of the wing articu-
lation during the course of a beat. Figure 1(d) to (f)
shows the corresponding positions of the simplified
model, in which the mass m at point C is the equivalent
mass of the moving part of the whole mechanism given
in Figure 1(a) to (c); BE and DF are the mass-less flex-
ible links which represent the pleural apophysis (pa)
and notum (n), respectively; BAC and CD are the
mass-less rigid links which represent axillary sclerite 2
(ax2) and parascutum (p) respectively, and WA is the
simple mass-less model of the wing. The harmonic exci-
tation force is f{(t) = Fcoswt, where F is the amplitude
and w is the angular frequency. It is applied at point C,
while the input for the insect model is applied to the
scuteller lever (sl).

The displacement of the mass from the position in
which BCD is horizontal is given by y, and the lateral
displacement of the cantilevers BE and DF is denoted
by x. The simplified mechanism is assumed to be sym-
metric as shown by Brennan et al.>' and Tang and
Brennan,”? which means that BC =CD =/ and the dis-
tance between vertical undeformed link BE and point C
(DF and C) is b. The equation of motion for the sim-
plified model is then given by

b

VP —=)?

mj/'—l—f()'/)+2k<—l+ )ychosa)t (1)

where k is the bending stiffness of each of the two mass-
less flexible links BE and DF, f(y) is the damping force
induced by aerodynamic and mechanical damping and
the overdots denote the differentiation with respect to
time. The derivation of the non-linear restoring force is
given in Brennan et al.>' and is presented in Appendix 1
for ease of reference.

Recent research on a flapping flight mechanism that
utilizes the ““click” mechanism has shown that, in cer-
tain circumstances, it has some advantages compared
to that which uses a linear mechanism.?' 2’ This is pri-
marily for small devices where the natural frequency of
the system is too high for resonance to be utilized as the
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Figure |. Diagram showing the flight motor (a—c) and physical model (d—) of an insect and three successive positions of the wing
articulation during the course of a beat, from the down position (a or d) to the up position (c or f). In (a—c), ax|, ax2 — axillary sclerites
| and 2; n — notum; p — parascutum; pm — pleurosternal muscle; pn — anterior notal process; pw — wing process; rv — base of radial
vein; sl — section through scutellar lever ((a—c) After Thomson and Thompson®). pa- pleural apophysis (not shown in (Pringle®)). In (d—
f), m: equivalent mass; BE, DF: mass-less flexible link; ABC, CD: mass-less rigid link; WA: wing.

wing flapping frequency. In such a case, it is necessary
to flap the wings at a frequency well below the natural
frequency, and in this case, the ““click” mechanism has
advantages. This was demonstrated in Brennan et al.*!
and Tang and Brennan®? by showing that, for a highly
damped system, the peak kinetic energy of the wing
root normalized by power input to the mechanism is
larger than that of the linear system, as shown in Figure
2(a)*"?* for a system in which the excitation frequency
is 1/10 of the natural frequency (the definition of the
ratio of peak kinetic energy to work input is given in
Appendix 2). This is because the peak velocity of the
wings is increased by the “‘click” mechanism compared
to the linear system for a given input frequency, provid-
ing a larger lift force. To illustrate the way in which the
“click” mechanism changes the velocity of the wings,
the normalized velocity is plotted in Figure 2(b) as a
function of non-dimensional time for F =1.0 (see
Appendix 2 and Brennan et al.?' and Tang and
Brennan??).

Model of the flight motor structure with a
“click” mechanism

An example of a flight motor structure with a “‘click”
mechanism is depicted in Figure 3; a photograph is
shown in Figure 3(a) and a schematic in Figure 3(b).
It should be noted that this system was not intended to
fly. It was a first attempt to study the practicalities of
designing and testing a structure, which incorporates
the “‘click” mechanism, and therefore it is much
larger than a practical flapping wing MAV would be.
The frame of the flight motor structure (pleural
apophysis) is made from 0.5mm thick carbon fiber-
reinforced polymer (CFRP). The hinge for the flight
motor wing, marked hinge I, consists of two 55pum
thick layers of polyimide film tape, which are bonded
together, and hinge II consists of a single layer. The
wings are made from polyethylene terephthalate poly-
ester (PET) film and are 12.5 pum thick. The two pieces
of CFRP, which are used for the tergum, are connected
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Figure 2. Comparison between the linear system (dashed line)
and the system with the “click” mechanism (solid line). (a) Ratio
of peak kinetic energy to work input as a function of excitation
force amplitude, (b) non-dimensional velocity when F = 1.0.

by one layer of polyimide film tape. A polyimide cylin-
der, which acts as the tergum hinge, is fixed on the top
of the film. The driving mechanism is a DC motor,
which can develop a maximum torque of 0.92 mNm,
and connects to the tergum hinge through a crank
and connecting rod mechanism. The dimensions and
the masses of the flight motor structure are given in
Figure 3(c) and Table 1, respectively, and the approxi-
mated simple mechanical model is given in Figure 3(d).

Although it is possible to derive a detailed analytical
model of the flight motor structure, it would be highly
complicated. A more appropriate approach is to
develop a multi-body dynamic model using commercial
software to predict and study the behavior of the
system, and here ADAMS (MSC Software Corp,
USA) is used. The pleural apophysis, pleura process,
tergum, tergum hinge, and wing frames are modelled
as rigid bodies with a density of 1758 kg/m®. The wing
film is also modelled as a rigid body with a density of
1400 kg/m”.

The two pairs of wing hinges are modelled as flexible
elements with a Young’s modulus of 2.5GPa and a
density of 1400 kg/m>. Wing hinge I, which consists of

two bonded layers of polyimide film tape, is modelled
as two parallel polyimide films, each 55 um thick. Wing
hinge II, which behaves as a rigid revolute joint, is
modelled by setting the Young’s modulus of the mater-
ial to be one eighth of the actual Young’s modulus. To
simulate the elastic characteristics of the flexible joints,
the wing hinge elements are analyzed using ANSYS
(ANSYS, Inc., USA). The first two natural frequencies
and mode shapes of the wing hinge elements are saved
in an MNF file and imported into ADAMS. To simu-
late the aerodynamic force, a damping element is cre-
ated in ADAMS and located vertically between the
tergum hinge and the pleural apophysis. Using the
multi-body model, the restoring force, the dynamic
response, and the energy consumption can be deter-
mined. The natural frequency of the whole model, esti-
mated using ADAMS, was found to be about 12.5 Hz.
This is the primary frequency of the whole structure
when the moving parts of the structure oscillate
around one of the stable equilibrium points as shown
in Figure 1(d) or (f).

Force-deflection characteristic

The force—deflection characteristic of the flight motor
structure depicted in Figure 3(a), as seen by the electric
motor, was measured using an Instron Micro Tester
5848 (Instron, Norwood, MA, USA) with a 5N load
cell and 20 Hz sample rate. The test-rig is shown in
Figure 4. As shown in the inset, the pleural apophysis
was fixed, and the tergum hinge was connected by a
metal rod to the moving part of the Instron Micro
Tester, which was excited at a rate of 18 mm/min.
During the test, the motor was replaced by a solid plas-
tic block to maintain the operational shape of the flight
motor structure frame. The wings were also removed.
As well as measuring the force applied to the tergum
and the resulting displacement, a video of the structural
deformation was taken using an IXUS 210 Canon
camera as shown in Figure 4. Because the test process
was quasi-static, the camera was easily synchronized
with the load step of the Instron Micro Tester, and
the deformation of structure, force load and displace-
ment of the structure could be captured at the same
time.

The measured applied force on the tergum and the
displacement of the tergum are plotted together to give
the force—deflection curve shown in Figure 5 as a solid
blue line. Also shown in this figure are some pictures
(video-stills) of the flight motor structure, at positions
labelled (A) to (G). Superimposed on the measured
force—deflection curve is the predicted force—deflection
characteristic of the model of the structure shown in
Figure 3(b), and the corresponding deformation of
the structure, both calculated using the multi-body
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Figure 3. Flight motor structure with click mechanism (a) photograph with 50 Chinese cents, (b) multi-body dynamic model, (c)
dimensions of the structure (units in mm), (d) simple lumped parameter model (dashed line, unstable equilibrium position), and f (y) is
the nonlinear restoring force given by the two vertical uniform cantilever beams.

Table I. Masses of the structure (see Figure 3).

Components Mass (g)
Wings 0.45
Pleura process and wing hinges 0.35
Tergum hinge 0.07
Pleural apophysis 0.97
Crank and connecting rod 1.03
Motor 4.00
Total 6.87

dynamic model. To obtain these quantities, the tergum
hinge joint of the model was excited with quasi-static
displacement excitation.

As shown in Figure 5, it can be seen that the force—
deflection characteristic obtained experimentally and
that obtained from the multi-body model, agree reason-
ably well. The main difference between the two is the
hysteretic behavior that is clearly evident in the

experimental structure due to the structural damping
in the hinges, which is not seen in the simulations, as
this was not incorporated in the multi-body model. The
asymmetric behavior of the flight motor structure is
also clearly evident, with the structure being much stif-
fer on the up-stroke compared with the down-stroke.

Displacement response

The setup for dynamic displacement measurement is
shown in Figure 3(a). The flight motor structure was
driven by the electric motor with a rotation speed of
162r/min (2.7 Hz). As in the previous experiment, the
camera was used to capture the deformation of flight
motor structure. To extract the displacement response
of the tergum from the measured images, the computer
program Tracker was used.”® The displacement is
shown in Figure 6 together with the response from
the multi-body dynamic model. In the model, the
damping coefficient was set to 1.5 Ns/m and the exci-
tation force amplitude to 0.2 N, which are used to simu-
late the damping effect and the excitation load on the
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Figure 4. Measurement of the force—deflection characteristic of the structure.

moving parts of the prototype structure respectively.
It can be seen that the numerical results and the mea-
sured response compare reasonably well. This means
that the model can be used to investigate some of the
features of the MAYV structure with “‘click’” mechanism,
and this is done in the following sections.

Effects of asymmetry

To investigate the effects of the asymmetry of the
device, the velocity of the tergum was first calculated
using the multi-body dynamic model and is shown in
Figure 7(a). Further analysis is possible by developing a
single-degree-of-freedom (SDOF) approximate model
of the system, which is given by

meQy + ¢y +f(y) = Fcos wt ®)

in which the restoring force is approximated by a sixth
order polynomial given by f(y) = 2,61:0 k,y", where the
stiffness coefficients are determined by curve fitting to
the force—deflection characteristic from the multi-body
model. They were found to be ky=-—0.0033N,
ky=—=277N/m, ky=-41x10°N/m% k;=59x
10°N/m?®, ky=-3.1x 10°N/m*, ks=5.1x 10°N/m°,
k¢=3.7x 10" N/m°. The damping coefficient ¢ is set
to be the same as in the multi-body model and has a

value of 1.5 Ns/m, and the mass has a value of 10g,
which is estimated using the equivalence of the total
kinetic energies of the multi-body model given by*’

o, o, o,
EmEQy = Zimiyi +Z§JJQJ
i=1 =1

where m;y?/2 is the kinetic energy of the ith
(i=1, ..., N) moving body of the multi-body flight
motor structure model, and Jje} /2 is the Kkinetic
energy of the jth (j=1, ..., M) rotating body of the
multi-body flight motor structure model. The root
mean square error between the two sides of equation
(3) is used to minimize the error in the estimated
equivalent mass.

The velocity response of the simplified SDOF model
is shown in Figure 7(b). By comparing Figure 7(a) and
(b), it can be seen that the simplified SDOF model cap-
tures the general behavior of the multi-body model.
Note, however, that the multi-body model was neces-
sary to capture the fine details of the system, from
which the lumped mass and stiffness characteristics
were determined. By retaining only the odd order
terms in the approximate expression for the restoring
force, a symmetric system can be obtained. The velocity
of this system is shown in Figure 7(c). By comparing
Figure 7(b) and (c), it can be seen that the asymmetry

)



142 International Journal of Micro Air Vehicles 9(2)

——

N1 \ Yy, ARG (@) 200
-~ rs
Model | | l ‘ i 'l\‘ 'I‘\‘ }
‘: . /
= 100 ¢ \ J “‘ ," 1
2 1 ’
Video-Still g ! / 1 /,
£ 1 K | /
O — : ! /
g ! 1WA /
B A DA FA < Ly i
0 : | : gy G N
0.4 : : ’
z 02 : g op Lt P down _  up
© ! B 0 1
5 | 4 200
w0 L ': (b)
AL |
. ' . L ;o I
z " (V | | a _100f 4 I
A ! | '. 2 ! S J
T . ! ' G 1 ’
0.4 i | : : £ . i 1 i 1
- ; : : ; = i
%08 4 o 47 810 5 Vs, | T !
: displacement (mm) ! : < \ I N !
: , : '. 2 N | T
| ! i i 100 NG N
Ay CY VE VG . = i
\ \\\o’/l/' \/""‘--
Model v ’ | ‘ ] i{ { | . up down | up
|| -200 —3 1
(c) 200
Video-still
Il’\‘ ’l“\
1 AR /|
Lo &
@ ‘. ,/, |‘ /

i g ) et X pred
Figure 5. Measured and calculated restoring force. Circle O, A3 1 J “ ¥
multi-body model; solid line —, experimental results. (a) and (g), g 0 [ i '\\ ,:'
tergum down and up points; (b) and (f), stable equilibrium points; < \\ ,.' “\\ A
(c) and (e), local maximum force points; (d), unstable equilibrium > Sl X

-100 \ \ )
point. N Nl
N \
u down u
200 (.) p W ,1 p
cycle
10 Figure 7. Time history response for velocity of (a) the tergum
g1 . 8 \ of multi-body model, (b) simple model given in equation (2), and
o[ L LI ‘ (c) simple symmetric lumped model.
61 ¥‘ (* | \T j¥\ ! \Q I\
2 R RS HELIT A A
g 4t || 1, \| ‘l \' ] \? T ‘| has the effect of inducing a larger peak velocity during
g 21 |t J * | l ,‘ i '| ' ! 1 the down-stroke. This may be considered advantageous
o H H b . .
ook '| fl i f’ |I 4 '| - '| j i as it may generate a larger lift force.
2 N RN/ !
A li i il | Energy considerations
l . . .
6 $ i i i i As the simulations and the experimental results for
0.0 5 1.0 L5 2.0 2.5 30 both the stiffness characteristics and the dynamic
Time (s)

Figure 6. Experimental and simulated displacement response
of the tergum. Simulations from the multi-body model (solid line)

and experimental results using Tracker (dashed-dotted line with
thick dot).

response of the flight motor structure compare reason-
ably well, the multi-body dynamic model and simplified
lumped parameter model can be used to further inves-
tigate some additional characteristics of the flight
motor structure. Of particular interest is the ratio the
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energy ratio of peak kinetic energy of the wings and the
work input per cycle which is given by>°

Peak kinetic energy
Work input over one cycle

: 4
— m(ypeak)2/2 ( )
fozn/w Fcos wtydt

E=

This can be used as a metric to characterize the effi-
cacy of the structure. For the simplified lumped param-
eter model shown in Figure 1(d), the peak kinetic
energy m()'/pmk)z /2 can be obtained by taking the prod-
uct of the lumped mass and the square of the maximum
velocity of the mass. For the multi-body model, the
peak kinetic energy can be obtained by choosing the
maximum value of the sum of the total kinetic energy
of all the moving components from the time histories.
The work input over one cycle can be obtained by inte-
grating the product of the excitation harmonic force
and tergum velocity. This is calculated for a harmonic
excitation force amplitude ranging from 0.01 to 0.3 N,
by determining steady-state time histories from numer-
ical integration of the equations of motion. Equation
(4) is plotted in Figure 8, for four cases; the multi-body
model, the approximate SDOF model, the symmetric
approximate SDOF model and the linear system, which
has a natural frequency, equivalent mass, and damping
coefficient similar to those of the multi-body model.

It can be seen that all the systems which have a
“click” mechanism perform better than the linear
system. It can also be seen that the symmetric system
and the asymmetric system behave in a qualitatively

.07
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04 +
.03 ¢

Energy ratio

.02+

01 ¢

0.00 : :

F(N)

Figure 8. Energy ratio comparison at w = 1.25Hz. Circle O,
multi-body model; solid line —, simple model given in equation
(2); dotted line -- -, simple symmetric lumped model; dashed-
dotted line -, linear system.

similar way, but the asymmetry, which is hard to avoid
in a practical flight motor design and observed in the
wing motion of insects, offers a marginal improvement.

Conclusions

A bio-inspired flight motor structure with a “‘click”
mechanism, which was realized using polyimide film
and CFRP, has been investigated numerically and
experimentally in this paper. Asymmetry, which
occurs in the up- and down-stroke in the practical
flight motor structure studied, has also been considered.
The numerical analysis was carried out using both a
multi-body dynamic model and a simple lumped par-
ameter model. The experimental and numerical results
for the restoring force and displacement response com-
pared well, meaning that the multi-body dynamic and
lump parameter models can capture the dynamic char-
acteristics of the asymmetric flight motor structure rea-
sonably well. The energy ratio of the kinetic energy to
work input over one period of excitation was subse-
quently obtained from the numerical models. It was
found that the symmetric and asymmetric structures
have a similar performance when the energy ratio of
the kinetic energy to work input over one period of
excitation is chosen as the criterion, with the asymmet-
ric structure being marginally better. Although a large-
scale device has been studied in this paper (because of
resource limitations), the advantages of the ‘click”
mechanism have been demonstrated practically and
the numerical model developed can be used in further
studies of smaller scale devices.
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Appendix I. Nonlinear restoring force of
the flight motor

In this Appendix, the nonlinear restoring force of the
flight motor with a click mechanism is derived.?'
Figure 9(a) shows the physical model at a transient
position, which is between the unstable equilibrium

Figure 9. (a) Physical model at a transient position between the
unstable equilibrium point (Figure 1(e)) and bottom stable equi-
librium point (Figure 1(f)); (b) free-body diagram. m, equivalent
mass; BE and DF, mass-less flexible link; ABC, CD — mass-less
rigid link; WA — wing.
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point (Figure 1(e)) and bottom stable equilibrium point
(Figure 1(f)). The mass-less flexible link BC (effective
length of ABC) and CD have an angle of 6 with respect
to the horizontal line. The free-body diagram of
Figure 9(a) is given in Figure 9(b), which shows the
internal forces within the simplified physical model.
The equations in this Appendix are derived from the
left part of the free-body diagram, assuming the posi-
tive directions of the displacement and rotation angle
shown in Figure 9(b). Due to symmetry, the right part
can be analyzed in a similar way. The force relationship
between f, and f, can be written as f, = —f, tané, and
because of Hooke’s law f = kx, where k is the bending
stiffness of the mass-less flexible link DF.

The geometric relationships between the rigid and
flexible links can be written as x =/cosf —bh and
y =[Isin@, which results in x = —b + (12 — )/2)1/2 and
tan® = y/(x + b).

Combining the geometric and force relationships
gives

b
fy:k|:—1+lz_y2:|y ®)

which shows that the force—-deflection characteristic is
nonlinear and is a function of the geometry of the
device.

Appendix 2. Non-dimensional equation
of motion for the simple “click”
mechanism model

In this Appendix, the non-dimensional model of the
simple model with a click mechanism is described.

Assuming that the damping force is given by
f(y) = ¢y, where ¢ is a linear viscous damping coeffi-
cient, equation (1) can be written in non-dimensional
form as>

u N
u' 4+ yu —au+ af————= = Fcos Qt 6

Y P ©

where  w=y/l, y = c¢/mwy, wy = 2k(1/8* — 1)/m,
B=b/LF =F/mlo},t=w,Q=0w/w, o=p

(1 — p?), and (e) denotes differentiation with respect
to non-dimensional time 7. Note that w is the natural
frequency for small oscillations when the system is at
either of its static equilibrium positions as shown in
Figure 1(d) or (f).

The non-dimensional equation for the linear system
is given by*?

W'+ i +u = Fcos Qt (7

When equations (6) and (7) are solved numerically
with =09 and y =1.46, as given in Tang and
Brennan,* for different amplitudes of non-dimensional
force F, the ratio of non-dimensional peak kinetic
energy to the work input over one cycle is given by

(Uot)' /2

fozﬂ/g Fcos Quu/dr

E=

®)

the results of which are plotted in Figure 2(a).



