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Abstract
This paper proposes a method to investigate the influence of the drive line parameters on the performance
of a flapping wing nano air vehicle. A model-based approach is developed to complement the experimental
approach used in traditional flapping wing research. An adapted 1 degree of freedom mass spring damper
model is used. The flapping wing aerodynamics are incorporated using quasi-steady theory. The model is
validated for different load cases with experiments on a dedicated experimental set-up. A model for the drive
line with an adapted wing load moving in a single degree of freedom is selected. This model is used to
analyse the dynamics of the drive line. The optimal operation frequency is shown to be the natural frequency
of the system. The advantage of using a resonance-supported system is proven. The model can be used
to optimise efficiency by means of a sensitivity analysis of the drive line parameters. The potential of the
method is demonstrated by optimising the gear ratio and the spring stiffness.

1 Introduction

A growing interest in nano air vehicles (NAVs) is seen lately both from scientific and from industrial side
since they give specific advantages in certain environments. NAVs are defined in this paper as unmanned
air vehicles with a total wing span around 15cm or smaller. Their small size allows flight indoors or in
confined spaces which offers possibilities their bigger counterparts cannot offer. Despite their small size,
these nanorobots are often equipped with sensors or a camera which allows measurements in inaccessible or
poisonous areas. Practical usage in different situations imposes specific requirements on the nanorobot. The
main requirements are small size, high payload capacity, long flight duration, high agility and autonomous
operation[1].

Existing nano air vehicles are divided into categories based on their mechanism to generate thrust forces and
forces to control the nanorobot[2]. A flapping wing nano air vehicle (FWNAV) is a special type of nanorobot
developed to comply with the requirements mentioned above. This class of nanorobots copies the wing
motion of some small birds and insects[3]. The wings move in a horizontal stroke plane at high frequencies
to produce both the thrust force and the force to control the attitude and stability of the nanorobot. Forces
produced in nature exceed the values calculated with classical aerodynamics[4]. The objective is to benefit
from the mechanisms observed in nature to have the same high force generation[5, 6]. Prototypes with
different sizes are being developed. The smallest FWNAVs copy insects and bumblebees like the Harvard
Robobee[7, 8]. Bigger concepts are based on hummingbirds like the Aerovironment Nano Hummingbird[9]
and the Purdue robotic hummingbird[10].

A dedicated drive line system needs to be developed to generate the high frequency wing motion for FW-
NAVs. The drive line is subjected to high aerodynamic and inertial forces from the wing. Different drive line
configurations are available.
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• A first system uses a crank shaft mechanism to transfer a rotational motor motion to the high frequency
back and forth flapping motion[11, 12]. The motor works continuously around its optimal point of
operation. The load on the motor is however very non-linear and extra hardware is necessary to
control the nanorobot stability. This system was developed for a first FWNAV prototype at the KU
Leuven[13].

• Another configuration uses a direct transmission from the motor to the wing motion and the motor is
driven with an alternating current[10, 14, 15]. This system reduces the complexity of the drive line and
therefore the robustness of the system increases. Control can be exerted by actively adapting the motor
current[16]. This system can easily be combined with a spring to support the motion. The system is
currently used in the reference prototype.

• A third configuration uses a piezoelectric actuator[17]. This is often chosen for very small designs.

As the drive line is an essential part of the FWNAV, it strongly affects the final performance of the nanorobot.
Careful selection and design of the drive line are important to optimise flight time, payload capacity and sta-
bility of the FWNAV. Parameters setting can be done in a purely experimental way but many time consuming
and costly experiments are necessary to accomplish an optimisation. A model-based approach is often pre-
ferred to optimise the drive line of flapping wing nanorobots[10, 12, 15, 18, 19, 20, 21]. A mathematical
model for the drive line provides more insight in the physical phenomena at the basis of flapping wing flight.
This approach is chosen in this paper and it reveals the parameters that have a large influence on the efficient
operation of the nanorobot. The model can be used in an optimisation approach or in a design tool to identify
optimal values for both system and operational parameters of the drive line.

An experimental set-up is developed simultaneously for parameter identification and validation purposes.
A hummingbird size set-up is chosen in this work because this size allows to easily adjust the drive line
parameters in the experimental set-up.

Section 2.1 describes the physical drive line system, together with the different loads that are applied and the
test set-up used in this work. Section 2.2 explains the mathematical model and the parameter identification
procedure. Section 3.1 discusses the model simulation results and section 3.2 shows the advantage of the
model-based approach to do a dynamic analysis of the drive line operational and system parameters.

2 Materials and methods

2.1 Flapping wing drive line

2.1.1 Wing kinematics

In order to generate the necessary forces to keep the flapping wing nanorobot in the air, the small wings have
to make a very fast reciprocating motion. When looking at the wing motion of insects and small birds, two
main motion components are identified: a horizontal motion where the wing glides through the air, called
the wing stroke motion, and a rotation of the wing around an axis in the wing in order to obtain an optimum
inclination angle relative to the local air stream, called the wing pitch motion. When mimicking small birds
and insects, the two main wing motions are copied mechanically (shown in figure 1).

The wing stroke motion (indicated in figure 1 on the left) is the main component in flapping wing nanorobots.
It is often assumed to be sinusoidal ([15, 21]) and can be characterised by an amplitude φmax and a frequency
f. The amplitude of the motion is a value between 0◦ and 90◦. The maximum amplitude is physically limited
by system design. The frequency is a design parameter of the system. The useful frequency range for
flapping is taken to be in the interval from 16Hz to 26Hz. This range is based on the physical characteristics
of the wings that are used in the reference prototype and most experiments are done in this range.

3428 PROCEEDINGS OF ISMA2018 AND USD2018



Figure 1: Illustration of the wing motion in flapping wing nanorobots. Left figure shows the wing stroke
motion. Right figure shows the wing pitch motion.

The wing pitch motion (indicated in the right figure with small arrows) is not actuated in most flapping wing
nanorobots. The wing is free to rotate as a result of the aerodynamic forces acting on the wing and inertial
forces of the wing on the one hand and restoring forces from an elastic element on the other hand. The value
of the wing pitch angle during the major portion of the wing stroke cycle is an important design parameter.
A stopper element imposes this maximum wing pitch angle, further called the inclination angle α (see right
in figure).

2.1.2 Oscillating drive system

The wing stroke motion is actively driven in this work using a direct drive system. A spring is added to the
system to support the motion and to store elastic energy. Figure 2 shows a general scheme of a direct drive
system.

Figure 2: Adapted mass spring damper model for the drive line of flapping wing nanorobots.

The drive line is modelled as a discrete mass spring damper system. The system is driven by a sinusoidal
current through a DC motor providing the input torque. The main contribution to the total system inertia
comes from an oscillating load that is fixed at the end of the drive line (load specified in section 2.1.3). A
gear transmission drives the load. A spring supports the oscillating motion. The main contribution to the
damping comes from the aerodynamic drag on the load and from friction in the system. The output of the
system is the amplitude of the load oscillations.

The wing pitch motion is not actuated in the set-up.
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2.1.3 Oscillating load

Three types of loads are attached to the oscillating drive line system in this work: inertia beams (load 1 in
figure 3), wings moving with two active degrees of freedom (load 2 in figure 3) and wings with one active
degree of freedom and one non-active (load 3 in figure 3). The difference between the latter two load types
originates in the way the wings are attached to the oscillating drive line (discussed in the last paragraph of
this section).

Figure 3: Different load configurations used in this work.

The inertia beams are a bundle of tubular bars that are mounted at the end of the wing drive line. Their
rotational moment of inertia is chosen in order to be able to conduct experiments in the frequency range
which is specified. The different bundles differ in length and thus in rotational moment of inertia. They
have negligible aerodynamic resistance. The specifications of the inertia beams are given in table 1. J is
the rotational moment of inertia of the inertia beams and L is the length of the inertia beam. The calculated
natural frequency f0 of the beams in the reference set-up is also added.

Inertia 1 L = 80mm J = 2.82e-07 f0 = 21.24Hz
Inertia 2 L = 75mm J = 2.37e-07 f0 = 22.16Hz
Inertia 3 L = 68mm J = 2.03e-07 f0 = 22.95Hz

Table 1: Inertia beam properties.

Figure 4: Wing shape and location of wing veins (example wing 1).

Every wing has the same shape (figure 4). Wing variants differ only in size and stiffness. A wing is made of
carbon fibre composite beams that are connected at the base of the wing, called the wing root. The structure
is both light and stiff. The membrane that runs over the beams is Mylar. Wing parameters are given in table
2 and the wing size is characterised by the length of its leading edge (LE). Wings with the annotation stiff
are fabricated with stiff carbon beams. The other wings are more flexible with different diameter beams. The
calculated natural frequency f0 of the wings in the reference set-up is added. The higher natural frequency
for wing 1 (marked with star) is the result of a reduced wing weight because of a change in the fabrication
procedure of the wing.
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For the third load type, the wing inclination angle is fixed at a value of 90◦. This fixes one degree of freedom
of the flapping wing system. The wing only generates aerodynamic drag and no vertical thrust force is
generated as a result of the 90◦ inclination angle.

Wing 1 LE = 73.5mm J = 2.33e-07 - f0 = 22.25Hz?

Wing 2 LE = 68.4mm J = 2.95e-07 - f0 = 21.00Hz
Wing 3 LE = 63.3mm J = 2.87e-07 - f0 = 21.14Hz
Wing 4 LE = 63.3mm J = 3.64e-07 Stiff f0 = 19.81Hz
Wing 5 LE = 60.0mm J = 3.40e-07 Stiff f0 = 20.21Hz

Table 2: Wing properties.

2.1.4 Experimental set-up

A set-up is used to identify model parameters and to validate model results. The set-up uses an exact copy
of the mechanical wing drive line system of the flapping wing reference prototype. Conclusions drawn with
the modelling approach can therefore be extrapolated without adaptation. The drive line in the set-up with
drive electronics, sensors and measurement electronics is presented in figure 5.

Figure 5: Set-up with location of sensors, drive electronics and microcontroller.

The set-up is controlled with an NRF52 microcontroller and sensors are read with the same microcontroller.
The Nordic development board is used. This allows quick adaptation of the sensor configuration and easy
programming of the actuation electronics. The motor is driven with the PmodHB3 low current bridge mod-
ule. A PWM signal is used to control the motor current. The current is measured instantaneously with a hall
effect AC current sensor, type L18P003S05. The range of the sensor is ±3A and an analog output voltage
is directly read by the analog to digital converter (ADC) on the microcontroller. With a resolution of 14 bits
for the ADC, this gives a theoretical accuracy that is smaller than 1µA. The current is measured in a series
configuration with the motor, immediately in front of the motor terminals. The current measurement results
are validated using another current sensor (type ACS712). The voltage is measured instantaneously over the
motor terminals. This is done directly with the ADC inputs of the microcontroller. Results are validated with
a scope. The stroke angle is measured instantaneously with a hall-based rotary magnetic position sensor,
type AS5600. An analog output voltage is applied directly to the 14-bit ADC of the microcontroller which
gives a high accuracy. A small circular diametric magnet is mounted on the stroke axis. Results are validated
using a slow motion camera. Time is measured instantaneously with the micro-controller 16MHz clock and
synchronised with the different measurements. This allows easy data processing. The flapping frequency is
calculated from the measured time and validated using a stroboscope.

STRUCTURAL DYNAMICS: METHODS AND CASE STUDIES 3431



2.2 Dynamic modelling approach

2.2.1 Mathematical model formulation

The mathematical model used in this paper is state of the art in the literature[20]. The expression for a mass
spring damper system is combined with the DC motor equation. The gear transmission is added and the
terms are rearranged into the expression for an adapted mass spring damper system (1). The motor equation
is used to calculate the voltage over the terminals (2).

Jsφ̈+Blφ̇+BAERO|φ̇|φ̇+Ksφ = Ki (1)

Vm = Ri+KeNφ̇ (2)

Js is the total inertia of the system calculated as Js = JL +JG +N2Jm with JL the load inertia, JG the gear
inertia, Jm the motor inertia and N the gear ratio. Bl is the total linearised damping to be identified in the
section on parameter identification (section 2.2.2). BAERO is the aerodynamic damping calculated with the
theory of quasi-steady aerodynamics as BAERO = 0.5R4c̄r33C̄D(α) where the drag coefficient is identified
in the section on parameter identification. Ks is the spring stiffness. K is the projected torque constant. R
is the motor resistance. Ke is the back-EMF constant. Expression 1 describes the change of the stroke angle
as a function of time. The complete derivation of the mathematical expression can be found in the paper of
Zhang et al.[20].

Three assumptions are applicable when using this model formulation.

• The stroke dynamics dominate the flapping wing motion and the inclination angle dynamics have a
negligible influence on the stroke dynamics. The mean inclination angle is usually only taken into ac-
count when calculating the aerodynamic drag. The influence of this assumption is studied by adapting
the drive line system in order to effectively reduce the number of degrees of freedom to one in certain
experiments (see section 2.1.3, use load type 3).

• Quasi-steady theory can be used to describe the drag coefficient. The unsteady phenomena that occur
in flapping flight are not captured with this expression. This work tries to cope with this limitation by
identifying the drag coefficient using an experimental approach (see section 2.2.2).

• The stroke angle varies in a sinusoidal way. Fitting of the experimentally measured data with a sine
function shows the motion is indeed sinusoidal (see figure 6). This conclusion is consistent in all
experiments.

Figure 6: Validation of the sinusoidal stroke angle assumption.

The mathematical expression is solved using matlab Simulink. Experimental inputs are measured and ex-
tracted from the data. These inputs are then fitted with a sine function and used by Simulink.
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2.2.2 Parameter identification

The numerical values for the model parameters are needed in order to do the simulations. The quality of the
model simulations depend on the accuracy of the parameters that are used. Two types of parameters are used
in the model: parameters that can be calculated from the respective datasheets and analytical expressions on
the one hand and parameters for which no easy calculation procedure exists on the other hand. For this last
type of parameters, an identification procedure is followed.

The motor is a 2.6g and 7mm brushless DC motor. Different versions of this motor are tested in a simplified
test set-up and the parameters of the datasheet are validated. No further updating is required. The motor used
in the experiments has a terminal resistance of 1.4Ω, a torque constant of 0.81Nmm/A and a rotor inertia
of 0.5gcm2. The gear transmission is custom made for the set-up. The gear ratio can be varied in the test
set-up if necessary. The springs are tested over the entire operation region for linearity and accuracy of the
spring constant. The value of the datasheet can be used without further updating. The aerodynamic damping
is calculated using a quasi-steady aerodynamic model. The main parameter that remains unknown in the
expression is the drag coefficient. This parameter has to be identified using the procedure below. Also the
total linear damping and the total inertia of the system are experimentally identified.

This paragraph describes the procedure to identify the missing parameters. One frequency sweep experiment
with constant current amplitude input is sufficient. Constant current amplitude means a constant torque is
applied to the drive line. The drive line is actuated for 5 seconds at every frequency in the frequency range.
Five seconds are necessary to eliminate the effects of possible transients. The natural frequency can then
be defined easily from the experiment data and the total inertia can be calculated. The same constant input
is applied to the mathematical model. An estimated value is used as starting point for the parameters that
still have to be identified. The damping coefficient is updated, both the total linear damping and via the
drag coefficient, to make the simulations match the experimental data and this way the last parameters are
identified.

3 Results

3.1 Model verification

The three types of loads are applied to the experimental set-up and the same frequency sweep experiment
is done as described in section 2.2.2. The results of experiments and simulations are compared in the next
sections for the different load types.

3.1.1 Load 1: inertia beam

The model parameter identification (section 2.2.2) is done once for each inertia. The comparison between
the experimental frequency sweep and the inertia beam model simulations is shown in figure 7. The model
accurately predicts the stroke angle in the entire frequency range. The accuracy of the results is similar
for the different inertia beams. A peak in amplitude is identified in the plots on the frequency matching
the calculated natural frequency of table 1. The small linear frictional damping present in the drive line
and the absence of aerodynamic damping cause an articulated peak in the figures. In figures 7a) and 7b), the
amplitude of the input current had to be artificially reduced in order not to damage the set-up. To have a good
comparison, also the simulated input current was reduced. In reality, the peak amplitude of the frequency
sweep will be even more pronounced which is indicated on the figures by doing the simulation without
reducing the input current.
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a)

b)

c)

Figure 7: Constant input frequency sweep, comparison between simulations and experimental data for load
type 1 (inertia beams).

3.1.2 Load 2: wing moving with two active degrees of freedom

The goal in this section is to obtain a model for a wing that is free to move in its two degrees of freedom,
generating vertical thrust forces. Wing 1, wing 2 and wing 3 are used in this section. The wing configuration
is the result of an experimental optimisation process and flexibility is present in the wing. The model pa-
rameter identification (section 2.2.2) is done once for each wing. The comparison between the experimental
frequency sweep and the resulting model simulations is shown in figure 8. The model is able to predict the
stroke angle in the frequency range close to the peak frequency. A peak amplitude is identified at a frequency
that is higher than the calculated natural frequency (table 2). The peak is less pronounced in these figures
compared to the previous figures. This is explained by the large amount of aerodynamic damping caused by
the flapping wing.

3.1.3 Load 3: wing moving with 1 active degree of freedom

A model for load 3 is developed in this paragraph. Wing 4 and 5 are used and their angle of attack is fixed.
The model parameter identification (section 2.2.2) is done once for each wing. The comparison between the
experimental frequency sweep and the resulting model simulations is given in figure 9. The model predicts
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a)

b)

c)

Figure 8: Constant input frequency sweep, comparison between simulations and experimental data for load
type 2 (2 DOF wings).

the stroke angle well in the entire frequency range. The accuracy of the results is similar for both wings
and comparable to the accuracy obtained with the inertia beams. A peak amplitude is again identified at
a frequency that is higher than the calculated natural frequency (table 2). The aerodynamic damping is
maximal in this load type because the wing inclination is fixed at 90◦ which maximises the generated drag
force.

3.1.4 Result discussion

The best model accuracy is obtained for the first load type (figure 7). The model predicts the stroke angle
in the entire frequency range. Only small differences in absolute value are observed between the model
simulations and the experimental data. The biggest differences between the plots of simulated data and
experimental data are observed for load type 2 with two degrees of freedom (wings 1, 2 and 3, figure 8). The
numerical error made by the simulations compared to the experiments is reduced when using the model for
load type 3 which has a single degree of freedom (wing 4 and 5, figure 9). The observed numerical errors can
be explained by looking back at the assumptions made in section 2.2.1. None of the assumptions apply to
the case with the first load type. This explains the accuracy of the fit and small differences are mainly caused
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a)

b)

Figure 9: Constant input frequency sweep, comparison between simulations and experimental data for load
type 3 (1 DOF wings).

by experiment variability and measurement imperfections. Besides a larger absolute error in the second load
type, the error also increases for a bigger wing. This indicates that an important source of modelling errors is
in the one degree of freedom approximation used in the model. Also the influence of the increasing flexibility
with increasing wing size can play a role in these errors. A second observation for this load type is that the
numerical error increases when the frequency of operation increases above the peak amplitude frequency.
This indicates that the assumption of quasi-steady aerodynamics becomes an important source of modelling
errors in this frequency range. The contribution of the wing pitch motion to the generated forces relative to
the wing stroke motion increases at increasing frequency (and resulting low stroke amplitude). The forces
generated during the wing pitch motion are not taken into account with the quasi-steady approximation so
the error becomes large in this regime. The principal sources of modelling errors are eliminated (second
degree of freedom blocked, reduced flexibility of the wing and absence of wing pitch motion) when using
the third load type which explains the increased accuracy.

Based on the accuracy considerations, it seems that the model for the first load type is preferred for further
analysis. An oscillating inertia beam serves no practical use in flapping wing nanorobots as the aerodynamic
forces produced by the inertia beam are negligible but the model can be used to do a sensitivity analysis of
the drive line parameters. The relative influence of the parameters on the performance helps optimising the
drive line design. Conclusions drawn with this model about absolute power consumption or efficiency of the
flapping wing nanorobot are meaningless in the absence of aerodynamic damping. The drive line model can
be seen as a validation tool for the rest of the modelling approach because the drive line remains unchanged
for the different load types. The model for the regular flapping wing can be used to do a sensitivity analysis
of the model parameters, to optimise the drive line system and in a design tool for flapping wing robots.
The model describes the set-up used in the reference prototype so conclusions about power consumption or
efficiency are meaningful. Quantitative results are only valid in a small range around the normal point of
operation because of the decreasing accuracy. The results further away from this point can be used but they
have to be interpreted more qualitatively. To overcome this issue, it makes sense to do the analysis with the
third load type. Aerodynamic effects are present in this case, in contrast to the first load case, which increases
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the reliability of the results. A sensitivity analysis can be done with this model focusing on the optimisation
of the drive line system.

3.2 Dynamic analysis drive line

The dynamic analysis of the drive line is done using the model of section 3.1.3 (load type 3). A good trade-
off between accuracy of the fit and usefulness of the conclusions is obtained and results can be translated
easily to a flapping wing nanorobot prototype.

3.2.1 Operational frequency

Two frequencies are generally considered when doing a dynamic analysis of an oscillating drive line: the
peak frequency and the natural frequency. The peak frequency is the frequency that maximises the amplitude
of the stroke angle and is already mentioned in section 3.1. The natural frequency is calculated as the ratio
of the total inertia over the spring stiffness and is a system characteristic (calculated in table 1 and 2). The
peak frequency is lower than the natural frequency in strongly damped systems as can be seen on figure 8
and figure 9. It is important to decide at which frequency the system needs to be tuned to minimise energy
consumption.

Zhang et al.[21] demonstrate that the force generated by the wing depends strongly on the amplitude of the
velocity of the wing aerodynamic centre. In order to compare the energy consumption for different flapping
frequencies in an objective way, the amplitude of the velocity of the wing needs to be constant for the entire
frequency range that is tested. The optimal operation frequency for a chosen wing configuration can be
identified by studying the electrical input power need for a chosen value of the wing velocity. Figure 10a)
shows the input power for curves of the same velocity for wing 4. Figure 10b) shows the input power for
curves of the same velocity for wing 5. The required input power is always minimum at the respective natural
frequency. The same conclusion was obtained from experimental data (not shown).

a) b)

Figure 10: Input power as a function of frequency and wing velocity.

3.2.2 Efficiency

When doing an optimisation of the drive line parameters for a particular wing, an indicator of efficiency is
used for comparison. Efficiency of flapping wing nanorobots is defined as the ratio of the useful power from
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the generated force of the wings over the input power at the motor terminals. The useful power generated by
the wings is calculated as the total aerodynamic torque times the wing angular velocity. The input power is
calculated using the motor equation (expression 2). Plotting this parameter for the same velocities as above
leads to the same conclusion.

a) b)

Figure 11: Efficiency as a function of frequency and wing velocity.

3.2.3 Torque considerations

The validated model is used to demonstrate the advantage of adding a spring to the drive system for a system
driven at its natural frequency. The total torque provided by the motor is consumed in the system by different
physical mechanisms. The different torque contributions are shown for wing 4 at its natural frequency.

Figure 12: The different torque contributions in a flapping wing system.

For the wing used in the simulation, the inertial torque is substantially higher than the damping torque.
Adding a spring to the system and tuning the system to the natural frequency cancels out the inertial torque.
This clearly indicates the advantage of using a resonance-supported system. The advantage fades out when
flapping at an off-resonance frequency, which explains the results shown on the power and efficiency plots
in the previous sections. Careful tuning of the flapping frequency is necessary.

3438 PROCEEDINGS OF ISMA2018 AND USD2018



3.2.4 Sensitivity analysis

Sensitivity analysis is a useful method in a general optimisation approach to study the parameters in the
drive line. It identifies the parameters with the largest influence on the performance which helps to make
better design decisions. The drive line model is a powerful tool for sensitivity analysis. The validated model
simulates the drive line behaviour without the need for extensive experimental testing. An optimisation of
the efficiency is the objective in this work. The approach is demonstrated for the gear ratio and the spring
stiffness. A similar approach can be followed for every parameter to achieve a detailed analysis of the entire
drive line. An influence of the wing velocity on the efficiency is seen in figure 11. The different simulations
are executed for the same wing velocity amplitude to eliminate this effect.

The first analysis studies the gear ratio N and the other parameters are kept constant. These parameters
add an extra constraint on the optimisation of the system and it is not possible to draw conclusions about a
general optimum. It is however possible to study the relative influence of a parameter in the given system. A
change of the gear ratio affects the apparent rotational inertia of the motor. The natural frequency changes
accordingly and the efficiency has to be studied when flapping at the adapted natural frequency to have a
meaningful comparison between the different configurations. The result is shown in figure 13. Only discrete
steps in the gear ratio are feasible because of the physical constraints of the system.

A final conclusion can only be drawn if the motor is able to handle the torque required with this gear ratio,
which is indeed verified here. A gear ratio close to 13 is therefore recommended as a significant efficiency
gain can be obtained, on the condition that other parameters remain unchanged. If the precise setting of the
gear ratio would be infeasible because of physical constraints of the system, a gear ratio in the range of 10
to 15 is still acceptable without detrimental effects on the efficiency.

Figure 13: Sensitivity of the drive line efficiency to the gear ratio.

Figure 14: Sensitivity of the drive line efficiency to the spring stiffness.
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A similar approach is followed to study the influence of spring stiffness on efficiency. Again the oscillating
wing is simulated at its adapted natural frequency and the wing velocity is kept constant between the different
experiments in a series. Figure 14 summarises the results in a wide frequency range.

Comparison of the absolute values of the two figures shows that the gear ratio has more effect than the spring
stiffness. This is an interesting conclusion when designing flapping wing drive lines.

4 Conclusion

This paper describes a method to study the drive line of a flapping wing nano air vehicle based on a math-
ematical model. The model is used for the development and optimisation of the flapping wing drive line.
The physical drive line is described using the expression for an adapted mass spring damper system. The
expression incorporates the load attached to the drive line. The motor is taken into account using the DC
motor equation. Several load types are studied in this work: inertia beams, wings allowed to move in one
degree of freedom and wings allowed to move in the usual two degrees of freedom characteristic to flapping
wing nanorobots. The drive line behaviour is simulated using the model for the different load cases and ex-
perimentally validated. Afterwards the model is used to study the drive line dynamics and in an optimisation
approach.

Despite some numerical differences between simulation results and experiments, the model for the real wing
can be used for optimisation purposes and as a design tool on the condition that simulations are done close
to the nominal working point. The model for a one degree of freedom wing allows to draw conclusions in a
much broader working domain and to transfer these conclusions to the actual nanorobot drive line.

The model is used to confirm that the most efficient operational frequency is the natural frequency of the
drive line system. The advantages of a spring supported system when flapping at the natural frequency are
shown by means of a study of the torques present in the drive line. An optimisation approach based on
a sensitivity analysis is proposed, maximising the efficiency of the system. This is demonstrated for two
system parameters, showing the potential of a model-based approach for optimisation purposes.
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