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ABSTRACT

Manduca Sexta present excellent flight performances which make this insect an ideal
candidate for bio-inspired engineered micro air vehicles. The actual insect presents an
energetically very efficient thorax-wing flight system which needs to be fully understood
for an effective design of artificial flying machines. This work discusses a preliminary
finite element model which simulates the thorax-wing system and the muscles involved
in the flapping motion. Both upstroke and downstroke conditions are statically analyzed
with the application of load sets that simulate the contractions of the dorso-ventral and
dorso-longitudinal muscles (indirect flight). Comparison with commercial software and
experimental results is also presented and discussed.

1. INTRODUCTION

MICRO Air Vehicles (MAVs) present significant applications in the battlefield for military surveillance
and reconnaissance missions. The Defense Advanced Research Project Agency (DARPA) [1] is
pursuing the development of an insect-size MAV program. The dimensions of the MAV's will be smaller
than 15 cm, relatively easy to produce, inexpensive, and highly capable. The small size requirement for
the MAVs clearly identifies [2] the range of Reynolds numbers (< 10%) at which the MAVs must
operate. The biological flyers of that size use the flapping of the wings as the main mechanism to
produce lift and thrust [3], [4]. It has been extensively shown that complex unsteady flow [3],[5], [6]
is generated during a complete flapping cycle, including a strong leading edge vortex [7] which is
responsible of the high lift [2], [8] observed during the downstroke. Other unsteady aerodynamic
phenomena could be observed in some cases [9], where the two wings press together at the end of the
upstroke generating vortices on the wings and lift. Dickinson [10], [11] discovered that wings translated
backwards in a wake created in a preceding stroke present an enhancement of the lift. But
understanding the complex flapping mechanism of biological flyers, important to effectively design
artificial MAVs, also requires a detailed investigation of the structural features of the wing and the
insect’s body. Combes and Daniel investigated the flexural stiffness of the wing with particular
emphasis [12] on the influence of wing venation. A qualitative finite element model of a Manduca
Sexta’s wing, including the membranes and veins, was developed. With the support of an experimental
measurement of the flexural stiffness, Combes and Daniel found that there is a strong spanwise-
chordwise anisotropy regarding the flexural stiffness (i.e., the spanwise bending stiffness is one or two
orders of magnitudes larger than the chordwise bending stiffness). It was also investigated and
discussed that the leading edge veins are the main reason for that anisotropy. In Reference [13]
Combos and Daniel presented a simplified finite element model of the Manduca Sexta’s wing and
applied declining values of material stiffness in 12 strips oriented diagonally. The results they obtained
were consistent with the measurements which showed a sharp decline of the flexural stiffness from the
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base to the tip and from the leading edge to the trailing edge. Moreover, male and female of Manduca
Sexta specie appear to have different flexural stiffness in their wings: the bending stiffness declines
chordwise much more sharply in the males than in females.

The hovering flight requires a high flapping frequency which depends on the weight of the insect. It
is well known [14] that, in order to maintain a fixed position in space (important in some surveillance
missions in MAVs which mimic insects), the insect must be able to accelerate the wing in one direction
(downstroke), decelerate it and reverse the motion (supination) [2], perform the upstroke, decelerate the
wing again and then reverse the motion for the next downstroke (pronation). These accelerations and
decelerations imply an increase/decrease of the kinetic energy of the wing. To increase the efficiency
of flight and decrease the amount of energy [14] required to achieve the flapping motion, the wing must
not be rigid: the structural deformation brings changes of the effective angle of attack, the vortex
intensity, and the net force [4]. Moreover, insects do not present [15] muscles on the wings: they are
passively deformed [16], [17] under the inertial and aerodynamic forces. The deformation is such that
the overall aerodynamic performance and energy expenditure to maintain the flight are optimized. This
explains for example, the complex flexural stiffness distribution [12], [13] over the wing. In reference
[18] a computational fluid dynamic model of a flexible wing showed that the flexibility increases the
force created at early downstroke, enhancing the aerodynamic efficiency. Moreover, the passive
deformation of the wing is probably responsible for the stabilizing and delaying of the breakdown of
the leading edge vortex [18]. The flexibility and anisotropy [12], [13] lead to wing twist and camber
which change dynamically during the flight. The hawkmoth is discussed in Reference [19].
The flexibility of the wings may also involve some nonlinear structural geometric effects [13]. In
particular, the wing behaves not symmetrically when loaded from the concave or convex part. In other
words, the veins are pushed together with a consequent softening effect for the membrane between the
veins (nonlinear softening effect) or are pulled further apart with a consequent stiffening of the
membrane (nonlinear stiffening effect). Other important aspects of this passive deformation of the wing
are related to the highly complex hinge connection with the insect’s thorax. The wing must be able to
experience significant torsional deformation especially during the supination and pronation phases [2]
and this can be achieved thanks to the above mentioned anisotropy and to an appropriate set of
boundary conditions which need to be properly understood. The bending asymmetry is for example
possible by one-way hinges ([13],[16], and [18]) whose role needs to be further investigated.

An effective design of MAVs will try to reproduce the essential insects’ biological features required for
an efficient flight, with particular focus on the maximization of the payload (for example a small camera
or other sensors) and minimization of the power required to flap the wings in forward and hovering flight.

These were, for example, the goals pursued in Reference [20], where ring-based resonators were
used to minimize the energy expenditure for the basic movement of the wings, so that the work to be
delivered by the actuators to accelerate and decelerate the wings is significantly reduced. This concept
was stemmed by direct observation [21] of most insects’ flight: a portion of their body, named thorax,
hosts the flight muscles, which can contract at very high frequencies (necessary, for example, to
maintain a fixed spatial position in hovering flight). This contraction is automatically adjusted [21] to
the natural frequency of the whole flapping system. Part of the kinetic energy “lost” during the
deceleration of the wings in the transition from the downstroke to the upstroke motions (and vice-
versa), is stored in the form of elastic energy (deformation), with improved energetic efficiency. This
has practical implications in the MAV design: one of the challenges is to provide an adequate endurance
[1] that can be achieved by increasing the energetic performance and reducing the required power [14].

2. BACKGROUND AND MOTIVATION OF THE PRESENT STUDY

As required by DARPA [1], the ideal MAV should be able to fly in small spaces and even hover,
according to the designed mission. This is not achievable by conventional forward-flight fixed-wing
types of air vehicles for those small dimensions. Flapping wing MAV is then a possible effective
solution. The main challenge is to have a machine which is small, light, and energetically efficient so
that the mass of the battery used to store the energy is not too large and the MAV can effectively carry
a payload.

The Manduca Sexta is an insect with relatively small size that presents excellent flight performances
[22] and is an ideal candidate for a biologically inspired engineered MAV [23]. One of the main
components of the Manduca Sexta’s flight system is the thorax (see Figure 1), which consists of a
highly elastic exoskeleton made up of chitin microfibers embedded in a protein matrix [24],[25].
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Wing

Wing

Figure 1. Hawkmoth (Manduca Sexta): Thorax and Wings.

If one investigates the thorax internally, one would find that it is predominately a mass of muscle
structure both soft and hard [14]. Thus, the attempt at duplicating this material arrangement will be
initially investigated in this paper. Some experimentation of the plate-like action has been carried out
as a portion of the research done at AFIT [14] and further investigation is proceeding on the wing
movement as an extension of the research. The paper herein is specifically interested in duplicating
thorax’s muscle action in the form of springs and plates. It is recognized that many of the assumptions
made are very preliminary and thus will have to be modified in the future, but an interest is to
characterize realistic flapping of the wing. If the static movement is similar to the actual movement then
future iterations will allow for a better appreciation of the dynamic features.

3. DESCRIPTION OF THE MATHEMATICAL MODEL

The thorax is the portion of the insect’s body that presents several biological important functions. Most
of these functions do not have practical interest because they are strictly related to the biological
survival of the Hawkmoth. From an engineering view point, it is relevant to observe that the thorax (see
Figure 1) plays an important role in the flapping motion of the wings and subsequently, in the insect’s
flight. In particular, the thorax hosts the flight muscles [21],[24]. Contraction of these muscles deforms
the thorax and this, in conjunction to a quite complex deformation of the wing-thorax junction, allows
the movement of the wing. For example, Figure 2 presents the contraction of the Dorso-Ventral
Muscles (DVMs) that causes a displacement of the fergal plate. This displacement determines an
upward motion of the wings (upstroke). Similarly, a compression of the Dorso-Longitudinal Muscles
(DLMs) changes the curvature of the tergal plate and the complex wing-thorax junction makes the wing
rotate downward. This is the so-called downstroke motion. It has been extensively investigated [2] that
flight at low Reynolds number (e.g. viscosity is important and cannot be neglected as it happens for
most of the classical aeronautical applications, at least outside the boundary layer) is very effective for
insects if the wings perform a non-symmetric flapping motion: the upstroke and downstroke phases are
not symmetric with a net generation of force.

One of the key features that need to be reproduced in low-Reynolds-number flight mechanics is the
complex wing-thorax hinge mechanism that effectively allows the flapping of the wing. The features
that are strictly required to achieve the flight should be enhanced and used in a man-made MAV.

The goal of this effort is not to model the actual Manduca Sexta’s thorax and its connection with the
wing. The main purposes of the present investigation are listed below:

. Identify the key structural components that need to be properly simulated to replicate the main
features of Manduca Sexta’s extraordinary flight ability with an artificial MAV. This could
have a strong impact for civil applications such as investigations of dangerous scenarios that
follow, for example, a nuclear disaster. Military use would also be invaluable because it could
allow reconnaissance especially when natural obstacles (e.g., hills or forests) would place the
life of soldiers at risk.
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Understand which parts of the thorax play a more significant role in the complex deformation
that takes place to ensure the downstroke and upstroke motions of the wing. For example, from
Figure 2 it could be inferred that the elastic deformation (with consequent energy storage) of
the Tergal Plate is essential to achieve the desired MAV’s efficiency.

Investigate if it is possible to design a MAV’s thorax based as much as possible on a linear
behavior, so that the engineering prediction is facilitated. This should be achieved without
penalization of the flight performance of the MAV. It is true that the design of a bi-stable
configuration, as far as the Tergal Plate is concerned, would increase the chance of reducing
the amount of energy that needs to be carried by the MAV. However, this possibility is not
going to be analyzed in the present work.

Create a Finite Element Model that is capable of qualitatively representing the main wing-
thorax interaction during the flight. This means that the model should be able to obtain the
upstroke and downstroke motions with a contraction that in nature takes place in the dorso-
ventral and dorso-longitudinal muscles.

Dorso-Ventral
Muscles (DVMs)

Tergal Plate-Wing
L

Pleural Plate

Dorso-Longitudinal
Muscles (DLMs)

Sternal Plate

Figure 2. Hawkmoth (Manduca Sexta) and Upstroke Motion: Terminology.

The simplified finite element model does not reproduce any material anisotropy that is typical of the
real insects [24],[25]. Moreover, the thickness distributions are assumed constant on large parts of the
thorax (for example, on the Tergal Plate) and the material is assumed to be homogeneous on the
different parts included in the model. The static analysis is investigated in this work from both a
computational and experimental [14] points of view. The goal is to reproduce the flapping mechanism
from a qualitative prospective. Thus, the geometry is simplified without removing the significant
features of the Manduca Sexta (see Figure 3). Figure 3 shows the geometrical representation of an
actual Manduca Sexta modeled as an assembly of surfaces. The thickness is taken into account in the
finite element model only when the finite element shell properties are defined.

The present finite element model is created by meshing only half of the geometry because the
analyzed conditions will present symmetry about the longitudinal plane.
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The symmetry conditions are
imposed in the FE model

S Wing-Thorax: Thorax:
geometrical model geometrical model

(zoom in view)

Figure 3. Geometrical Model of the Thorax-Wing System.

Figures 4, 5, 6, and 7 present the FE model. The complex hinge mechanism is connected to both the
wing and Tergal Plate. The curve connecting the wing and the junction is called external hinge curve.
The curve connecting the junction and the Tergal Plate is named internal hinge curve. The wing-thorax
junction is modeled as follows:

. The relative rotation between the wing and the external hinge curve is allowed. This is
accomplished by the adoption of “rigid” elements (multifreedom constraints). Figure 6 shows
the curves on the hinge area.

. The relative rotation between the internal hinge curve and the Tergal Plate is allowed.

. The relative translational displacements in correspondence of the external and internal hinge
curves are not allowed.

In Figure 4, it is possible to see the different parts: Tergal Plate, Pleural Plate, Sternal Plate, Wing, and
joint areas. These components have been simulated with plate elements. Additional plate elements have
been used to create the necessary supports for the application of the axial load required to simulate the
DLM contraction (which takes place during the downstroke motion).

The boundary conditions adopted to take into account the symmetry of the model and so save
computational time, are also imposed and the Sternal Plate is fixed at the curve shown in Figure 5.

Entire model
(symmetry conditions are imposed

View@ I

Figure 4. Finite Element Model: of the Thorax-Wing Mechanism.
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Plate elements used to apply the axial load
(which simulates the DI.Ms contraction) and
transfer it to the tergal plate

Springs simulating the
Dorso-Longitudinal
Muscles (DLMs)

Springs simulating
the Dorso-Ventral
Muscles (DVMs)

The sternal plate is fixed along this
curve

Figure 5. Finite Element Model: of the Thorax-Wing Mechanism.

Multifreedom constraints I

View@ I

Wing Hinge

Junction

Tergal Plate-Wing I

Figure 6. Finite Element Model: of the Thorax-Wing Mechanism.

View@ I

Tergal Plate

Pleural Plate

Sternal Plate

Figure 7. Finite Element Model: of the Thorax-Wing Mechanism.
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Figures 8 and 9 present the simplified simulation of the flight muscles. This is accomplished by
adopting linear translational springs. The value of the stiffness of the springs does not reflect the actual
stiffness of the muscles of the insect. The stiffness has been selected after a tuning of the FE model. In
particular, the stiffness of the springs was varied starting from a relatively low value and gradually
increased. The comparison of the upstroke angular rotation of the wings (discussed later in the present
work) resulting from the DVMs simulated contraction, was compared with the experimental results.
The spring of the stiffness that provided the best correlation with the available experimental data was
selected. Additional numerical investigations showed that the major role played in the deformation of
the hinge area is due to the plate elements rather than the springs used to simulate the muscles.

Springs simulating the
Dorso-Longitudinal Muscles (DLMs),

Figure 8. Simulation of the Dorso-Longitudinal Muscles (DLMs).

Springs simulating the
Dorso-Ventral Muscles (DVMs),

k s Kg-mm

mmes®

Figure 9. Simulation of the Dorso-Ventral Muscles (DVMs).

Volume 4 - Number 4 - 2012



298 Exploratory Structural Investigation of a Hawkmoth-Inspired MAV's Thorax

Figures 10 presents the material properties adopted for the thorax structural model. The actual insect’s
thorax is definitely not isotropic [24,25]. However, the nano-indentation [14] experimental procedure
evaluated an average elastic modulus for the Tergal Plate of 5.1GPa. The FE model adopted that elastic
modulus also for other parts of the thorax (see Figure 10). The wing and the junction (see Figure 10)
are simulated with higher values for the elastic moduli to make the wing almost a rigid part (compared
to the thorax). This is not the case of the real insect, as previously discussed. More advanced structural
models of the wing can be created allowing the necessary flexibility, important in the aeroleastic
computations and for energetic efficiency. As far as the thickness of the different thorax’s parts is
concerned, only the thickness of the Tergal Plate [14] was experimentally measured. This thickness was
assumed to be a constant quantity. For the other parts (e.g., Pleural Plate and Sternal Plates) there was
no experimental data and several assumptions (reported in Figure 10) were made.

Wing
K;
E =51-10°—%; Tergal Plate
v =0.25 E =5.1.10°-=2&
Thickness = 28 um v=0.25 "
Thickness = 28 um

Posterior Phragma
E=5.1-100 2
mmes:
v=0.25
Thickness =280um

Pleural Plate
E =51:100—%
v=0.25

Thickness =45um

Wing Junction
E=51-108—2%_
mmes:
v =0.25
Thickness = 28 um

Properties of the FE model:
Number of nodes: 1853
Number of DOFs: 11118
Number of Multifreedom

Anterior Phragma Sternal Plate

E=51-100—%;
v =0.25
Thickness =280um

E=51-100—%
) = (025
Thickness = 55um

Constraints (“Rigids”): 308
Number of Springs: 66

Figure 10. Finite Element Model: Material and Structural Data.

About Poisson’s ratio, a value of 0.49 has been measured for some biological materials [12], [26].
Numerical tests were performed in reference [12] to investigate the effects of Poisson’s ratio of the wing.
No significant sensitivity of the results was found. In this work Poisson’s ratio of 0.25 has been selected
for all the modeled parts (see Figure 10). This choice is not directly linked to the actual (mostly
unknown) material properties and has a certain degree of arbitrariness. But, as previously discussed, this
model does not have the goal to reproduce the actual insect’s properties, but only to provide insights
which can have a direct application on the design of MAVs. A convergence test, related to the size of the
structural mesh, has been performed and the resulting model is the one depicted in Figure 10. More than
eleven thousand degrees of freedoms were necessary for satisfactory numerical performance.
Particularly important in the investigation has been the junction area: a more refined mesh was required
for accurate results.

It should be noted that the finite element model focuses on the thorax and wing hinge
representations. Thus, the wing has been represented with a relatively rigid isotropic surface (see Figure
10). In the actual Manduca Sexta’s wing there is a substantial flexural anisotropy, as extensively
discussed in References [12] and [13], and this will be included in more detailed models tailored for
aeroelastic investigations and energy efficiency evaluations.
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The different colors represent the mathematical properties adopted in the finite element model. The
adoption of colors was useful in the testing phase of the model. For example, the hinge area (see Figures
6 and 10) was initially modeled with 5 different properties which presented different elastic moduli. In
the final model, the mathematical properties were maintained. However, the FEM properties are the ones
shown in Figure 10. That is it: different mathematical properties may represent a single FEM property.
For example, in Figure 10 it is clearly shown that at the hinge location a single FEM property is adopted
(“wing hinge” in Figure 10) whereas there are 4 mathematical properties (the different colored zones).

The vertical load is applied in correspondence
of the DVM-Tergal connection to simulate
the experimental investigation. The total applied
load on half model is equal to 0.3N

Upstroke simulation I

Figure 1. Static Loads Applied to Simulate the Upstroke Motion (Contraction of the DVMs).

The upstroke motion takes place passively from a contraction of the dorso-ventral muscles. In the
present model the contraction is simulated with a static application of a load in correspondence of the
muscles (see Figure 11 for the indication of the applied forces and Figure 9 that presents the location
of the DVMs).

The longitudinal load is applied to simulate the
DIL.M contraction and consequent downstroke.
The total applied load on half model is equal to 0.3N

Downstroke simulation I

Figure 12. Static Loads Applied to Simulate the Downstroke Motion (Contraction of the DLMs).

The downstroke motion takes place thanks to the contraction of the DLMs. This is simulated with the
static application of a set of axial forces, as shown in Figure 12.
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4. EXPERIMENTAL DETERMINATION OF THE ROTATION ANGLE IN THE
UPSTROKE PHASE [14]

The concept used for the experiment is depicted in Figure 13. The basic setup for the static load
experiment (Figure 14) can be applied to nearly any current or future flapping-wing MAV design. Of
course, this experiment could easily be reworked for use on other insects. The experimental curve
reported in Figure 15, and used for comparisons with the present FE capability, has been obtained by
fitting all the points experimentally determined.

,_
poy ysnd <1 9
o

Figure 14. Experimentally-Induced Upstroke with a Static Compression of the Tergal Plate [14]

5. NUMERICAL EVALUATIONS AND COMPARISONS WITH
EXPERIMENTAL DATA

The experimental investigation [14] (see also Section 4) generated some points that were fitted with a
parabolic curve. In particular, the change of angle between the displaced configuration and the
condition at rest was investigated. The experimental results were obtained from different actual insects
and, therefore, include all the structural nonlinearities. In the present finite element model the
nonlinearities are not included and the real material and thickness distributions are not the ones the
Manduca Sexta possesses. For that reason, it is not reasonable to expect a perfect match with the
experimental data (see Figure 15). The tuning of the model (e.g. spring values) helped to match the
order of magnitude of the rotation angle of the upstroke motion. The present results were obtained by
using an in-house triangular shell element based on the formulation presented in Reference [27]. This
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paper focuses on the linear static response. Thus, the geometric stiffness matrix has been zeroed out in
the calculations, leaving only the elastic contribution. This finite element capability can handle the case
of multilayered composite structures and will be used in the future for more detailed models of the
thorax. The results have been validated against NASTRAN and excellent correlation, was
demonstrated. A small difference in the results can be observed. This is due to the different adopted
finite elements (CTRIA3 in the case of NASTRAN; for the present shell element see Reference [27]).
It has also been verified that the amount of elastic energy, corresponding to the upstroke numerical
simulation, correlates very well with the experiment. Indeed, this could be directly realized if it is first
observed that the displacements of the thorax in correspondence of the applied loads (which simulate
the DVM’s contraction) are directly related to the wing’s angular displacement, and, second, if it is
realized that the areas below the experimental and present curves in Figure 15 are comparable.

60
A3 =9 - '9rest
[deg]
50+
A3 = 122.16 + P + 11.929P + 1.5274
401 experiment (fitted data), see Ref. [14]
30+
‘ Present linear FE results
201
Present linear FE results (NASTRAN)
101
P-10% [N]
0 ; 1 1 : |
10 20 30 40 50 60

Figure 15. Static Load Simulating the DVMs Contraction (Upstroke Motion): Change of the Wing's Angle
Measured From the Position at Rest and Comparison with Experimental Data

Figure 16 shows the upstroke rotation corresponding to an applied load (referred to the entire model
and not just half of it) P = 0.6N (see also Figure 11 for the graphical interpretation of the load causing
the upstroke motion).

| AY =9 =9 = 32 I Thorax’s vertical
displacement of about
1.2 mm when a DVM’s
Srest ~ ~10 force of 0.6 N is
statically applied

%

Figure 16. Simulation of the Upstroke Motion with a Linear FE model and a Load P = 0.6 N Statically
Applied to Simulate DVM's Contraction
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Figure 17 presents the downstroke rotation obtained with the in-house code and the NASTRAN
commercial software. For that simulation no experimental investigation was available. However, it
should be noted that the FE model presented here can capture the downstroke motion of the actual
insect from a qualitative point of view only. This is normal, since the goal is not to model the real
Manduca Sexta but just learn from it and use the knowledge for engineering purposes.

10 20 30 40 50

2 L

1AY = 9 — Gres
(deg)

Present linear FE results (NASTRAN)

Present linear FE results

-12 +

-14

Figure 17. Static Load Simulating the DLMs Contraction (Downstroke Motion): Change of the Wing's
Angle Measured From the Position at Rest

[A9 = 8= Srea = —13]]

A compressive force of
0.6 N simulating the
DLM’s contraction is
statically applied

Figure 18. Simulation of the Downstroke Motion with a Linear FE model and a Load P = 0.6 N Statically
Applied to Simulate DLM's Contraction

Figure 18 shows the rotation of the wing corresponding to the downstroke motion consequent of a
compressive force simulating the contraction of the DLMs (see also Figure 12).

6. CONCLUSION

A preliminary finite element model of the Manduca Sexta flight system (thorax and wing) has been
presented. The goal of this effort was to understand and quantify the complex effect of the thorax’s
muscles during the upstroke and donwstroke motions of the wing. Experimentally evaluated values for
the thickness and elastic modulus of the upper portion of the thorax (tergal plate) have been adopted to
simulate the correct order of magnitude of the actual insect’s response.
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The representation of the complex hinge mechanism that connects the wing to the thorax was
capable of successfully representing both the upstroke and downstroke motions. The downstroke and
upstroke were induced by statically applied loads simulating the contraction of the muscles (dorso-
ventral muscles in the case of upstroke and dorso-longitudinal muscles in the case of downstroke). The
muscles were modeled with translational elastic linear springs.

Future investigations will present more sophisticated models for the hinge, to allow the large
torsional deformations of the wing typical of the supination and pronation phases. Moreover, one-way
hinges will also be adopted for a more realistic simulation of the actual flight conditions.
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