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Abstract

Magnesium and its alloys are becoming increasingly used in the aerospace and automotive indus-
tries. In terms of mechanical performance, magnesium alloys are reaching a level similar to aluminium
alloys. With the development of new materials it has been possible to create new concepts and new
ideas regarding morphing wings. This work presents a characterization and understanding for the me-
chanical behaviour of the AZ31B-F magnesium alloy, when subjected to multiaxial fatigue and a design
optimization for a telescoping wing. Once completed this study, the next step would be to consider the
possibility of integrating the magnesium in a mechanism capable of operating the telescopic wing.
Keywords: Multiaxial Fatigue, Magnesium alloy, Morphing Wing, Numerical Solution, Wing Opti-
mization

1. Introduction

Magnesium is a very abundant metal. In fact, it
constitutes about two percent of the Earth’s crust,
and it is the third most plentiful element dissolved
in seawater. The magnesium production is increas-
ing, and this tendency seems to be generalized in
the world. The reduced weight, higher efficiency,
decrease of CO2 emissions and the possibility of
recycling are the main reasons for that demand.
These parameters have become crucial in the imple-
mentation of life cycle procedures where the modern
mechanical design has a fundamental role [1]. In
terms of mechanical performance, magnesium al-
loys are reaching a level similar to aluminium al-
loys, which are the main competitors of magnesium
alloys in the aerospace and automobile industries.
Although there are a lot of publications regarding
multiaxial fatigue behavior of steels, there are very
few studies regarding multiaxial fatigue of magne-
sium alloys [2]. A key point on the multiaxial fa-
tigue damage interpretation is to find out the re-
lationship between the damage caused by the ax-
ial and shear stress components and quantify their
combined effect, which is very different from the ef-
fect of a single stress component [3]-[4]. Regarding
the aeronautical field, morphing is adopted to define
a set of technologies that increase a vehicle’s per-
formance by manipulating certain characteristics to
better match the vehicle state to the environment
and task at hand. Morphing is short for metamor-

phose and has its roots in the Greek words meta
(change) and morpheme (form). There is neither
an exact definition, nor an agreement, between the
researchers about the type or the extent of the ge-
ometrical changes necessary to qualify an aircraft
for the title shape morphing [5]. The performance
and dynamic efficiency of an aircraft are signifi-
cantly influenced by the aircraft shape and config-
uration. Therefore, the wing, which is an impor-
tant element in the aircraft load response in terms
of drag and lift, has been given increase attention
through morphing technology. Traditionally, Mor-
phing Aircraft Technologies (MAT) are described
and divided according to the morphing concept to
which they are related to, which in turn, are gener-
ally related to a particular geometrical change in the
wing. Studies were made on the following morphing
concepts/geometric parameters: twist, sweep, dihe-
dral (folding and winglets), chord, span and cam-
ber. A scheme, for the geometric parameters can
be found, sorted by the affected shape, in Figure 1.
Major literature reviews can be found in Barbarino
et al. [5] and Gomez et al. [6].

2. Magnesium Alloy AZ31B Background

This section presents a theoretical background that
covers several aspects related to magnesium alloys.
The mechanical properties of pure magnesium are
not sufficient to enable it to be used in normal tech-
nical applications. That way, magnesium should
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Figure 1: Wing morphing geometric parameters [5].

be used as alloying element to other metals, so it
can be used in engineering applications [7],[8]. The
main disadvantage of magnesium alloys consisted
of difficulties inherent to technological process, in
particular, production, and due to problems associ-
ated with corrosion. So, in order to overcome this
difficulties new alloys have been developed, with im-
proved corrosion resistance, by careful addition of
alloying elements.

2.1. Material, Equipment and Methods
Fatigue tests were carried out through a servo-
hydraulic machine under stress control, at room
temperature; the testing frequency was 6 Hz. In
order to perform the ssf mapping, it was selected
five different proportional loading paths with dif-
ferent stress amplitude ratios: Pure uniaxial axial
cyclic tension test (0◦), pure shear loading (90◦),
proportional biaxial loading of 30◦, proportional bi-
axial loading of 45◦ and proportional biaxial load-
ing of 60◦. One additional case was considered, the
loading case 6, which is a non proportional 45◦ bi-
axial loading with 90◦ of phase shift loading path,
in order to correlate and evaluate the achieved ssf
with experimental data. Figure 2 shows the load-
ing paths performed in this study represented in the
von Mises stress space. The experimental tests were

Figure 2: Loading paths carried out in this study.

performed in the Instrons biaxial servo-hydraulic
machine, model 8874, on the laboratory of mechan-
ical engineering department of Instituto Superior
Técnico. The servo hydraulic machine used during

the tests has two degrees of freedom and the ax-
ial rotation was controlled by computer program.
The geometry of the specimens used is represented
in Figure 3 and the mechanical properties of the
AZ31B-F magnesium alloy are presented in table 1.

Figure 3: Specimen geometry (mm).

Table 1: Mechanical properties of the material stud-
ied, AZ31B-F magnesium alloy [2].

AZ31B-F
Microstructure type HC
Poissons ratio 0.35
Density (Kg/m3) 1770
Hardness (HV) 86
Tensile strength (MPa) 290
Yield strength (MPa) 203
Elongation (%) 14
Young’s modulus (GPa) 45
σ′f Fatigue strength coefficient (MPa) 450

b Fatigue strength coefficient -0.12
ε′f Fatigue ductility coefficient 0.26

c Fatigue ductility exponent -0.71

3. Magnesium alloy AZ31B Results

Under multiaxial loading conditions, fatigue dam-
age results from the combination of both axial and
shear loading components of a multiaxial loading
where it is necessary to account the axial and shear
damage contribution to the overall damage. To do
that it is crucial to have both axial and shear dam-
ages in the same damage scale. For example, the
von Mises equivalent stress uses the constant

√
3 to

reduce shear damage to the axial one. This pro-
cedure can be found in a wide range of multiaxial
fatigue criteria being a common practice to account
combined fatigue damage [9]. In Table 2 the re-
sults of the experimental tests are presented. As
expected, the number of cycles depends on the ap-
plied load. For cases where the number of cycles is
equal to 1E+06 we can conclude that the specimen
did not break.
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Table 2: Magnesium alloy AZ31B-F fatigue results.

Loading Case
Normal Stress

(MPa)
Shear Stress

(MPa)
Nf

140 0 13164
135 0 22873
130 0 38102
120 0 62352
105 0 721573

1- Pure uniaxial
cyclic tension test, 0◦, PT

100 0 1000000
0 75 88871
0 69 128769
0 64 227808
0 59 388236

2- Pure shear, 90◦, PS

0 53 1000000
112.58 37.53 65318
108.25 36.08 84432
103.92 34.64 170311
99.59 33.2 366799

3-Proportional
biaxial loading, 30◦, PL30

95.26 31.75 1000000
106 61 16800
92 53 46878
78 45 138986
74 43 242685
71 41 353718

4- Proportional
biaxial loading, 45◦ PP45

67 39 1000000
60 60 52110
55 55 94116
50 50 191187

5- Proportional
biaxial loading, 60◦, PL60

45 45 1000000
106 61 7182
95 55 8595
78 45 11986
74 43 167525
73 42 576336

6- Non proportional 45◦

biaxial loading with
90◦ of phase shift

71 41 1000000

3.1. S-N experimental results
Figure 4 shows the fatigue life results for the loading
cases 1 and 2, pure uniaxial cyclic tension (0◦) and
pure shear loading (90◦), respectively . These re-
sults show the material fatigue strength under uni-
axial loading conditions.

Figure 4: Case 1 (PT) and 2 (PS), S-N results.

Similarly to the procedure performed in [10], in
order to analyse and compute the fatigue data, a
trend line approach was adopted to characterize the
uniaxial and multiaxial stress components inherent
to each loading case; this trend line is represented
as dashed lines. Despite the axial and shear fatigue
stresses have different degradation mechanisms, the

uniaxial loading cases can be directly compared.
However, in biaxial loading conditions, where the
fatigue loading has two components, the relation
to the reference curve, i.e., uniaxial fatigue data, is
not direct. In these loading cases that relation is en-
tirely different from the one verified between cases
1 and 2. Under multiaxial loading conditions an
appropriate equivalent stress is required. Figures
5, 6 and 7 display the fatigue data results for load-
ing cases 3, 4 and 5, respectively. In each loading
case the biaxial loading is represented through two
trend lines, one representing the axial stress com-
ponent and the other the shear stress component.
In addition, it is considered the pure shear results,
loading case 2, as the reference case. In this study,
the pure shear case is considered as the reference
case in order to quantify the stress scale factor be-
tween tensile and shear stresses and also to perform
fatigue life estimations.

Figure 5: Loading case 3, S-N results.

Figure 6: Loading case 4, S-N results.

From the plotted results in Figs. 5, 6 and 7, it can
be concluded that the shear stress amplitude from
each biaxial loading is clearly insufficient to create
a fatigue failure, compared with the reference line,
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Figure 7: Loading case 5, S-N results.

i.e., the shear trend lines from case 3, 4 and 5 are be-
low the reference case. The missing damage contri-
bution is done through the axial component. Table
3 presents the trend line equations obtained from
experimental fatigue tests. For each loading case it
is correlated the axial and shear stress amplitudes
with the experimental fatigue data conducting to
establish two trend lines per each multiaxial load-
ing case. The trend lines have a power-law format,
which typically fits well the fatigue behavior, with
acceptable R2.

Table 3: Axial and shear fatigue trend lines from
fatigue failure results for each loading case.

Case sar = τa
σa

Trend line (MPa)

1 0 σa = 283.93 ·N−0.075f

τa = 0
2 ∞ σa = 0

τa = 365.14 ·N−0.141f

3 0.33 σa = 211.66 ·N−0.05f

τa = 70.522 ·N−0.058f

4 0.56 σa = 322.22 ·N−0.117f

τa = 180.44 ·N−0.114f

5 1 σa = 163.66 ·N−0.095f

τa = 163.66 ·N−0.095f

3.2. Stress scale factor (ssf) determination based on
experimental results

The stress scale factor was determined based on ex-
perimental results, i.e., the S-N trend lines repre-
sented in Table 3 were used to compute ssf. The
computed results for the selected proportional load-
ing cases are shown from Tables 4 - 7. In all tables,
the first column is filled with a specific fatigue life
range, from 1000 to 1000000, in order to estimate
the necessary stress amplitudes through the use of
the trend lines inherent to each case. On the sec-
ond and third column it was determined the pure
tension and pure shear amplitudes for the selected
fatigue life range; on the fourth and last column the

ssf is determined.

Table 4: Case 1, values in MPa
Pure Tension (PT), 0
Nf σa τa ssf

1000 169.13 0 0.82
10000 142.3 0 0.7
50000 126.12 0 0.63
100000 119.73 0 0.6
500000 106.12 0 0.54
1000000 100.74 0 0.52

3.3. Stress scale factor surface (ssfs)

For the proportional loading cases considered in this
study the ssf values were determined as explained
previously; however, it is not feasible to determine
that value for all possible stress amplitude ratios
and stress levels through experimental tests. The
selected loading cases were chosen to be represen-
tative of the material fatigue strength under spe-
cific stress amplitude ratios in order to create a ssf
mapping. To do that, it was considered two repre-
sentative variables, the stress amplitude ratio and
the axial stress level. The stress amplitude ratio
is sensitive to the loading path trajectory and the
axial stress level is sensitive to fatigue life. Table 8
shows the data collected to perform the ssf regres-
sion. In the first column, the axial stress amplitude
for each loading case is considered, in second col-
umn the stress amplitude ratio arc tangent is dis-
played and, lastly, in the third column it is shown
the determined ssf for each loading case. Due to the
stress amplitude ratio definition an infinite value is
reached for the uniaxial tension−compression case.

In order to avoid an undefined region with the
consequent information loss, it was performed
a variable transformation using the arctangent
function. This transformation does not affect
the variable physical meaning. As a result of
the regression process, Equation 1, was achieved,
from which it is possible to estimate the ssf for
all stress amplitude ratios and stress level, for the
selected material. This equation is a combination
of polynomials with two arguments. The goodness

Table 5: Case 3, values in MPa
Loading Path 30

Nf σa τa ssf
1000 141.79 47.24 0.64
10000 124.06 41.34 0.47
50000 113.01 37.65 0.37
100000 108.55 36.17 0.33
500000 98.88 32.94 0.25
1000000 94.98 31.65 0.21

4



Table 6: Case 4, values in MPa
Loading Path 45

Nf σa τa ssf
1000 143.6 82.1 0.39
10000 109.69 63.14 0.33
50000 90.86 52.56 0.3
100000 83.78 48.57 0.28
500000 69.4 40.43 0.24
1000000 64 37.35 0.23

Table 7: Case 5, values in MPa
Loading Path 60

Nf σa τa ssf
1000 84.91 84.91 0.62
10000 68.22 68.22 0.46
50000 58.55 58.55 0.36
100000 54.82 54.82 0.31
500000 47.05 47.05 0.22
1000000 44.05 44.05 0.18

of fit it is given by R2 = 0.92, which is acceptable
since R2 = 1 indicates that the regression fits
utterly the experimental data.

ssf(σa, λ) = a+ b · σa + c · σ2
a + d · σ3

a + e · σ4
a+

f · σ5
a + g · λ+ h · λ2 + i · λ3 + j · λ4

(1)

where:
a = −2.96; b = 0.14; c = −2.07E − 03; d = 1.48E −
05; e = −4.67E− 08; f = 4.87E− 11; g = −0.5;h =
−1.34; i = 3.32; j = −0.88

Figures 8 and 9 represents the ssf surface. The
ssf variation with the stress amplitude ratio and the
axial stress amplitude level can be observed.

Figure 8: ssf surface.

4. Aerodynamic Shape Optimization

This chapter describes the wing optimization pro-
cess for the telescopic wing. This wing is a span
shape morphing wing and is composed of a fixed
center section and two extendible outer sections.
The first is designed for high speed (low drag) cruise
and the last for enhanced low speed capabilities,
when extended. Figure 10 illustrates both cases.

Table 8: Experimental data used in the regression
methodology.

σa(MPa) λ(rad) ssf σa(MPa) λ(rad) ssf
169.13 0 0.82 143.60 0.52 0.39
142.3 0 0.7 109.69 0.52 0.33
126.12 0 0.63 90.86 0.52 0.3
119.73 0 0.6 83.78 0.53 0.28
106.12 0 0.54 69.4 0.53 0.24
100.74 0 0.52 64 0.53 0.23
84.91 0.79 0.62 141.79 0.32 0.64
68.22 0.79 0.46 124.06 0.32 0.47
58.55 0.79 0.36 113.01 0.32 0.37
54.82 0.79 0.31 108.55 0.32 0.33
47.05 0.79 0.22 98.88 0.32 0.25
44.05 0.79 0.18 94.98 0.32 0.21

Figure 9: Top view ssf surface.

Figure 10: Telescopic wing deployed (left) and re-
tracted (right).

The aim was to optimize the wing geometry and
aerodynamic parameters, under specific flight con-
ditions. The optimization was done in three steps.
First, the UAV aircraft main characteristics and
mission flight were selected. Then, a few airfoils
were analysed and the one that best fits the flight
conditions was chosen. Finally, a lifting line method
algorithm is used to obtain the lift and induced drag
coefficients. The lift and the induced drag were
obtained by integrating the lift and induced drag
coefficients corresponding to all local angles of at-
tack. The aerodynamic shape optimization was car-
ried out with a function, available in MATLAB R©
software, that attempts to find the minimum of a
function subject to linear, nonlinear or bound con-
straints. Geometric dimensions such as, chord and
span, will be obtained using the optimization algo-
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rithm. Some initial considerations were made, for
instance, weight of approximate 50 kg, cruise speed
between 140 km/h and 150 km/h and the use of an
electric motor. Using this information and correlat-
ing it with the UAV characteristics, in [11], made
it possible to achieve the final characteristics, Table
9.

Table 9: UAV Characteristics.
Weight (N) = 500
Payload (kg) = 10
Endurance (hr) = 4
Range (km) = 100
Ceiling (m) = 4000
Rate of Climb (m/s) = 5
Engine : Electric Motor

The mission phases selected for optimization are
illustrated in the following mission profile, Figure
11. More about flight phases can be found in [12].

Figure 11: Mission profile [13].

An airfoil-shaped body moved through a fluid
produces an aerodynamic force. The component
of this force perpendicular to the direction of mo-
tion is called lift. The component parallel to the
direction of motion is called drag. An example of
an airfoil profile can be found in Figure 12.

Figure 12: Airfoil nomenclature [14].

In Table 10 are displayed six airfoils, from
diferent NACA series (4-digits, 5-digits and
6-digits), that were obtained using the Airfoil
Tools application [15]. The application consists
on searching in its database for each series and
filtering for a low range value of Reynolds number
that provides the max Cl

CD . After the airfoils are
chosen, the next step is to obtain the values of

L
D for a given angle of attack (α) and lift coef-
ficient (Cl), for each series, and compare the results.

Table 10: Airfoils selected by series.
2408
2412
2415

NACA 4 digits:

4412
NACA 5 digits: 25112
NACA 6 digits: 64A210

For the optimization, the MATLAB R© fmincon
function was used. This function starts at initial
value, x0, and attempts to find a minimizer, x,
of a constrained nonlinear multi-variable function.
A total of eight design variables were adopted in
this problem. The design variables were the chord
length at root and tip, croot and ctip, the span of
the wing, b, the angle of attack, α, the twist at the
tip, θtip, the velocity, V, the altitude h and, finally,
the span variation due to the telescopic wing, x.
The Lift line theory was used, in each flight phase,
for the calculation of all the aerodynamic angles (α,
αinduced and αeffective), as well as lift and drag co-
efficient.

4.1. Cruise
The objective of this morphing wing, under cruise
conditions, is to be able to fly with a constant lift,
equal to aircraft weight, with the lowest drag possi-
ble, which means the maximum value of L

D . In this
flight phase, almost every design variables are al-
lowed to change, trying to analyse all possible wing
planforms between the smallest area wing and the
maximum area wing. For instance, the span was
allowed to vary between 1 and 4 meters, the chord
length was limited to a minimum of 0.1 and a max-
imum of 0.5 m for either root and tip, the twist
angle at the tip between -5 to 5 degrees and the
angle of attack between -15 and 15 degrees. The
weight of the aircraft was considered equal to 500
N, the velocity equal to 40 m/s and lastly, the alti-
tude equal to 1000 m. Next in order was to con-
strain the value of the effective angle of attack,
−10 ≤ αeffective ≤ 10, due to stall condition. Stalls
in fixed-wing flight are often experienced as a sud-
den reduction in lift as the pilot increases the wing’s
angle of attack and exceeds its critical angle of at-
tack. In Figure 3 it is presented the wing dimen-
sions.

4.2. Take-off
After the fixed wing dimensions determined, it was
time to optimize the telescopic wing. The objective
was to minimize the take-off velocity which, after-
wards, will be considered the stall velocity for this
aircraft. The total span of the telescopic wing was
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Figure 13: Wing optimization geometry for cruise.

determined in this condition. In take-off conditions
the design variables were angle of attack, α, span
variation, x and velocity, V. Similarly to the previ-
ous section, α, could alter its value, in each itera-
tion, between -15 and 15 degrees, x between 0 and
0.6 meters (0 m stands for no need for telescopic
wing) and velocity limited to a minimum of 0 and
a maximum of 30 m/s. The weight of the aircraft
was the same as in cruise flight, W=500 N, and the
altitude was equal to 0 m. Next in order was to
constrain the value of the effective angle of attack,
−10 ≤ αeffective ≤ 10, due to stall condition.

4.3. Climb
Climb to cruise was the next flight phase in the mis-
sion profile (Fig. 11). During this phase and until
reaching cruise altitude, the telescoping wing has to
retract completely. The fmincon algorithm would
be able to obtain the values of x, regarding altitude
and speed. For this to be possible, the design vari-
ables were x, α and thrust, T. The first two feature
the same minimum and maximum values, as previ-
ous. The last one, T, could alter its value between
0 and 500 N. Figure 14 shows applied forces and
angles in the aircraft climb phase.

Figure 14: Climb performance [16].

As result a new set of equation needs to be con-
sidered, equations 2 - 5.

L = W · cos(γ) (2)

T −W · sin(γ)−D = m · a (3)

a =
V

t
(m/s2) (4)

t =
h

RoC
(s) (5)

It is assumed that the aircraft was in a steady
climb. Climb angle, γ, can be calculated using
Equation 6. RoC, Rate of Climb is the rate of pos-
itive altitude change with respect to time.

γ =
RoC

V
(rad) (6)

4.4. Loiter
The last phase in our mission profile 11 is loiter. In
loiter mode the plane will circle around the point
where started the loiter, holding altitude. It oc-
curs, for general aviation, generally at the end of
the flight plan, normally when the plane is wait-
ing for clearance to land. MATLAB R© function
fmincon has the tasks to minimize the drag but
also to verify the two main constraints, L = W and
−10 ≤ αeffective ≤ 10. The calculation method
is very similar to cruise 4.1. The main differences
were in the altitude, 250 m, and speed. Loiter speed
will be considered to have a 10% increase of take off
speed. Moreover, this phase is considered to be a
cruise phase at low altitude and speed.

5. Morphing wing Optimization Results
In this chapter the wing optimization results were
presented. After the main considerations are se-
lected for each flight path, the next step was to im-
plement in the MATLAB R© algorithm, in order to
calculate the final wing configuration, the lift and
drag, and other significant results such as bending
and torsion moment.

5.1. Cruise Segment - Fixed Wing Geometry Op-
timization

After all the calculation, the chosen airfoil was the
NACA 2408. It was the one that presented higher
values of L

D , in 4th and 5th series, for the smallest
values of Cl. For high speed, the values were not
the highest but were acceptable. It is important to
mention that airfoil NACA 64A210, showed better
results but, with the increase of Cl over a certain
value, the result of L

D drastically decreases. Data
from JavaFoil was exported to an excel file. The
solution that corresponds to Reynolds number, Re,
equal to 800000 was selected and the Table 11 dis-
plays the results.

After obtaining all the necessary results, the next
step was to use the MATLAB R© function fmincon
to optimize the design variables. Different initial
values, x0 would be considered. Using the excel file
data and the mathematical algorithm from the lift
line theory, it was possible to calculate the lift and
drag coefficients and, afterwards, the total lift and
drag. This would allow the function fmincon to op-
timize the parameters that better validate the con-
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Table 11: JavaFoil profile results.
Name = NACA 2408

Reynolds Number = 800000
α (◦) Cl Cd α (◦) Cl Cd
-10 -0.595 0.0706 1 0.366 0.0068
-9 -0.548 0.0613 2 0.478 0.0073
-8 -0.489 0.0533 3 0.588 0.0078
-7 -0.512 0.0455 4 0.696 0.0083
-6 -0.410 0.0105 5 0.802 0.0119
-5 -0.304 0.0099 6 0.903 0.0129
-4 -0.195 0.0094 7 0.987 0.0140
-3 -0.085 0.0090 8 1.043 0.0158
-2 0.027 0.0078 9 0.897 0.0579
-1 0.139 0.0064 10 0.920 0.0680
0 0.251 0.0064

ditions previously imposed. Analysing the results
obtained for the design variables, by changing the
initial value, we can conclude that the max L

D value
occurs in the optimization in Table 12.

Table 12: Final fixed wing geometric dimensions.
croot ctip b θtip α

x 0.335 0.155 1.694 -1.19 6.90

From this point forward, the dimensions of the
fixed wing will not change and will be considered
in the remain flight phases. The best geometry for
this fixed wing can be seen in Figure 15.

Figure 15: Fixed wing optimization geometry.

5.2. Take-off Segment - Velocity and Telescopic
span Optimization

As mentioned before, the fixed wing is already fully
defined. The only design variables that were ap-
proved to change were the angle of attack, α, tele-
scopic span variation, x and velocity, V. The weight
of the aircraft was the same as in cruise flight,
W=500 N, and the altitude was equal to 0 m. Once
more, the objective was to minimize de take-off
velocity. Table 13 shows the results for the de-
sign variables, obtained using the algorithm with
fmincon function, considering the initial condition,
x0. It is possible to confirm that the condition, lift
equal to the weight, was checked. The max value for
x, 0.6 meters, was determined by considering 70% of

half the span. Take off velocity was equal to 26.654
m/s and angle of attack was 11.16◦ . Change in
initial condition, x0, did not change the final value.
Figure 17 is an illustration of the fully extended
morphing wing during the take off phase.

Table 13: Design optimization parameters.
x (m) α (◦) V (m/s) Lift (N) Drag (N)

x0 0.6 15 10 - -
x 0.6 11.16 26.654 499.500 28.897

Figure 16: Wing optimization geometry for take-off.

5.3. Climb Segment - Thrust Optimization
As previously mentioned, during the phase of climb
and until reaching cruise altitude, the telescoping
wing has to retract completely. So, the main objec-
tive for the MATLAB R© algorithm was to minimize
thrust, while obtaining the values of x, regarding
altitude, speed and time.

The design variables that were allowed to change
its value, in each iteration were x, α and thrust,
T. For geometric limitations, telescopic wing span
could not have a higher value than 0.6 meters, as
result from take off phase. Table 14 shows the op-
timization results.

Table 14: Climb thrust optimization
Altitude, h (m) 100 150 200 250 300 350 400

V (m/s) 27.488 28.322 29.156 29.990 30.658 31.325 31.992
time (s) 12.5 25 37.5 50 60 70 80

Thrust, T (N) 184.901 157.845 128.932 120.008 113.696 108.751 104.686
x (m) 0.60 0.60 0.515 0.460 0.420 0.381 0.344
α (◦) 9.47 8.41 6.67 6.68 6.70 6.71 6.73

Lift (N) 491.250 491.728 492.659 493.049 493.382 493.648 493.911
Drag (N) 24.902 22.414 6.855 6.862 6.868 6.873 6.878

Altitude, h (m) 450 500 750 1000
V (m/s) 32.660 33.327 36.663 40
time (s) 90 100 150 200

Thrust, T (N) 101.226 98.207 86.932 78.973
x (m) 0.308 0.273 0.120 0
α (◦) 6.74 6.76 6.83 6.78

Lift (N) 494.132 494.365 495.351 495.599
Drag (N) 6.882 6.887 6.907 6.942

5.4. Loiter Segment - Drag Optimization
The last optimization made was for the drag, D.
Minimizing drag was the main condition for loiter.
More information can be found in section 4.4. For
this optimization, loiter altitude was 250 m and loi-
ter speed will be considered to have a 10% increase
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over take off speed. Table 15 presents the minimum
drag value for the given conditions.

Table 15: Drag optimization parameters.
x (m) α(◦) Drag (N) Lift (N) hloiter (m) Vloiter (m/s)

x0 0.6 15 - - -
x 0.524 6.66 6.957 499.982 250 29.319

Figure 18 is an illustration of the morphing wing
during the loiter phase.

Figure 17: Wing optimization geometry for loiter.

5.5. Moment calculation results
After concluding all optimizations, it was possible
to calculate the bending and torsion moment for
each phase of the mission profile. Introducing the
following equations 7, 8 and 9, in the lifting line
mathematical method it was possible to obtain the
values for the bending moment, BM and torsion
moment, TM.

BM =

∫ span
2

0

L(x )x dx (7)

TM =

∫ span
2

0

L(x) y(x) dx (8)

In equation 7, the x variable is the span variation
from the root to the tip. It was only considered
half the total span calculated previously. For the
torsion moment, Equation 8, the variable y(x) can
be obtained as follows:

y(x) = ybeam − y 1
4 c

(x) (9)

Where:

ybeam = 0.3 · croot (10)

y 1
4 c

(x) = 0.25 · c(x) (11)

The variable c(x) is the chord variation in each
section along the spanwise direction. Since all the
optimizations have been performed and all the im-
portant values are determined, next in order is to
calculate the bending and torsion moment values.
In this section will just be considered the following
flight phases: Take-off, Climb at 250 m, Climb at

500 m, Cruise and Loiter. In table 16, the achieved
results can be found.

Table 16: Bending and Torsion moments
Bending Moment

[Nm]
Torsion Moment

[Nm]
Take off 92.3 5.3

Climb 250 m 85.5 5.4
Climb 500 m 75.6 5.6

Cruise 59.1 5.8
Loiter 90.0 5.5

6. Conclusions

This paper studies the influence of multiaxial load-
ing conditions and fatigue life in AZ31B-F magne-
sium alloy. From the experimental and theoreti-
cal work carried out with this material, some re-
marks can be drawn: Under multiaxial fatigue load-
ing conditions, two kinds of stresses are involved
in the fatigue damage process. Shear and axial
stresses perform, on the material, different damage
mechanisms with different damage scales. To quan-
tify the combined damage it is necessary to have
both stresses on the same space stress. In order
to achieve that, a stress scale factor (ssf) is used.
Generally, multiaxial fatigue models use a constant
stress scale factor. In this study was shown that the
ssf is not constant and it is dependent of the load-
ing path. The stress scale factor proposed in this
study is a function that takes into account the ma-
terial’s response, in terms of stress intensity level
and loading paths trajectory and must be experi-
mentally determined to correctly establish the ad-
equate stress space to compute the multiaxial fa-
tigue damage. The method used to determine the
ssf is based on the S-N results from specific load-
ing paths defined in this paper. As a result, it is
obtained a stress scale factor surface (ssfs), for the
AZ31B-F magnesium alloy, in a shear stress space
domain, which is a two variable polynomial func-
tion with axial stress and stress amplitude ratio
as arguments. This paper also analysed the opti-
mization process for a telescopic wing. From the
results obtained, some conclusions can be drawn:
The fixed wing has been developed for high speed,
particularly, for cruise conditions. In contrast, the
telescopic wing was developed for low speed flight
condition. For the take off phase, the morphing
wing increase its size to the maximum allowed by
the developed algorithm. After take off and dur-
ing climb phase, the morphing wing will, as ex-
pected, decrease its size with increase of altitude.
When it reaches cruise altitude, the telescopic wing
is completely retracted. In loiter, the aircraft is very
close to the ground. The results show that the tele-
scopic wing contribute, considerably, for the total
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lift, since it presents almost entirely extended. It is
possible to conclude that this type of wing can bring
great benefits for this type of mission. When con-
sidering a telescopic wing, the slowest the velocity
in each phase, the better.

6.1. Future Work
For future work there are three areas that can be
developed. First and in the area of materials, per-
forming further fatigue tests with the magnesium
alloy AZ31B would allow to verify and validate the
results previously obtained with much more sup-
port. Another possible work to be developed, in this
case related to aerodynamics, is concerned to the
airfoil profile. In this work it was only considered
NACA airfoil profiles. As known, in todays mar-
ket many others airfoils are available with equal, or
better, features that can be implemented to a wing
with these characteristics. Another great develop-
ment would be the creation of a computational or
numerical method that allow to obtain the elasto-
plastic behaviour for this type of materials. Lastly,
in the mechanical field, optimization and develop-
ment of a mechanism for the telescopic wing, using
the magnesium alloy AZ31B.
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