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ABSTRACT

This paper outlines the design process of rotor blades of a Martian coaxial unmanned aerial vehicle (UAV)
designed to scout the Valles Marineris for subsequent exploration by rovers. The low atmospheric den-
sity causes performance degradation of conventional airfoils and lower aerodynamic damping [8]. This
necessitates performance optimized, lightweight rotor blades with high stiffness. The paper presents the
aeromechanic mid-fidelity CAMRAD |l model [4] to assess the rotor blade performance and the following
design process for of the rotor blades. Different rotor platforms are compared to serve as baseline for the
following optimization for forward flight. To reduce the dominating profile power, the chord length of the
blade was reduced at the tip and increased towards the centre, which led to savings in the total power of

3.17 %. Twist has been reduced in comparison to a hover optimized blade to -7.5 degrees linear twist.

NOTATION

*

Symbols

a Speed of Sound, ms™!

¢ Gravitational acceleration, ms—2
ngiade Number of blades

nrotor NUmMber of rotors

Mpayload Payload mass, kg

P Pressure, Pa

P, Induced power, kW

rrotor ROtOr radius, m

R Maximum rotor radius, m

T Temperature, K
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Veruise Cruising speed, ms™!
p Density, kgm 3

n Dynamic viscosity, Pas

Acronyms

AE Aerial Explorer

AREA Autonomous rotorcraft for extreme altitudes
DGOW Design Gross Weight

DL Disk Loading

DLR German Aerospace Center

FM Figure of Merit

LE Leading Edge

MH Mars Helicopter

NASA National Aeronautics and Space Administration
NDARC NASA Design and Analysis of Rotorcraft
TE Trailing Edge

TUM Technical University of Munich

UAV Unmanned Aerial Vehicle

VaMEx Valles Merineris Explorer



INTRODUCTION

Following the success of the Ingenuity Mars Helicopter
in 2021, UAVs promise to be a powerful tool in the ex-
ploration of extraterrestrial bodies. As part of the Ger-
man Aerospace Center's (DLR) Valles Marineris Ex-
plorer (VaMEXx) initiative to explore Mars by means of
a swarm of rovers, an Martian UAV is being developed
at the Technical University of Munich (TUM) to support
this swarm by mapping the region around the lander
and identifying points of interest [15]. In the scope of
this project, the preliminary design of the UAV has been
completed and special rotor blades have been devel-
oped, that will be manufactured and tested in an planned
in-house vacuum chamber to test them under Martian
conditions. The low atmospheric density causes a high
degradation in the performance of conventional airfoils
and thus the rotor blade, as well as aerodynamic damp-
ing [8]. This necessitates performance optimized, light
weight rotor blades with high stiffness. Previous re-
search, mainly conducted by Koning and Johnson et
al [7, 11] focused on the design of small rotor blades,
with radii of around 0.604 m and 0.64 m respectively [7].
Both feature hover optimized rotor blades with. This pa-
per covers the design process for larger rotor blades with
a radius of 1.52 m, which are optimized for forward flight.
The results of this blade design and the following testing
campaign under simulated Martian conditions serve as
a basis for the future development of bigger rotorcraft
for Mars to allow a higher ranges and potentially higher
payload.

The paper presents the aeromechanic model that was
created with the mid-fidelity, aeromechanical analysis
software CAMRAD Il [4] to assess the rotor blade per-
formance as well as the fulfilment of the design require-
ments. After the model and verification are introduced,
the blade design itself is discussed. This includes an
adaption of the rotor chord length for forward flight, twist
distribution, as well as the rotor blade root and structural
design. The developed rotor blades will serve as a test
platform to validate the aeromechanic model and gener-
ate test data for future designs.

MISSION

The proposed UAV is developed as part of the subpro-
ject VaMEx-Aerial Explorer (AE). The goal of this initia-
tive is the autonomous exploration of Valles Marineris,
through the coordinated deployment of a swarm con-
sisting of rovers, crawlers, and a UAV. Due to its lower
altitude and thus higher pressure, this region promises
signs of water and is therefore interesting for further ex-
ploration [1].

The task of the UAV is to explore the area surrounding
the lander and identify scientifically relevant points of in-
terest for subsequent investigation by the ground-based
rovers and crawlers [1].

The lander functions as both a communications relay
and a charging hub. Hence, the UAV is not equipped
with solar panels and relies entirely on energy supplied
by the lander. The mapping and data acquisition tasks
are carried out during the cruise phase. Thus, hover-
ing is only required for take-off and landing, minimiz-
ing the need for prolonged stationary flight. The UAV
accelerates and decelerates during climb and descent,
decreasing hover time and making cruise the primary
mission segment. Thereby, the UAV must be capable of
completing a return mission with an operational radius
of 14 km, resulting in a total mission distance of 28 km.
To provide a design margin, a maximum range of 30 km
was set [15].

REQUIREMENTS AND BOUNDARY
CONDITIONS

The design requirements of the rotor blades are derived
from both the UAV configuration and the environmental
conditions on Mars. The operational constraints of the
mission necessitate an optimization of the UAV and the
rotor blades for forward flight with a previously defined
velocity of 40 m/s. The total cruise phase is estimated
to last about 0.2 h, compared to an estimated hover time
of 40 s. This is based on empirical data of terrestrial UAV
configurations designed for similar mission profiles [15].

The payload capacity, including navigation systems, sci-
entific instrumentation, telemetry, and onboard electron-
ics, is approximately 2.2 kg [15].

Two potential configurations were evaluated, with a
coaxial rotor system ultimately selected as the most suit-
able option [15]. The configuration is depicted in Fig-
ure 1.

Figure 1: Coaxial helicopter configuration [15].

A sizing loop was performed using the aircraft system
analysis tool NDARC [6] to determine the UAV’s param-
eters relevant to rotor blade design [15]. The results are
presented in Table 1. A rotor radius of 1.52 m and a disk
loading of 5.5 N/m? were obtained, which defined the
required rotor blade solidity and plan-form area.

In addition, the Martian environment imposes aerody-
namic and structural constraints. The Martian atmo-
sphere is composed of approximately 95 % carbon



Table 1: VaMEx Mars Helicopter key design parame-
ters [15].

Parameter Symbol Value
Rotor Radius TRotor 1.52m
Number of Rotors  ngeror 2
Number of Blades  ngjaqe 2
Disc Loading DL 55 Nm2
Rotational Speed RPM 1162 min~!
Weight DGOW 21.5kg
Payload Mass Mpayload 2.2kg
Cruising Speed Ve ruise 40 ms™!
Range Range 30 km

dioxide (CO;) and is characterized by a lower mean
surface air density and temperature than those on
Earth [13]. The average atmospheric density is approx-
imately 0.02 kg/m?, which amounts to less than 2 % of
Earth’'s mean sea-level density. However, these param-
eters vary widely, with the ambient temperature fluctuat-
ing by up to 60 K per day [14]. This influences the lift ca-
pability of the rotor blades. In contrast, the gravitational
acceleration on Mars is 3.71 m/s* (approximately 38 %
of Earth’s), which benefits the UAV’s performance [7].

For the design process, a representative atmospheric
design point from the Valles Marineris region was se-
lected. This location features relatively higher average
temperatures and approximately 10 % greater atmo-
spheric density compared to the Martian surface mean,
which benefits the lift capabilities. The temporal varia-
tions in temperature, as well as the effects of wind and
gusts, were not considered in the design. A comparative
summary of atmospheric conditions on Earth, Mars, and
Valles Marineris is provided in Table 2 [3, 14].

The low atmospheric density also results in lower
Reynolds numbers and shifts the airfoil's minimum drag
characteristics.  Additionally, the reduced speed of
sound in the Martian atmosphere imposes further limi-
tations on the rotor’s rotational speed, resulting in a final
speed of 1162 rpm [15].

Table 2: Atmospheric conditions on Earth, Mars surface
and Valles Marineris (VM) [3, 14].

Earth Mars VM
Grav. acc g [ms~?] 9.81 3.71 3.7
Temp. T [K] 288 210 218
Pressure p [Pa] 101325 636 895
Density p [kegm 3] 1.225 0.02 0.022
Dyn. visco. . [kgm~'s™!] 1.7 1.1 1.1
Sound speeda  [ms~!] 340 233 235

MODELLING

For the analysis of potential rotor blade geometries, an
aeromechanical model is developed. This model serves

3

to simulate the flight characteristics of the field-test
demonstrator and as the analytical foundation for eval-
uating blade designs. The simulation is implemented
using CAMRAD II.

The model is created and validated based on data
from [10]. It represents the coaxial rotor system, exclud-
ing the UAV fuselage, and assumes a free-flight config-
uration. Due to the dimensional disparity between the
helicopter in [11] and the VaMEx Mars Helicopter, di-
rect validation is not feasible. To address this, a model
of [11] was first created, with adjusted rotor size and ro-
tational speed and validated against experimental data.
This validated model was subsequently scaled up to
the desired radius and rpm, and the structural model of
the blades was changed from rigid to elastic. This ap-
proach preserves physical consistency within the simu-
lation. Complete validation and evaluation will only be
possible upon completion of a planned rotor test cam-
paign under a simulated Martian atmosphere.

Baseline Model

The baseline model builds upon a previously developed
CAMRAD Il uniform inflow model of a Martian coax-
ial helicopter, originally created during the preliminary
UAV design study presented in [15]. The uniform inflow
model uses empirical models based on momentum or
vortex theory. It was modified to a non-uniform inflow,
free wake geometry model. The non-uniform inflow cal-
culates the induced velocity from an integral equation,
and the free wake geometry calculates the wake ge-
ometry based on this, instead of using a prescribed or
empirical wake [4]. This enhances the accuracy of the
model, which is particularly relevant for the lower rotor. It
is based on the rotor parameters of the helicopter, as de-
tailed in[9], with a rotor radius of 0.605 m and 2600 rpm.
This configuration enables validation against both exper-
imental data and simulation results presented in [11].

In this baseline configuration, rotor blades are assumed
to be rigid. While this may lead to overestimation of
aerodynamic forces, it improves the numerical stability.
A model incorporating elastic blades will be developed
in a subsequent phase to enable the study of structural
dynamics and the generation of better force predictions.

Verification The verification is based on the available
data in [11], mainly the presented plot of Figure of Merit
over blade loading (Cr/o). It shows the comparison be-
tween the test data and the CAMRAD Il simulation re-
sults. To replicate the Figure of Merit (FM) across a
range of blade loadings, the vehicle is analysed in hover
and the weight is incrementally increased from 0.7 kg
to 1.2 kg. The resulting data is compared with refer-
ence values shown in Figure 2. Environmental param-
eters have been aligned with those presented in [10].
These parameters are listed in Table 3. Since the tests



were conducted under the influence of Earth’s gravity
and without an offloading system in place, a gravitational
acceleration of 9.81 ms~2 is used.

Table 3: CAMRADII environmental settings for baseline
model verification [10].

Density p 0.017kgm™3
% Speed of Sound « 233.13ms™!
Temperature T 223 K

Figure 2, includes CAMRADII results from Koning et
al. [11] and the present simulation results from TUM.
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Figure 2: Comparison of CAMRAD II simulation results
with test data and simulations from [12]

The figure shows the comparison between test data
(black dots) and CAMRAD Il simulations (grey line) from
Koning et al. [11], and the TUM results (black crosses).
Both replicate the trend of the test data well, and good
agreement is observed up to a Cr/o value of approxi-
mately 0.09, beyond which the TUM model under pre-
dicts the Figure of Merit. Equation 1 shows the correla-
tion between induced-, ideal induced-, and profile power.

P,
FM — Ideal (1)

Preal,[deal + PProfile

Prgear @and Ppy, it are functions of Thrust, Area, Density,
and the drag coefficient. All of which are given by the
airfoil data and geometry provided in [9]. Therefore, the
difference in magnitude is most likely arising in the cal-
culation of the real induced power. This suggests that
the wake models are not completely identical and the
wake losses are over predicted, which results in a higher
Preai 1deat @Nd @ lower FM. Nevertheless, the deviation re-
mains within acceptable bounds and is consistent with
trends seen in the NASA CAMRAD simulations.
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(b) Upper rotor (Rotor 2).

Figure 3: Angle of attack distribution for the upper and
lower rotor in hover.

Physical Verification To verify the physical plausibility
of the simulation, the angle-of-attack distributions across
the rotor disks were evaluated, see Figure 3. In hover,
a uniform inflow and hence uniform angle-of-attack dis-
tribution is expected for the upper rotor of the coaxial
configuration. The lower rotor is affected by the down-
wash of the upper rotor and hence is expected to have
an increased mean angle of attack. Also, the effect of
the rotor blades and the stream tube contraction is ex-
pected to be visible in the disk plots. Due to the contrac-
tion of the stream tube below the upper rotor, the effect
on the lower rotor is spatially confined to the inner re-
gions, whereas the outer region shows a higher angle
of attack. In regions where the rotor blades cross each
other, a change in angle of attack is also expected. This
results in a symmetric but not uniform distribution.

As depicted in Figure 3, the angle of attack distribution
is symmetric but not uniform. This non-uniformity arises
from blade—wake interactions and is expected in coaxial
configurations. Due to the induced velocity of the up-
per rotor, the mean angle of attack for the lower rotor is
reduced compared to the upper rotor, particularly within
the inner radial region (r/R < 0.85). Beyond this region,



the downwash influence is lower due to the stream tube
contraction. These observations are consistent with ex-
pectations.

The model trim settings are also evaluated. Since all test
cases simulate the aircraft in hover, only collective and
yaw inputs are expected, while cyclic and longitudinal
control inputs should remain zero. A small yaw input
is anticipated due to thrust asymmetry between the two
rotors, see Table 4.

Table 4: Control inputs in trimmed hover configuration.

Control Input Value
Collective 7.459
Lateral Cyclic 0.356x 1073
Longitudinal Cyclic -0.505x 1073
Yaw 0.609
Pitch -0.385x1073
Roll -0.520x10~*

The control input values confirm the expected behaviour.
Only collective and yaw commands exhibit significant
magnitudes, with the latter compensating for torque im-
balance due to asymmetric rotor loading. Cyclic and
trim inputs are negligible, as anticipated under symmet-
ric hover conditions.

This concluded the verification of the model. The re-
sults were deemed physically consistent and aligned
with available reference data, validating the use of this
configuration as a baseline for subsequent upscaling.

Scaled Free-Wake Model

The rotor geometry was updated to reflect the VaMEx
Mars Helicopter. Environmental conditions were mod-
ified to match those at Valles Marineris. The updated
model underwent numerical and physical verification.
Due to a lack of experimental data for this configuration,
direct validation is not possible; it will be conducted upon
completion of the planned test campaign.

For numerical validation, relaxation factors, conver-
gence tolerances, and blade/vortex discretization set-
tings were systematically varied to evaluate their im-
pact on convergence. These parameters were selected
based on prior modelling experience.

The evaluation focused on convergence behaviour and
solution robustness. Since the model is intended for it-
erative optimization, rapid convergence is desirable, but
must not compromise numerical stability, especially un-
der low blade-loading conditions.

The analysis revealed convergence challenges at near-
zero blade loads.

The numerical verification confirmed that the model is
sufficiently robust across most of the intended flight en-
velope and is suitable for design analysis.

The rotor model was upgraded to include elastic blades,
enabling the simulation of structural dynamic effects.
The updated model was subjected to the same verifi-
cation process and successfully passed all verification
steps.

BLADE DESIGN

The blade design started with the aerodynamic design
and continued with the structural design. The process
begins with selecting the airfoil for low Reynolds num-
bers. The geometry of the rotor blade, its twist and the
transition to the blade root are designed subsequently.

Airfoil Selection

The airfoil selection was based on data from [12]. The
paper examined the efficiency of different airfoils, which
are shown in Figure 4.

Flat plate, 1% t/c

T~—0.2cbeveled leading edge

Cambered plate, 5% f/c, 1% t/c

T~—0.2cbeveled leading edge

Mars Helicopter airfoil (outboard of r/R = 0.53)

ﬁ

Figure 4: Potential airfoils for the VaMEx Mars Heli-
copter [12].

The best results were achieved using thin, cambered air-
foils. This promised an increase in Figure of Merit over
the entire blade loading range with a peak of around 5 %
and an increased maximum thrust of 7 % compared to
the Mars Helicopter airfoil (CLF5605) [12]. The profiles
and the comparison of the Figure of Merit are shown in
Figures 5.

However, it was expected that the low thickness of the
cambered airfoils would lead to structural problems with
larger blades. This is based on the findings of Johnson
and Fj et al. [2, 7] that showed that the lack of aerody-
namic damping requires blades with high stiffness. For
this reason, thin airfoils were excluded from further de-
sign considerations.

The Mars Helicopter profile CLF5605 was selected as
an alternative. It has a significantly greater thickness
and promises better results for the structure, with ac-
ceptable values for aerodynamic efficiency.

Chord Distribution

Using the rotor radius and disc loading from Table 1,
the required blade area was determined and amounts



0.70

cambered plate
\
\

060
\\

0.50

flat plate
0.40

030 design thrust

coefficient range

Figure of Merit, FM

0.20

0.10 —— Plate rotor performance (CAMRADII)

---- Mars Helicopter (CAMRADII, Koning et al.)

0.00
0.000

0.005 0.010 0.015 0.020

thrust coefficient, C,

0.025 0.030 0.035

Figure 5: Figure of Merit comparison between cambered
plate airfoil and Mars Helicopter blade [12].

to 0.52 m>. The selected geometries were based on
existing geometries for Martian UAVs, as well as high-
altitude drones. The comparison includes rotor blades
from NASA’s Ingenuity helicopter and the Mars Science
Helicopter (MH), an in-house developed AREA blade,
and a standard rectangular blade. They are depicted
in Figure 6. Although the AREA blade was not initially
intended for Martian operation, its similar rotor radius
(1.65 m) and high-altitude design characteristics ren-
dered it a suitable candidate for this study.
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Figure 6: Baseline geometries, with MH and Ingenuity
geometry taken from [7] and [9] respectively.

In order to allow comparability of different plan-forms, a
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commonly used metric is the thrust-based equivalent so-
lidity, which is defined as shown in Equation 2 [5]. This
allows a comparison of rotor power at a given thrust. All
blade geometries were scaled in the chordwise direc-
tion to maintain their shape whilst adjusting their thrust-
based equivalent solidity to be identical.

1
c.=3- / ordr (2)
Jo

To reduce sources of uncertainty and simplify the com-
parison, blade twist was neglected in this analysis, as-
suming that this does not affect the overall ranking of
the geometries. This assumption was later reinforced
by simulation data, as discussed in the chapter on twist.

The blades were analysed and compared concerning
their power requirements over the course of the mis-
sion. The mission profile was divided into hover and
cruise phases, with hover accounting for 10 % of the to-
tal mission duration. Power requirements for climb and
descent were neglected. The results indicated that the
Ingenuity rotor blade exhibited the lowest power demand
in both hover and cruise phases. It decreased the power
demand by about 8.2 %, thus outperforming the next
best blade, the AREA configuration, by approximately
140 W. In contrast, performance differences among the
other geometries were relatively small. Based on the
performance advantage, the Ingenuity blade geometry
was selected as the foundation for further optimization.

Parametrized Optimization

To improve the chord distribution for forward flight, the
geometry was parametrized by way of four control points
that are connected by a spline to preserve the pro-
file’s contour while enabling parametric modifications,
see Figure 7. The location of the points was based
on extreme points in the geometry, to control and con-
strain the maximum chord length. Additional points were
added when necessary to approximate the geometry.

To investigate the performance sensitivity to geometric
modifications, the control points were systematically var-
ied in the chord wise direction by +10 % of their orig-
inal positions. As the thrust-based equivalent solidity
and thus the blade area were still constraint, changes
to one point necessitated compensatory adjustments to
the others. This introduced interdependencies that com-
plicate the identification of individual trends. For this rea-
son, the usage of more points was also neglected. An
additional constraint was introduced that set a minimum
chord length for the outer section of the rotor blade. This
was done to ensure its structural integrity.

This method yielded an optimized geometry. Figure 7
illustrates the variations resulting from modifications to
each control point. These changes also impacted adja-
cent control points, highlighting the interconnectivity of
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Figure 7: Comparison of optimized plan-forms to the
baseline geometry.

the spline structure. The corresponding performance
metrics are summarized in Tables 5 and 6.

Table 5: Required total power for different geometries in
forward flight (40 m/s).

Case Point 1 [W] Point2  Point 3

Baseline 1324.07

+10% 1294.81 1334.86 1367.09

-10 % 1294.84  1314.43 1283.01
Savings AP [%]

+10 % 2.21 -0.81 -3.25

-10 % 2.21 0.73 3.10

Table 6: Required total power for different geometries in
hover.

Case Point1 [W] Point2  Point 3

Baseline 2692.23

+10 % 2658.73  2693.84 2758.01

-10 % 2728.75  2689.78 2622.13
Savings AP [%]

+10 % 1.24 -0.06 -2.44

-10 % -1.35 0.10 2.61

Both hover and cruise analyses revealed performance
improvements with a shift of control point 3 towards
lower chord lengths, resulting in approximately a 3.1 %
reduction in power requirement. The final optimized
blade geometry is presented in Figure 8.

Twist

The design process was carried out in parallel with the
original geometry selection and revised again after the
finalization of the outer geometry. Hover was analysed
to see the different trend and adjust if necessary for the
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Figure 8: Finalized chord distribution.

10 % share of the mission. To ensure that the perfor-
mance trends in the initial geometry are independent of
the selected twist, a sweep was performed for all avail-
able geometries and then compared with each other,
see Figure 10. It can be seen that the general trend
from the geometry analysis in the previous chapters re-
mains unchanged. There is no overlap of the curves
at any time, so that the results of the geometry selec-
tion are still valid and the previously made assumption
is correct.

For blades designed for hover, the ideal twist results in a
hyperbolic curve [5]. As this leads to a more complicated
manufacturing processes, a linear twist was considered
instead. Although these do not correspond to the ideal,
they approximate it well.

Twist was varied from 10 to -22 degrees. This range
was selected based on experience and literature to cap-
ture the minimum performance. Figure 9 and 10 show
the overall power requirement over twist for hover and
cruise, respectively.
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Figure 9: Power consumption over linear twist for differ-
ent rotor blade geometries in hover.

It can be observed that both flight conditions result in
different optima for twist. The optimum value for for-
ward flight lies between -11 and -10 degrees, whereas
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Figure 10: Power consumption over linear twist for dif-
ferent rotor blade geometries in forward flight.

the value for hover is between -18 degrees and -19 de-
grees. This is due to the superposition of the flow ve-
locity and the rotational speed. The asymmetrical inflow
in forward flight on the leading and trailing blade leads
unfavourable inflow conditions for high twist, resulting in
an overall lower ideal twist for forward flight. Due to the
mission design, it was decided to use the optimum value
for cruise. This was set at -10.5 degree. Following the
geometry optimization and the adaptation of the elastic
blade model, the investigations were repeated. These
showed an earlier optimum in cruise, at -7.5 degrees lin-
ear twist, which was adopted for the rotor blade. A pre
twist was introduced in the blade transition area. This
ensures the transition between the untwisted blade root
and the aerodynamically effective area with the speci-
fied twist. The pre twist was selected to allow a smooth
transition and avoid and reduce stress peaks. The final
result of the twist is shown in Figure 11.
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Figure 11: Blade twist final results.

Blade root

The blade root area represents the connection between
the blade connection, which has a diameter of 43mm
and the aerodynamically effective area. For the de-
sign, care must be taken to ensure that the geometry
flows smoothly in order to prevent stress peaks in the
ply structure. Excessive changes to the geometry can
lead to problems for the tapering of the ply layers.

0.3

——Leading Edge
—Trailing Edge
N Transition Area

0.25

0.2

\\\

—
T 045

7/

0.1

Chord, r/R

0.3

Radius, r/R [-]

Figure 12: Blade root area.

Based on experience, a maximum angle of 60 degrees
has been determined, which should not be exceeded.
Since the chord optimization lead to an increased chord
length of the inner blade area, the maximum angle of
60 degrees at the trailing edge (TE) was used to max-
imize the aerodynamic area. As the transition at the
leading edge (LE) is smaller, it automatically fulfils this
condition. In addition, an area of 10 cm in width was de-
fined in each case to allow a smooth transition between
the transition region and the other parts of the blade.
This region, along with the final blade root design is de-
picted in Figure 12. With these boundary conditions, it
follows that the transition area extends from R = 0.098
to R = 0.263.

Figure 13: Rendering of the final rotor blade.



Comparison to hover optimized blade

The analysis showed, that the main influencing factor
on the total required power in forward flight is the profile
power. Therefore, the best results are achieved by re-
ducing the chord length in the outer regions of the rotor
blade that experience the highest velocities and produce
the majority of drag. Due to the constraint of thrust-
based equivalent solidity and thus blade area, this re-
sults in a larger chord length for the inner region of the
blade to counteract the effect of the thin outer region.
This is limited by the structural capabilities of the blade.
Hence, it was decided to set a limit for the thinnest part
of the rotor blade.

In comparison to the blade from Koning et al. [9], it can
be observed, that the optimization caused a shift of the
blade geometry towards the centre. This is the result
of reducing the required profile power in forward flight,
whereas the Ingenuity blade was optimized for hover.
The shape itself did not change significantly, which is
because the thinnest part of the rotor blade was limited
to a minimum value.

——Leading Edge —Trailing Edge

Leading Edge Ingenuity - - -Trailing Edge Ingenuity

CHORD

RADIUS, r/R [-]

Figure 14: Qualitative comparison between the TUM ro-
tor blade and Ingenuity rotor blade [9].

In terms of twist, the analysis shows that a lower linear
twist if beneficial for the total required power. This trend
could be observed throughout all tested blade geome-
tries, as shown in Figures 9 and 10. Similar to the chord
distribution, this is due to the profile power.

BLADE STRUCTURAL DESIGN

This section focuses on structural stability and eigenfre-
quency requirements. The ply lay-up of the rotor blades
is beyond the scope of this study.

The rarefied Martian atmosphere not only poses a con-
straint in the aerodynamics of the rotor system but also
its structural dynamics, as demonstrated by Fjeldheim et
al. [2, 7]. On Earth, aerodynamic damping is the dom-
inant mechanism for attenuating flap wise oscillations.
Flapping motion induces a change in angle of attack,
resulting in a lift force that acts opposite to the motion

and thereby provides damping. Since this mechanism
scales with air density, its effectiveness is considerably
reduced under Martian conditions [2]. This is exempli-
fied in the following equations:

Y
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Here { is the non dimensional damping, 7y is the blade
Lock number, p is air density, ¢ is the chord length and
Cy, the lift curve slope of the airfoil [2]. The consequence
of these weakly damped flap modes is a greater sus-
ceptibility to dynamic instabilities. If control inputs excite
frequencies near these natural modes, there is a risk of
resonance, potentially leading to instability in the flight

control system.

A mitigation strategy was proposed by Johnson et al. [7].
The paper suggests to increase the first regressive flap
mode frequency to higher values as the bandwidth of the
controller. This way, interference with control dynam-
ics is avoided. Based on the data presented in [7], a
bandwidth of requirement of 275 rad/s was set. This
requirement was applied in the design of a proposed
hexacopter concept with a rotor radius of 0.64 m and
a rotational speed of 2435 rpm. For this configuration,
a blade flap frequency of 1.1 /rev was sufficient to meet
the criterion [7].

The proposed VaMEx Mars Helicopter features a larger
rotor radius, resulting in a lower nominal rotational speed
of 1162 rpm. To satisfy the same eigenfrequency con-
straint, the first flap wise frequency must therefore ex-
ceed 3.26 /rev. Achieving this target necessitates sub-
stantially stiffer blades, which in turn leads to an in-
crease in blade mass and presents additional design
challenges.

Based on the findings of this evaluation, a change to-
wards a smaller blade radius is suggested for future ro-
torcraft.

CONCLUSIONS

In this study, the VaMEx initiative is introduced, focusing
on the design of a rotor system and rotor blades for an
unmanned aerial vehicle capable of carrying a 2.2 kg
payload over a range of 30 km. The primary design point
corresponds to cruise flight at a velocity of 40 m/s.

An aeromechanical rotor model of the VaMEx Mars He-
licopter was developed using CAMRAD Il and validated
against experimental data from the JPL-SS rotor tests,
as well as through assessment of physical consistency.
The model demonstrated good agreement with the refer-
ence data and was successfully scaled to a rotor radius



of 1.52 m. While the model exhibited generally good nu-
merical stability, instabilities were observed at high lev-
els of geometric discretisation.

Based on this validated model, a preliminary automated
optimisation framework was proposed, integrating CAM-
RAD Il and SONATA, a preprocessor for parametric
composite rotor blade cross-sections. Although the ap-
proach was conceptually promising, the high sensitivity
of the rotor model to geometric perturbations rendered
it impractical for the current study. Consequently, fu-
ture work will investigate this optimisation strategy under
more conventional rotor blade configurations and atmo-
spheric conditions.

Instead, a manual design approach was adopted. The
CLF5605 airfoil, previously used on the Mars Helicopter,
was selected due to its superior structural stiffness, de-
spite the potentially higher aerodynamic efficiency of
cambered plate airfoils. After evaluating five blade ge-
ometries, the Mars Helicopter blade plan-form was cho-
sen as the baseline for subsequent optimisation target-
ing forward flight performance.

The rotor blade geometry was parametrised, and a sen-
sitivity analysis was conducted to assess the influence
of geometric variations. Results indicated that profile
power is the dominant contributor to overall power con-
sumption in forward flight. Consequently, chord length
was reduced toward the blade tips and increased near
the root. A parametric sweep over linear twist distribu-
tions identified an optimal twist of -7.5 degrees over the
rotor span.

Structural analysis revealed challenges in achieving the
desired first flap wise eigenfrequencies, primarily due to
the low rotational speed and the high stiffness require-
ments. Therefore, transitioning to a configuration with
smaller rotor blades is considered a more feasible solu-
tion for future development.
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