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Abstract

Cycloidal rotors are a novel form of propulsion system which can be adapted to various forms
of transport such as air and marine vehicles, with a geometrical design differing significantly from
the conventional screw propeller. Research on cycloidal rotor design began in the early 1930s and
has developed throughout the years to the point where such devices now operate as propulsion
systems for various aerospace applications such as MAVs, UAVs and compound helicopters.
The majority of research conducted on the cycloidal rotor’s aerodynamic performance have not
assessed mitigating the dynamic stall effect which can have a negative impact on the rotor
performance when the blades operate in the rotor retreating side. A solution has been proposed
to mitigate the dynamic stall effect through employment of active, compliant leading edge
morphing. A review of the current state of the art in this area is presented. A two dimensional,
implicit unsteady numerical analysis was conducted using the commercial CFD software package
STAR CCM+, on a two bladed cycloidal rotor. An overset mesh technique, otherwise known
as a chimera mesh, was used to apply complex transient motions to the simulations. Active,
compliant leading edge morphing is applied to an oscillating NACA 0015 airfoil to attempt to
mitigate the dynamic stall whilst maintaining the positive dynamic Cl contributions. It was
verified that by applying a pulsed input leading edge rotational morphing schedule, the leading
edge vortex does not fully form and the large flow separation is prevented. Further work in this
investigation will focus on coupling the active, leading edge motion to the cycloidal rotor model
with the aim to maximise aerodynamic performance.

1 INTRODUCTION

1.1 Cycloidal rotors

Cycloidal rotors are a novel form of propulsion system which can be adapted to various forms of
transport such as air and marine vehicles, with a geometrical design differing significantly from the
conventional screw propeller. The main advantage of using this rotor system is the instantaneous
control of the net thrust vector, meaning that the thrust can be adjusted to any desired direction,
perpendicular to the rotor’s horizontal axis of rotation. This provides the vehicle with instantaneous
360◦ control capability to allow for a wide range of possible manoeuvres, for example, achieving
Vertical Take-Off and Landing (VTOL) successfully. Controlling the direction of the net thrust
vector generated by the rotor can be achieved, either by varying the pitch or phase angle of the
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individual blades of the rotor. Examples of different aerospace applications of cycloidal rotors used
as primary or secondary propulsion systems are shown in Fig. 1.

a) b)

c) d)

Figure 1: Various aerospace applications for cycloidal rotors: a) The Schroeder cyclogyro [1]. b)
Elliptic UAV configuration [2]. c) Small commercial cycloidal rotor application [3]. d) Compound
helicopter design [4].

The idea for this novel rotor system originated in the early 1900s and was claimed to be invented
by Professor F. K. Kirsten [5] from the University of Washington. The rotor was initially termed as
the Kirsten-Boeing Propeller. Throughout the 1930s, further research was conducted at the National
Advisory Committee for Aeronautics (NACA) to further develop and understand the aerodynamics
and operation of cycloidal rotors. Strandgren [6] developed analytical models to illustrate how the
lift and propulsive forces generated by cycloidal rotors were obtained and served as an outline of
the general principles and elementary theory of paddle wheels. In his study, he claimed that the
vehicle’s incidence angle could be changed instantaneously without modifying the orientation of the
aircraft, which remained fixed. Wheatley [7] developed a simplified aerodynamic model for assessing
the cycloidal rotor performance and for design purposes. In 1934, Wheatley [8] conducted wind
tunnel experiments for an 8 ft diameter, 4 bladed, cyclogyro rotor and verified that the cyclogyro
would be able to ascend vertically, fly horizontally and glide without power (auto rotation).

In 1998, Bosch Aerospace Inc [9], developed and tested a prototype Curtate, cycloidal propeller
to apply to Unmanned Air Vehicles (UAVs). In 2003, Kim [10] conducted a combined CFD and
experimental analysis of a cycloidal rotor using a low pitch control mechanism. The blades were
manufactured from carbon/epoxy and glass/epoxy composite materials to have sufficient strength
against the centrifugal loading acting on the rotor. Extensive numerical and experimental research
has been conducted by Hwang on cycloidal rotors for the application of propulsion systems [2] and
power generating, high altitude wind turbines [11].

In recent years, interest has grown in a new form of aerospace vehicle called a Micro Air Vehicle
(MAV) due to their small scale, low cost for fabrication and the numerous potential applications
in both civil and military sectors. MAVs operate in low Reynolds number regimes, where laminar
flow mainly dominates the flight regime. Unsteady effects arising from the vehicle’s flight mechanics
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and environmental issues such as wind gusts have a significant effect on control stability issues of
MAVs [12]. Extensive research has been carried out by Benedict et al [13–17] to further understand
the aerodynamic and performance characteristics of cycloidal rotors, applied to MAVs.

The wide range of aerospace applications for cycloidal rotors has been further demonstrated by
other researchers such as Xisto et al [3,4,18] which formed as part of the extensive Cycloidal Rotor
Optimised for Propulsion (CROP) project, led by Pascoa [19]. The CROP report, published in
2015, outlined in significant detail the numerical and experimental research conducted on cycloidal
rotor propulsion for a wide range of potential applications. Gagnon [4] contributed to this report
by developing a simplified analytical model that can be resolved analytically to assess the cycloidal
rotors performance as an anti-torque device for a compound helicopter. A visualisation of the
proposed helicopter design concept is shown in Fig. 1d.

The majority of the research conducted on the cycloidal rotor’s aerodynamic performance have
not assessed mitigating the dynamic stall effect which can have a negative impact on the rotor
performance. In traditional rotorcraft operation, retreating blade stall is a major limiting factor
that constrains the high speed and payload characteristics of the aircraft. During forward flight,
the advancing blade experiences an increased velocity due to the positive combination of the rotor
rotational velocity and the free-stream air velocity. The retreating blade however encounters a
decreased velocity. In order to maintain vehicle stability, the lift generated by the blade has to be
equal on both the advancing and retreating side. This results in decreasing the blades incidence angle
at the advancing side and increasing the incidence angle at the retreating side. At a specific forward
flight velocity, the retreating blade will stall due to the increasing incidence angle and this retreating
blade stall effect occurs in all forms of rotorcraft configuration as well as cycloidal rotors. Some
of the negative impacts exerted on the aircraft due to the retreating blade stall include buffeting,
excessive vibration and large negative pitching moments.

The dynamics of the pitching blade can also generate issues when operating in forward flight.
When an airfoil is pitched up rapidly, an over-shoot of the Clmax can occur for an extended incidence
angle, also known as dynamic Cl. An overshoot of the Clmax occurs due to a large leading edge
vortex forming on the upper surface of the airfoil that separates and travels downstream. As this
vortex passes the trailing edge of the airfoil, the flow significantly separates, resulting in a large
reduction in lift as well as increasingly negative, nose-down pitching moments. This is known as
the dynamic stall effect. It has been observed that employing variable geometry airfoils can be
beneficial in optimising the airfoil shape for local flow conditions whilst the blade is under a pitch
cycle [20]. Additionally, applying variable, leading edge drooping has illustrated that the severe flow
separation could be removed and the dynamic stall effect mitigated for a set range of incidence angle
conditions [21].

The main aim of this project is to optimise the aerodynamic performance of a cycloidal rotor
using active compliant mechanism structures. This will be achieved by designing and testing effi-
cient, compliant mechanism structures to apply to the leading edge of cycloidal propeller blades for
deploying active, variable droop control. The operational procedure is that when the blade transi-
tions into the retreating side, the compliant mechanism will be actuated, resulting in an increasing
droop deflection of the airfoil leading edge with the aim of mitigating the dynamic stall effect whilst
maintaining the beneficial dynamic Cl characteristics. Once the blade transitions into the advancing
side, the drooped leading edge will transform back to its original structure to maintain optimal
aerodynamic performance.
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1.2 Compliant mechanisms

Compliant mechanisms are single-piece structures which have the primary function of transmitting
motion and force mechanically, dependent upon the elastic deformation of their constituent ele-
ments [22]. Specifically, they are structures that are geometrically optimised to distribute localised
actuation strain to effect a net shape change, deform as a whole and avoid high-stress concentrations
on all structural elements associated with the compliant structure [23]. The compliant system con-
sists of smart actuators and sensors embedded within the compliant structure required for motion
transmission. Small strains generated by the embedded actuators produce large, global deflections
due to stroke amplification from the compliant structure [24]. A visualisation of a simple compliant
mechanism used as a gripper is shown in Fig. 2.

a) b)Undeformed shape

Figure 2: A simple compliant gripper mechanism [23]: a) Gripper position with no actuation force.
b) Gripper deflection with actuation force applied.

There are many associated benefits of using flexible, compliant structures to achieve global,
continuous shape changes. Firstly, compliant structures are optimised in design to resist deflec-
tion under significant external aerodynamic loading and are just as stiff as conventional control
mechanisms such as aircraft flaps [23]. Moreover the single-piece design eliminates or reduces the
assembly process and various forms of actuator including piezoelectric, shape-memory alloys, and
electromagnetic actuators can be embedded within the mechanism. Compliant structures can be
fabricated using a wide range of materials including steel, aluminium, nickel-titanium alloys, ABS
and polypropylene [23]. The arrangement of material selected for the design within the compliant
structure is optimised, resulting in compliance which is distributed so that small strains produce
large deformations.

The popular choice of smart actuators that can be embedded within compliant structures include
piezoelectric actuators and shape memory alloys. Both forms of actuators are extremely light and
compact in size, therefore suitable to couple with flexible structures. Both type of actuators can also
be scaled up to a wide range of aerospace vehicles including MAVs, UAVs and transport aircraft as
highlighted in an extensive review conducted by Barbarino et al [25].

Shape Memory Alloys (SMAs) are metal alloys that exhibit both the unique characteristics of
large recoverable strains and large induced internal forces generated under temperature changes [26].
SMAs possess a unique property termed the shape memory effect [27] which is highly dependent
on the alloy temperature. When SMAs reach below a certain temperature, the alloy can be easily
deformed and stretched to a new form of configuration which it will retain. When the temperature
of the alloy increases by an applied electric current, the alloy will undergo a phase transformation to
austenite which results in the actuator returning to its original geometrical configuration. The main
advantage of using SMAs as the embedded actuators within compliant mechanisms is the large strain
outputs which are generated, however the actuators suffer from very poor frequency responses [27].
Previous experimental research for aerospace application include Manzo [28] who investigated the
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feasibility of employing SMA tendon configurations to generate wing morphing rotations in twist
and sweep.

Piezoelectric actuators are very popular in electro-mechanical applications due to their high ac-
tuation authority and ease of control [29]. The key disadvantages of using piezoelectric actuators are
the high power requirements and low actuation strain outputs [29]. There exist various configura-
tions of piezoelectric actuators that have been applied in previously published research in aerospace
applications including Active Fiber Composite (AFC) actuators [30], Macro Fiber Composite (MFC)
actuators [31,32] and PostBuckled Precompressed (PBP) actuators [33].

2 NUMERICAL ANALYSIS

2.1 CFD analysis - method procedure

A two dimensional, implicit unsteady numerical analysis is conducted using commerical CFD soft-
ware package STAR CCM+, on a cycloidal rotor with dimensions taken from Jarugumilli [34]. The
model consists of two, NACA 0015 airfoils with a blade span, b = 159 mm, chord length, c = 49.43
mm and rotor radius, R = 76.2 mm. The model dimensions are scaled in this study for application
as MAV propulsion systems.

A visualisation of the coordinate system used illustrating the key parameters of a cycloidal rotor
system is shown in Fig. 3. The positive lift acts in the positive y-direction and the positive thrust
acts in the negative x-direction. Figure 3 also illustrates the blade pitch amplitude, θ, for both blades
which will periodically vary over time in a sinusoidal schedule. Ψ represents the rotors azimuthal
position and determines the exact position of the blade along the rotor domain. Ψ increases in the
clockwise direction, beginning at the frontal, central position of the rotor domain, Ψ = 0◦. Phase
angle, φ, is set to 90◦ that results in both blades achieving peak-to-peak blade pitch amplitudes at
azimuthal positions, ψ = 0◦ and ψ = 180◦. V∞ is the uniform free stream velocity with units m/s
and Ω is the rotor rotational velocity with units rpm.

In this investigation, prescribed rotational motion and sinusoidal oscillated blade-pitching motion
are applied to the cycloidal rotor system to analyse the unsteady, aerodynamic performance charac-
teristics whilst the cycloidal rotor is operating in forward flight. An advanced overset mesh technique
is applied in STAR CCM+ to apply transient motion to the simulations. An unstructured, polygonal
mesh grid is constructed for both background and overset regions with a prism layer mesher used at
the airfoil surfaces. Figure 4a illustrates the generated mesh for the background region and overlap
refinement. Large sections of the background domain contain a coarse mesh grid away from the re-
gion of interest to allow for any complex flow features produced by the rotor in transient motion to
develop over time without large increases in simulation computational time. The overlap section of
the background domain containing the rotor has a higher mesh fidelity set to ensure accurate solving
of the blade-wake unsteady aerodynamics and flow solver residual stability. The total number of
cells generated for both background and overset regions was approximately 137,000 cells and the
prism layer characteristics at the airfoil surface was set to ensure wall y+ values ≤ 1 were achieved
along the airfoil upper and lower surface.

Figure 4b illustrates the generated mesh grid for the overset region mesh, visualising mesh re-
finements at the surfaces of both airfoils to ensure an accurate representation of the complex flow
features expected to occur. Figure 4b also shows the overset boundary surface which has the pri-
mary function of communicating interpolated data between the transient overset region and the
background stationary region. The interpolation method for the overset mesh interface was set to
linear. Uniform velocity inlet and pressure outlet boundary conditions were applied to the left and
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Figure 3: Cycloidal rotor coordinate system for forward flight [34].

right background surface respectively and symmetry boundary conditions were applied to both the
background top and bottom surface.

The cycloidal rotor cases investigated in this study were modelled as two-dimensional, unsteady
and implicit. Free-stream characteristics were set at sea-level conditions and the density modelled as
a constant, incompressible gas. The Spalart-Allmaras turbulence model was employed for URANS
closure due to simplicity of implementation, computational efficiency and numerical stability. For
the dynamic stall validation cases, the k-ω - SST model was selected due to its more accurate
representation of dynamic stall phenomena experienced by oscillating airfoils.

2.2 Validation case - static and dynamic stall

Before assessing the aerodynamic performance characteristics of the cycloidal rotor model, the sim-
ulation model was validated against previously published experimental results to assess the flow
solution degree of accuracy. The simulation was validated against experimental results obtained
from the low speed wind tunnels at the University of Glasgow [35] for a NACA 0015 airfoil under
static and sinusoidal oscillated motion conditions. The manufactured model had a chord length, c =
550 mm and span length, b = 1610 mm. For the static case, the Reynolds number and Mach number
were Re = 1,514,100 and Ma = 0.1198 respectively at sea-level conditions. The results obtained
from the simulation for the static lift coefficient, Cl, and compared against the experimental results
is shown in Fig. 5a.

The simulated aerodynamic results in Fig. 5a show good agreement with the experimental results
for the majority of incidence angles. The airfoil stalls at approximately 14.5◦ and the simulated
Clmax is underpredicted by approximately 8.1 % in contrast to experimental Clmax. A possible
reason for the discrepancy in the Cl results at the incidence angle stall region is due to the flow
unsteadiness and the overall coarse mesh grid of the flow domain.

For the dynamic case study, the Reynolds number and Mach number were Re = 1,480,500 and
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(a) Background region mesh grid view. (b) Overset region mesh grid view.

Figure 4: Illustration of the global mesh grid domain and mesh grid containing the airfoil overset
regions.

Ma = 0.1174 respectively. The airfoil’s transient motion was modelled as a sinusoidal function where
the blade’s incidence angle, α and angle incidence rate, α̇, are defined as follows:

α(t) = α0 sin((
2π

T
)t) + αM (1)

α̇(t) = (α0
2π

T
) cos((

2π

T
)t) (2)

where α◦ is the incidence angle amplitude in degrees, αM is the mean incidence angle in degrees, T
is the period of the sinusoidal oscillation in seconds and t is time in seconds.

Both α◦ and αM are set to 10◦ which results in the blade exceeding the static stall angle. The
pivot point for the airfoil pitching motion is set at 0.25c where the incidence angles are positive in
the clockwise direction. The time step is set to T / 4000 and the number of inner iterations set to
5 at each time step to ensure accurate convergence and stability of the flow solution. The number
of cycles were set to four to allow for the solution to reach a periodic steady-state however it was
observed that the simulation reached a steady periodic convergence after two cycles. The results
obtained for the simulated dynamic Cl-α curve against experimental results is shown in Fig. 5b.

Figure 5b shows that the simulated results obtained match well with the experimental results
during the upstroke of the sinusoidal oscillation. There is a discrepancy in the Cl results when the
airfoil begins the downstroke phase which is the region where the leading edge vortex separates at
the trailing edge, resulting in the large rate of loss in lift. The results in Fig. 5b show that lift
is increasing beyond the static incidence stall angle and a large positive contribution is generated
due to the formation of the leading edge vortex. The small loop which is formed between incidence
angles 18◦ ≤ α ≤ 20◦ is due to the delay of the leading edge vortex separating from the trailing
edge.

2.3 Applying active, compliant leading edge morphing

A simple compliant leading edge morphing motion was applied to the leading edge of the NACA
0015 airfoil which spanned 15 % of the chord length. The maximum leading edge droop was set
to 10◦ identical to ref [21], as dynamically drooped leading-edges have shown to reduce or mitigate
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(a) Static Cl comparison. (b) Dynamic Cl comparison.

Figure 5: Static and dynamic aerodynamic characteristics validation: a) Static Cl results. b) Dy-
namic Cl results.

massive flow separation and the dynamic stall vortex for a given incidence angle. An illustration of
the compliant droop pitching schedule as well as the leading edge droop target shape is shown in
Fig. 6a.

(a) Blade and LE droop pitching schedule.

Fixed Point

β

(b) Target shape for 10 degree droop LE.

Figure 6: LE morphing schedule. a) Blade and LE amplitude schedule. b) Target shape for LE
morphing.

Figure 6a shows that a pulsed actuation signal is applied to the leading edge droop motion
meaning that the morphing motion is only applied during the upstroke phase where the formation
of the leading edge vortex occurs. During the downstroke phase when the blade reaches αM , no
morphing is applied. In Fig. 6b, the target deflection required for the leading edge to achieve 10◦

droop is shown. Figure 6b also shows that positive nose droop, denoted as β, acts in the anti-
clockwise direction whereas positive airfoil angle of attack (AoA) acts in the clockwise direction.
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The circle marker indicates the fixed position on the body which acts as a hinge point about which
all remaining points on the leading edge surface rotationally deform. The morphing increments are
imported into the simulation as a function of time and applied as a morphing angular displacement.
The morphing method for the intermediate section of the airfoil which incorporates 70 % of the
chord is set to floating to adjust its nodal coordinates freely to respond to the leading edge conformal
morphing. The morphing method for the trailing edge section which incorporates 15 % of the chord
is fixed and follows the sinusoidal motion of the blade along with the overset boundary. This ensures
no corruptions of the mesh grid during running of the transient simulations.

The results obtained for the dynamic Cl forces generated by the airfoil for the 4th cycle with
active leading edge droop is shown in Fig. 7. It is evident that the large loss of lift due to leading
edge vortex dynamic stall is mitigated when active, conformal leading edge droop is applied. This
is due to the active morphing at the leading edge suppressing the formation of the leading edge
vortex which then travels down to the trailing edge. This is also verified as the morphing results
in Fig. 7 show no overshoot dynamic Cl contribution from the leading edge vortex as shown in the
case without morphing. A possible reason for the offset in the Cl values at the lower incidence angle
range is due to the blade sinusoidal pitching motion causing the flexible leading edge to flex up as
no reaction force was applied.

Figure 7: LE morphing Cl comparison. w/o - represents without morphing. w - represents with
morphing.

A qualitative assessment was conducted to verify whether applying active conformal leading edge
morphing to an oscillating airfoil mitigates or removes dynamic stall. An illustration of the vorticity
for both morphing and no morphing cases for a range of incidence angles is shown in Fig. 8. The
left column in Fig. 8 demonstrates that when the blade oscillates in the stall region, a leading edge
vortex forms which travels to the trailing edge and separates at the beginning of the downstroke.
The right column in Fig. 8 verifies that the leading edge vortex is mitigated in the stall region and
mild separation occurs.
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α = 18°

α = 20°

α = 18°

α = 16°

α = 14°

α = 12°

α = 10°

Upstroke

Maximum

Downstroke

Downstroke

Downstroke

Downstroke

Downstroke

Without LE morphing With LE morphing

Figure 8: Vorticity comparison with results scaled to illustrate presence of both rotating and counter
rotating vortices.
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2.4 Cycloidal rotor validation case

For the final case, a parametric study was conducted, varying the rotor advance ratio to assess
the aerodynamic characteristics of the cycloidal rotor. The advance ratio, µ, is the ratio of the
free-stream airspeed to the rotor tip velocity defined as:

µ =
V∞
ΩR

(3)

where V∞ is the incoming air velocity in m/s, Ω is the rotor rotational velocity in rpm and R is the
rotor radius in m.

Ω and R remain constant at 1200 rpm and 76.2 mm respectively. the only varying parameter is
the inlet air velocity which generates three cases of advance ratio that are µ = 0.31, 0.52, 0.73. For
the sinusoidal pitching schedule, the maximum blade pitch amplitude was set to θ = 35◦ and the
phase angle set to φ = 90◦. The results for the phase averaged lift generated by the cycloidal rotor
blade for the three cases of advance ratio is presented in Fig. 9 as well as the results published by
Jarugumilli et al [34].

Zero crossing line

(a) STAR CCM+ results. (b) validated results [34].

Figure 9: STAR CCM+ results validated against published results by Jarugumilli et al [34] for
instantaneous blade lift against rotor azimuthal position for varying advance ratios.

The simulated results in Fig. 9a have validated well against the experimental results shown in
Fig. 9b. The rotor retreating side covers the range 0◦ ≤ ψ ≤ 180◦ and the rotor advancing side
covers the range 180◦ ≤ ψ ≤ 360◦. In Fig. 9a, negative lift is generated for all three advance ratio
cases at the the rotor retreating side. This is due to the blade’s pitch orientation resulting in an
decrease in local dynamic pressure resulting in the blade extracting energy from the flow. As the
blade transitions into the rotor advancing side, the blade generates a significant increase in positive
lift as a factor of the blades pitch orientation, blade-wake interference effects and the local increase
in dynamic pressure as the effect of added tangential velocity.
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3 CONCLUSION

Cycloidal rotors are a novel form of propulsion system which can be adapted to various forms of
transport such as air and marine vehicles, with a geometrical design completely different from the
conventional screw propeller. A two dimensional, implicit unsteady analysis was conducted using
commercial CFD software package STAR CCM+, on a two bladed cycloidal rotor. An overset mesh
technique otherwise known as a chimera mesh, was used to apply complex transient motions to the
simulations. The CFD simulation model was validated against experimental NACA 0015 aerody-
namic results recorded at the University of Glasgow. Active, continuous leading edge morphing was
then applied to the NACA 0015 airfoil, which confirmed that dynamic stall could be mitigated for
the case presented. Finally a parametric study involving a variation of the rotor advance ratio on
a cycloidal rotor was conducted and validated against experimental results. Future work will in-
corporate both a review of factors affecting numerical accuracy and morphing topology to establish
maximum benefit for aerodynamic performance as well as applying active, compliant leading edge
morphing to the cycloidal rotor model.

4 FUTURE WORK

The future steps to be undertaken in this investigation will be to couple the active leading edge
morphing motion with the cycloidal rotor model to assess its effect on improving the aerodynamic
performance characteristics. Moreover a co-simulation involving software packages ABAQUS and
STAR CCM+ will be conducted in the future to perform Fluid Structure Interaction (FSI) sim-
ulations of an oscillating blade with active compliant morphing. This two-way coupling process
involves a Finite Element Analysis (FEA) to determine key structural parameters such as the blade
stress, strain and nodal displacements generated by the external pressure loading, calculated and
imported from STAR CCM+. Compliant morphing actuation is applied within the FEA and the
morphed structure is exported back into the CFD analysis to re-evaluate the changes in the flow-
field characteristics at each time step. The compliant mechanism structural design that will be
modelled in ABAQUS will be initially developed using topology optimisation methods [36–38] with
the target of finding the optimal actuator positions, minimising actuator effort and maximising
the material stiffness to external loading. Analytical models to characterise the force-displacement
characteristics of MFC piezoelectric actuators [39–41] will be developed and coupled to the FEA to
simulate an accurate representation of compliant mechanisms with embedded, smart actuators. Fi-
nally flow visualisation and surface pressure measurement techniques for dynamic stall experiments
will be conducted using the low speed wind tunnel test facilities at the University of Glasgow, for a
manufactured blade section with a compliant leading edge structure.
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