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Abstract
The blades of modern aero-engines are conceived for a specific design point. Due to the resulting fixed geometry of the 
blade, maximum engine efficiency can be achieved only for design point conditions. In order to improve the efficiency 
during off-design operation, applying blades with active shape control can be beneficial. Therefore, morphing fan blades, 
which adapt their geometry to the prevailing conditions by using piezoelectric low-profile actuators, are researched. Prior 
to the construction of a morphing fan blade demonstrator, a sequential multidisciplinary analysis is required to assess the 
feasibility of piezoelectric actuation in fan blades of future aircraft. First, the aerodynamic geometry of the fan blade is 
designed with respect to maximising the deformability. Subsequently, the structure of the morphing blade is developed, 
including a drapability analysis of the actuators and a numerical simulation of the achievable morphing deformation. 
Finally, the developed morphing structure is employed to examine a sufficient electrical power supply system for the 
morphing technology in a future electrified aircraft.
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MPC	� Multi Point Constraint
PS	� Pressure Side
PTF	� Propulsion Testing Facility
PWM	� Pulse Width Modulation
PZT	� Lead Zirconate Titanate
SE2A	 �Sustainable and Energy Efficient Aviation
SMA	� Shape Memory Alloys
SS	� Suction Side
TE	� Trailing Edge
TOC	� Top Of Climb
UHBR	� Ultra High Bypass Ratio
VHBR	� Very High Bypass Ratio

Indices
act	� actuator
e	� end
el	� electric
HVA	 �high voltage power amplifier
is	� isentropic
M	� morphing
max	� maximum
MFC	� MFC actuator
n	� negative
p	� positive
pr	� propulsion
ref	� non-deformed
s	� start
shaft	� engine shaft
tot	� total
wrinkle	� position of wrinkling
∥	 �fiber direction
⊥	� transverse direction
1nF	� capacitance of 1 nF

Variables
A	� area
AR	� aspect ratio
c	� chordwise position
C	� capacitance
D	� deformation
E	� Young’s modulus
f	� frequency

G	� shear modulus
l	� length
M	� mass
Ma	� Mach number
ṁ	 �mass flow rate
N	� number
P	� power
s	� spanwise position
T	� time
Th	� thrust
Tr	� throttle
U	� voltage
UCell	� total strain energy
UN	� normal strain energy
URMS	 �effective voltage
US	� shear strain energy
v	� velocity
V	� volume
X	� cartesian coordinate
XC	� impedance of capacitive load
Y	� cartesian coordinate
Z	� cartesian coordinate
α	 �net fiber angle
β	� actuator angle relative to X-Y plane
γ	� shear angle
γLock	� locking angle
∆φ	� turning angle
ϵ	� normal shear strain
ζ	� shear strain
Θ	 �fiber orientation angle
η	 �efficiency
νht	� hub-to-tip-ratio
ω	� unidirectional weighting factor

1  Introduction and motivation

A key factor in the high efficiency of modern turbofan 
engines is the continuous increase in bypass ratio to Very 
High Bypass Ratio (VHBR) engines, which is enabled by 
state-of-the-art fan section designs [1]. In order to achieve 
the resulting high performance specifications, lightweight 
fan blade designs are necessary. Development with conven-
tional titanium alloys is well advanced and offers little scope 
for further performance improvements  [2]. Consequently, 
the GE 90 engine was the first to utilize fan blades made 
of Carbon Fiber-Reinforced Polymers (CFRP), which open 
up new possibilities with their orthotropic material proper-
ties and high specific strength  [3]. Figure  1 (a) shows an 
example of a VHBR engine with CFRP fan blades.

Future electric and hybrid engine architecture concepts 
using batteries, fuel cells or sustainable aviation fuels, as Fig. 1  Engines with CFRP blades: a General Electric GE9X VHBR 

engine [4], b cfm RISE open rotor engine [5]
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well as more efficient propulsion architectures such as open 
rotor configurations (Fig.  1 (b)), will also utilize blade-
based propulsion [6]. Increasing propulsive efficiency of the 
blading will therefore continue to be of great importance for 
achieving ambitious environmental goals in the future. The 
geometries of current blading systems are conceived for a 
design point, which is usually characterized by the most 
critical condition in the form of Top-Of-Climb (TOC) [7]. 
Due to the fixed geometry of blades, maximum efficiency 
is only achieved at the design point. To avoid a decrease 
in efficiency during off-design phases such as cruise, land-
ing and take-off, this research proposes shape-adaptive rotor 
blading. The necessity for shape-variable fan blading is aug-
mented by further off-design operating scenarios, such as 
crosswind events or the ingestion of the fuselage boundary 
layer. Both operating scenarios lead to inlet distortion and 
therefore a locally increased flow incidence and reduced 
propulsive efficiencies [8].

Shape-variable engine blades, which can provide 
improved geometries for different flight phases and condi-
tions through morphing, have not yet been utilized in the avi-
ation industry and only limited scientific research has been 
conducted. However, pitch-variable guide vanes are used 
in aero engines, which modify the stagger angle by turning 
the entire non-rotating stator blades around the radial direc-
tion with lever mechanisms [9]. The adaptation of this pitch 
adjustment technology to rotating blades such as fan blades 
is challenging due to high centrifugal loads during opera-
tion, and is therefore subject to current research [10–12]. In 
contrast to a shape-morphing approach, the pitch adjustment 
allows only for a constant spanwise stagger angle modifi-
cation, but not for local adjustment of the geometry (e.g. 
at tip). Furthermore, it is impossible to modify the profile 
cambering or a simultaneous adaptation of both, staggering 
and cambering.

The development of shape-adaptive rotors has been suc-
cessfully achieved outside of engine blades. Van der Wall 
et al. and Kalow et al. [13, 14] developed helicopter rotor 
blades that allow for active adaptation of the blade’s twist by 
integrated piezoelectric actuators. Fortini et al. and Suman et 
al. [15, 16] tested morphing heavy-duty automotive cooling 

axial fan blades. The shape adaptation is controlled by the 
temperature of the air flow using Shape Memory Alloy 
(SMA) actuators embedded into the fiberglass reinforced 
polymer structure of the blade. However, research on mor-
phing aero engine blading is mostly limited to non-rotat-
ing shape-adaptive compressor cascades. Krone et al. [17] 
show experimentally that the turning angle of the cascade’s 
profiles can be adjusted by ±1◦ using applied piezoelectric 
actuators, while Li et al. [18] were able to demonstrate an 
increase in efficiency of 80 % in a supersonic cascade under 
low-upstream-mach-number conditions using comparable 
actuation. Abate et al. [19] use integrated actuators made of 
SMA to adapt the leading edge of the profiles in the cascade 
to different inflow conditions.

The potential of rotating morphing engine blades is dem-
onstrated by Tweedt [20]. In aerodynamic simulations, the 
fan blade morphing results in an increase in aerodynamic 
performance, but the structural realization of the analyzed 
shape change is not considered. In addition, morphing tech-
nology for aero engine rotor blades is developed as part 
of the Sustainable and Energy Efficient Aviation (SE2A) 
Cluster of Excellence. Montano et al. [21–23] developed a 
multidisciplinary design methodology for morphing metal-
lic compressor blades through the utilization of low-profile 
piezoelectric actuators. Numerical simulations show an 
achievable change in profile cambering of approximately 
1 ◦. Kleinwechter et al. [24] extended the methodology to 
enable the design of morphing fan blades made of CFRP 
with the objective to manufacture and test scaled morph-
ing VHBR fan blade demonstrators. By tailoring the lami-
nate structure, the weight of the blade architecture could be 
reduced by 66.2 % and the achievable morphing deforma-
tion could be increased by up to 97.2 % compared to tita-
nium alloy blade bodies [24].

The scope of this paper are preliminary investigations 
to confirm the feasibility of the morphing concept for the 
intended manufacturing and experimental investigation of 
morphing CFRP fan blades. Therefore, the morphing fan 
technology is analyzed sequentially (Fig. 2), starting from 
the blade’s aerodynamic geometry to the blade’s structure 
including the drapability of piezoelectric actuators and cal-
culation of morphing deformation to the integration of the 
developed morphing fan technology into future electrified 
aircraft.

2  Fan blade geometry

The double-curved topology of the fan blade is derived 
following the aerodynamic design procedure summarized 
in  [25]. Originally, the turbofan was designed for test rig 
application at ground level conditions. Due to the test rig 

Fig. 2  Sequential structure of feasibility analysis.
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determination of a draping limit value, and the simulative 
prediction of the morphing deformation with a Finite Ele-
ment Analysis (FEA).

Based on the simulated draping behavior and the limit 
value, the PS and SS actuators are divided into multiple indi-
vidual actuators to enable the draping. After an experimen-
tal confirmation of the drapability prediction, the influence 
of the necessary actuator splitting is analysed. Therefore, 
the achievable morphing deformation of the developed 
divided actuator set-up under operational centrifugal loads 
is simulated and compared with the continuous, non-divided 
actuator setup. Finally, the expected aerodynamic effects are 
discussed.

3.1  Piezoelectric low-profile actuators

Compact low-profile piezoelectric actuators utilize the 
inverse piezoelectric effect, which converts electrical energy 
into precise mechanical movements [26]. For this investiga-
tion, the P1 type Macro Fiber Composite (MFC) actuator, 
produced by Smart Materials Corp. [27], is chosen. Figure 4 
depicts the structure of these MFC actuators and the geom-
etry of the scaled SE2A fan blade from sect.  2.

The MFCs consist of piezoceramic rectangular fibers (A 
in Fig. 4) made of lead zirconate titanate (PZT), which are 
embedded in an epoxy resin matrix and have an epoxy resin 
cover layer on top and bottom (B in Fig. 4). This composite 
is located between two polyimide films into which interdigi-
tal electrodes are integrated (C in Fig. 4). This design offers 
flexibility, durability, and high performance, making MFCs 
suitable for applications in aerospace, robotics, and smart 
structures. An application of a voltage to the electrodes 
generates an electric field that acts on the piezoelectric 
fibers, leading to strain caused by the inverse piezoelectric 
effect [26].

The chosen P1 type MFC uses the d33 operation 
mode of piezoelectric actuation, where the electric field 
and piezoelectric strain are aligned along the same axis, 

dimensions, the fan geometry is a scaled version of current 
low hub-to-tip ratio Ultra High Bypass Ratio (UHBR) fan 
designs and follows corresponding design specifications. 
The fan stage is designed for a pressure ratio of 1.37 and a 
mass flow ṁ of 63.33 kg s−1. The chosen on-design operat-
ing point has a maximum power limitation of 2.0 MW, which 
together with an isentropic efficiency of ηis = 0.92 defines 
its maximum achievable propulsive power of 1.82 MW. In 
addition to a low hub-to-tip ratio of νht = 0.26, an aspect 
ratio of AR = 1.95 results in a slender blade shape. While 
the hub-to-tip ratio results from current UHBR fan design 
trends, the high aspect ratio was chosen to boost the fan 
rotor’s deformability towards a piezoelectric actuation. For 
a similar reason, the fan rotor exhibits a forward swept blade, 
which is determined by a hub sweep angle of 10 ◦. The mod-
eling of the blade profiles follows an extended Class-Shape-
Function Methodology  [25], while the respective profile 
prototypes along the blade span are selected based on the 
corresponding relative inflow Mach number (Fig. 3).

The maximum Mach number of Ma = 1.15 at the blade 
tip determines a transonic wedge shaped blade profile 
design, while profiles with increased leading edge thickness 
are used near the hub to allow for a higher flow incidence 
tolerance, as no piezoelectric morphing can be achieved 
here, as shown by [23].

3  Piezoelectric actuation for double-curved 
blade structure

The following section aims to investigate the drapability 
of piezoelectric low-profile actuators on the double-curved 
Pressure and Suction Side (PS and SS) of the blade devel-
oped in sect.   2 and to quantify the achievable morphing 
deformation of the structure. First, the structure of the piezo-
electric actuators used is described. Next, the methodology 
is presented, which includes the simulation of the draping 
behavior with a pin-jointed-net model, the experimental 

Fig. 4  Structure of the MFC actuator  [27] to be draped onto the fan 
geometry from SE2A

 

Fig. 3  Fan profile sections at different blade heights with 0% equal to 
root
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algorithm does not only allow for the simulation of woven 
fabrics but also allows to consider unidirectional fabrics. 
For woven fabrics, the shear stiffness is negligible up to 
a certain deformation, so that draping can be modeled by 
pure in-plane shear. In unidirectional mode, the algorithm 
also allows the consideration of in-plane elongation/con-
traction in transverse direction, while fibers are idealized as 
inextensible.

Therefore, the MFC actuator is idealized as a unidi-
rectional fabric with ideally rigid PZT fibers. The drap-
ing simulation methodology for unidirectional prepregs is 
based on a modified approach for woven fabric products. 
A pin-jointed-net model according to Wang et al.  [30] is 
employed. Plies are idealized via a net of draping cells, as 
illustrated in Fig.  5.

The draping cells are composed of net fibers that are 
interconnected by nodes (pins). During the draping process, 
the net fibers are capable of rotating freely around the pins 
and transverse net fibers (Y-direction) can undergo strain. 
Longitudinal net fibers (X-direction), which define the 
direction of the PZT fibers in the actuator, are inextensible.

During the draping simulation, the draping cells are 
successively applied to the double-curved surface starting 
from a seed point. The necessary in-plane deformation by 
elongation/contraction and shear is calculated using a strain 
energy minimization approach. Normal strain energy UN  is 
described by:

UN = 1
2

V Eϵ2� (1)

With the Young’s modulus E, the volume V and the normal 
shear strain ϵ, which is defined by the original length of the 
transverse draping cell edge lref and the elongated length l:

ϵ = l − lref
lref

� (2)

The shear strain energy US  is described by:

US = 1
2

Gζ2� (3)

With the elastic shear modulus G and the shear strain ζ, 
which can be approximated by the angle between the origi-
nally orthogonal net fibers α:

ζ = cosα� (4)

The total shear strain energy U ′
S  for a given draping cell is 

defined by the sum in all four corners:

which maximizes the achievable actuation. At a voltage 
of 1500 V, MFCs exhibit a maximum possible expansion, 
while at −500 V a maximum possible contraction [27].

3.2  Methodology

As the area of the low-profile actuators increases, the drap-
ability on the double-curved surfaces of the blade becomes 
increasingly limited, so that a subdivision into individual 
smaller actuators may become necessary. The simulation 
methodology must therefore ensure drapability by splitting 
the actuators and consider the effects of the splitting on the 
morphing performance.

3.2.1  Draping methodology

In the production of layered composite structures, reinforced 
plies such as CFRP prepregs are positioned with an intended 
fiber orientation onto a mold surface. If the molding surface 
exhibits a double curvature, the plies can only adapt by in-
plane deformation during draping. The drapability of materi-
als depends on the dominant draping mechanism, which can 
be in-plane elongation and compression or in-plane shear. 
The analysis of draping effects is pertinent for two reasons. 
First, in-plane shear changes the intended fiber orientation, 
which must be considered in the design process. Second, 
for the assessment of manufacturability, since exceeding the 
drapability limits of elongation/contraction and shear leads 
to wrinkling. The widely used methods for draping simu-
lation are developed for fabrics (especially woven fabrics) 
and are mainly utilized in the design of double-curved fiber 
composite structures. Methods for the simulation of drap-
ing and wrinkling for other materials such as polyimide film 
from the MFCs do not exist so far [28].

The objective of this study is not to develop a novel drap-
ing methodology. Instead, the usability of a commercially 
available algorithm for the specific fan blade-actuator prob-
lem will be analyzed and tested. Since the CFRP blade lami-
nate and the MFC actuators are modeled in the FEA using 
Ansys Composite PrepPost (ACP) as shown in  [24], the 
ACP internal draping algorithm [29] can be utilized. This 

Fig. 5  Draping cell: a Undeformed , b Deformed
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The applicability of the actuators is analyzed using an 
M-8557-P1 actuator with a total length of 103 mm and a 
total width of 64 mm. The double curvature of the blade is 
least pronounced at the tip and increases in the direction of 
the root. Hence, moving the actuator towards the blade root 
may provoke wrinkling effects. Figure 6 (a) shows the actu-
ator position from which application was no longer possible 
due to the occurence of wrinkling. The onset of wrinkling is 
noticeable during application, but can not be seen in Fig.  6.

The position of the actuator on the blade where wrinkling 
occurs is described by the Cartesian coordinates Xwrinkle, 
Ywrinkle, and Zwrinkle of the lower left corner of the actua-
tor and the angle relative to the X-Y plane βwrinkle. Tab. 1 
displays the wrinkle position of the MFC.

Figure  6 (b) shows the corresponding draping simula-
tion of the actuator following the methodology described in 
Sect.  3.2.1. The center of the actuator is defined as the seed 
point for the draping simulation, as this location exhibits the 
most even compensation for double curvature and produces 
the lowest fiber deviation. The simulation provides an abso-
lute locking angle of γLock = 1.76◦ as a result.

3.2.3  Morphing calculation methodology

The calculation of the morphing deformation under the 
centrifugal loads occurring during operation is automated 
with the methodology proposed by Kleinwechter et al. [24] 
using modules from Ansys Workbench. First, surface mod-
els of the blade’s pressure and suction side are generated 
based on the profiles of the blade from sect.   2 as shown 
in Fig.  7 (a). Actuator shapes are then defined relative to 
the dimensions of the PS and SS by specifying their exten-
sion in chord- and spanwise direction, resulting in surface 

U ′
S =

4∑
i=1

1
2

G cos2αi� (5)

Therefore, the combined normal and shear strain energy in a 
draping cell UCell is given by:

UCell =
4∑

i=1

1
2

G cos2αi + 1
2

V E
(l − lref)2

(lref)2 � (6)

The constants can be excluded for the energy minimization 
problem. With a unidirectional weighting factor ω ∈ [0, 1], 
the minimization problem becomes:

min UCell = (1 − ω)
4∑

i=1
cos2αi + ω

(l − lref)2

(lref)2 � (7)

The weighting factor is a central component of Ansys ACP’s 
unidirectional draping methodology. It controls the amount 
of elongation deformation. When ω is set to zero, only shear 
deformation is considered and the unidirectional draping 
approach is reduced to a woven model. A unidirectional 
weighting factor of ω = 0.2 is used for the MFC actuator. 
The reason for this is that the polyimide of the actuators 
provides good shearability with moderate elongation/con-
traction [31]. The simulation output is the shear angle of the 
draping cells, which is highest in areas of strong double cur-
vature. Based on these results, the deviation of the predicted 
fiber orientation is calculated.

3.2.2  Experimental determination of locking angle

To ensure the applicability of the actuators, it is necessary 
that the resulting shear angle does not exceed a specific limit 
value, referred to as locking angle. It is not possible to apply 
the experimental methods used to determine the shearability 
of textiles like woven CFRP fabrics to film-like materials 
due to the higher shear stiffness of the latter  [28]. Sanack 
et al.  [32] investigated the sherbilty of auxiliary film-like 
materials for vaccum bagging of CFRP parts. The estab-
lished frame test method for determining the shearability 
was inapplicable in those cases due to the materials’ much 
smaller locking angle. The MFC actuators with their poly-
imide films present similar challenges. As the objective of 
this study is not to develop a universally applicable draping 
methodology for non-textile layers, the locking angle of the 
fan blade is determined through experimental application 
on a 3D-printed blade model. Consequently, the results are 
limited to the specific blade-actuator problem and cannot be 
generalized.

Table 1  Position of actuator with wrinkling.
Xwrinkle Ywrinkle Zwrinkle βwrinkle

1 mm 5.03 mm 37  mm 9.5°

Fig. 6  Experimental draping analysis: a Actuator position with start of 
wrinkling, b Simulated corresponding shear angles.
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θ (Fig.  7). An orientation angle of θ = 0◦ represents the 
radial direction.

Following the research of Williams  [33], the entire 
MFC structure is modeled as an orthotropic unidirectional 
thin material on the basis of classical laminate theory. In 
the FEA, the piezoelectric actuation of the MFCs is simu-
lated in a simplified approach using a thermal analogy. The 
thermal expansion coefficients in the MFC material model 
are therefore defined in a manner that the thermal induced 
strain at a temperature increase of 1 ◦C corresponds to the 
piezoelectric strain under an applied voltage increase of 
1 V. This results in maximum expansion of the actuators 
at 1500 ◦C (representing 1500 V) and maximum contrac-
tion at −500 ◦C (representing −500 V). However, based on 
the findings of Monner et al.  [34], the actuators are only 
operated at −400 V to 1400 V to avoid damage, which 
defines the temperature between −400 ◦C and 1400 ◦C. 
Tab. 2 shows the orthotropic material constants describing 
the linear elastic material behavior as well as the thermal 
expansion coefficients for the thermal analogy. The index 
∥ describes properties in fiber direction, while ⊥ transverse 
properties.

Once the structural models of the blade body and the 
actuators are available, they are connected by a bonded 
contact approach using Multi Point Constraint (MPC) for-
mulations. Figure 8 visualizes the final structural model as 
well as the boundary conditions and loads applied. Given 
that only the aerodynamic blade body is present without the 
blade mount, the connection of the blade to an engine disk is 

models of the actuators. The blade and actuator surfaces are 
homogeneously meshed using quadratic shell elements with 
4 nodes per element (SHELL181). Figure 7 (b) illustrates 
the meshed SS and PS of the blade. Based on the meshed 
surfaces, the CFRP laminate structure of the blade body and 
the structure of the actuators are defined using ACP.

The blade’s CFRP laminate is modeled by draping 42 
individual shaped plies of the unidirectional prepreg Hex-
Ply M21E from Hexcel Corp. into the blade body. Based on 
the resulting definition of the laminate with shell elements, 
the shell elements are transformed into solid elements with 
8 nodes per element (SOLID185). The desired fiber orien-
tations of the plies are defined using the orientation angle 

Table 2  MFC: Orthotropic elastic constants and expansion coefficients for thermal analogy
Young’s modulus [GPa] Poisson’s ratio [-] Shear modulus [GPa] Thermal exp. coef. [K−1]
E∥ 30 ν⊥∥ 0.35 G⊥∥ 10.7 a∥ 8.3·10–7

E⊥ 15.5 v⊥⊥ 0.4 G⊥⊥ 5.7 a⊥ 3.96·10–7

Fig. 8  Structural model of morph-
ing fan blade with boundary condi-
tion and loads

 

Fig. 7  Blade modeling: a PS and SS with profile sections in yellow 
and limiting lines of actuators in orange for PS and turquoise for SS, b 
Meshed PS and SS surfaces
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given in fig.  18 in the appendix. For this purpose, the actua-
tors have an orientation angle of θ = 90◦ and therefore run 
approximately in chord-wise direction. Table 3 summarizes 
the actuator configuration. Expansion on the SS and con-
traction on the PS generate a increase in the profile camber-
ing, as illustrated in Fig.  9 and thus a change in the turning 
angle ∆∆φ.

Figure 10 (a) shows the draping simulation of the actua-
tors in the configuration from Table 3. Only the pressure 
side is visualized, as this side provides higher shear angles. 
The suction side is shown in Fig.  19 in the appendix.

The maximum shear angle of γ = 3.17◦ exceeds the 
locking angle of γLock = 1.76◦, which suggests that the 
actuator cannot be applied. Therefore, the actuators must 
be split in order to reduce the maximum shear angle and 
enable applicability. For the splitting process, γmax = 1.17◦ 
is defined as the permissible shear angle resulting from 
the experimentally determined locking angle and a chosen 
safety factor of 1.5.

Figure  10 (b) shows the resulting split actuator array 
with the individual shear angles on the PS (SS see appendix 

idealized by defining the blade’s root profile as a fixed sup-
port. To calculate the morphing deformation under centrifu-
gal loads, two load steps are carried out in the FEA, taking 
large deformations into account.

In the first step, the deformation D1 of the blade is cal-
culated at a rotation of 9144.15 rpm, for which the fan was 
designed. In the second step, in addition to rotation, the 
actuators are activated by defining thermal boundary condi-
tions in the actuators, resulting in the deformation D2 that 
combines centrifugal loads and morphing. The morphing 
deformation DM  alone results in:

DM = D2 − D1� (8)

With the deformation defined by the directional displace-
ments of the mesh nodes in X, Y and Z direction:

D = (DX DY DZ)� (9)

The morphing deformation is transferred to an evaluation 
tool following Seidler et al. [23]. This tool re-engineers the 
camber lines of the deformed profile sections. In this way, 
the morphing-related change in profile angles, such as the 
turning angle ∆φ, can be calculated.

3.3  Results of draping analysis

To analyze the applicability of the actuators and the effect 
on the morphing performance, a blade configuration must 
first be defined. To simplify the analysis and focus on the 
actuators, all CFRP fibers within the blade body have been 
oriented at θ = 0◦. The resulting radial fiber direction serves 
to bear the centrifugal load. For the real demonstrator con-
struction, the orientations must be designed in more detail to 
ensure structural integrity under different operational condi-
tions. A method according to Kleinwechter et al. [24] can be 
used for this purpose.

In this work, the actuators are applied onto the blade 
body. However, the objective for the demonstrator manufac-
turing is to integrate the actuators into the blade body. The 
integration ensures that the aerodynamic performance of the 
blade is not negatively affected. To take this into account 
when analysing feasibility, the dimensions of the actuators 
are defined in this investigation in a manner that ensures no 
overlap during future integration. Therefore, the actuators 
run over the entire span s (ss = 0% to se = 100%), but run 
at the chord c only from cs = 20% to ce = 85%. A further 
expansion in chord-wise direction provokes overlaps at the 
thin leading and trailing edge regions.

Furthermore, a morphing-related manipulation of the pro-
file cambering is to be investigated by increasing the turning 
angle ∆φ of the profiles. A definition of the turning angle is 

Table 3  Actuator configuration for investigation
Dimensions Mode
Spanwise Chordwise
ss 0% cs 20% SS expansion
se 100% ce 85% PS contraction

Fig. 10  Shear angle of actuator setup on PS: a Continuous actuator, b 
Spit actuator array

 

Fig. 9  Principle of turning angle morphing.
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3.4  Discussion of draping analysis

In Sect.  3.3, the applicability of the developed actuator array 
was ensured with the Ansys-intern draping algorithm. The 
utilization of the pin-joined-net model and the associated 
idealization of the MFC actuators as uncured unidirectional 
fiber-reinforced composite material represents a significant 
abstraction. But currently, there are no established methods 
for predicting the draping behavior of stiffer film-like mate-
rials. Consequently, the results of the draping simulation 
must be critically scrutinized with regard to their physical 
significance. Furthermore, the investigations are limited to 
the specific application of the SE2A fan blade, as it was used 
to determine the locking angle. Nevertheless, Fig.  12 con-
firms the prediction of the applicability for the actuator 1 on 
PS and SS.

The application of actuator 2 is shown in appendix 
(Fig. 20). Actuators 3 and 4 can’t be examined in a practi-
cal way within this investigation, given that custom actuator 
shapes were cut from commercially available rectangular 
MFCs, and actuators with large enough surfaces are not 
available from the manufacturer. However, the successful 
application of the first two actuators provide an initial con-
firmation of the methodology.

Thus, a possibility was created to analyze the feasibil-
ity of draping low-profile actuators for morphing engine 
blades. The approach can be efficiently integrated into the 
existing design and optimization process from   [21, 24] 
within Ansys without developing a novel methodology for 
the draping simulation of stiff layered materials. Further 

Fig. 22). The resulting split actuator array on the PS and SS 
consists of four actuators with individual spanwise start and 
end positions, which are shown in Table 4.

Due to the splitting, the maximum shear angle in the 
array is γ = 1.10◦ and thus below γmax, which simulatively 
confirms applicability. Based on the developed actuator lay-
out, Fig.   11 visualizes the morphing deformation for the 
continuous and split actuators, which is calculated on the 
basis of equation (8).

The configuration with continuous actuators enables a 
maximum morphing deformation of 0.821 mm, while the 
configuration with the split array achieves a maximum 
deformation of 0.812 mm.

Table 4  Spanwise dimensions of split actuator array
Actuator
1 2 3 4
ss1 0% ss2 23% ss3 51% ss4 84%
se1 21% se2 49% se3 82% se4 100%

Fig. 12  First actuators of developed array applied onto SE2A fan blade

 

Fig. 11  Morphing deformation of 
the CFRP fan blade under centrifu-
gal load: a Continuous actuators, 
b Spitted actuators
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increased, which allows to compensate for higher inflow 
incidence angles. For throttled conditions at design speed as 
well as part-load operation, the strength of the blade shock 
interaction is moderate and efficiency benefits up to 0.8 % 
can be achieved. These results are however depending on 
the stationary test rig working line and the corresponding 
intersection points with the fan stage speed lines. Relat-
ing the achievable thrust in the electrically test rig set-up 
to the power required to drive the fan geometry, yields a 
0.22 % improvement of the thrust-to-power ratio. Since the 
increment in tip loading accelerates the positive morphing 
effects, higher angular morphing values are expected to fur-
ther accelerate the achievable performance benefits.

3.6  Conclusions on the morphing investigation

Finally, the feasibility of a morphing CFRP fan blade can 
be confirmed with respect to the applicability of low-pro-
file actuators. In addition, a simplified method for predict-
ing the draping behavior of MFC actuators is available for 
the SE2A fan blade, which can be used in the demonstra-
tor development. For the final morphing prototype the dis-
tances between the active actuator surfaces may have to be 
increased, since Kapton foil is required at the actuator edges 
(see Fig.  6). Nevertheless, it is also possible to envisage 
custom actuators connected via compact double-curvature-
compensating and energy-conducting areas in one array. 
This would enable short distances between active piezo-
electric areas and one central energy supply for all active 
areas in an array. In the end, the feasibility of such a concept 
depends on the final actuator configuration. With the goal to 
maintain the morphing performance and the positive aero-
dynamic morphing effects, a minimization of the actuator 
distances is however recommended.

4  Feasibility of actuators electrical power 
supply

Based on the findings of the structural design in sect.  3, the 
feasibility of the developed fan morphing technology can 
now be analysed at aircraft system level. Therefore, the 
feasibility of an electric power supply for the piezoelectric 
actuators is addressed. The actuators applied to each blade, 
are supplied by the Electric Power System (EPS) of the 
reference aircraft, initially developed in SE2A [35]. Conse-
quently, the total power consumption of the actuators is esti-
mated, and their integration into the EPS is planned using 
power interfaces.

For this purpose, the morphing blade structure from 
sect.   3, which was developed for the test bench applica-
tion, is scaled up to aircraft-level. To thoroughly assess the 

in-depth studies are required to assess the physical correct-
ness of the draping simulation and its applicability to other 
geometries.

The applicability of the actuators to the scaled SE2A 
UHBR fan blade is made possible by the split of the con-
tinuous actuators, which reduces the active actuator area 
on the PS/SS and influences the morphing behavior. On the 
PS the active area is decreased by 6% from 215.86cm2 to 
202.92cm2 and also on the SS by 6% from 220.62cm2 to 
207.44cm2, leading to a combined active area on PS and 
SS of 410.36cm2. Figure 11 shows comparable morphing 
deformations with a reduction of 1, 1% in the maximum 
deformation.

For a more detailed analysis, the variations of turning 
angle ∆∆φ along the span are considered in Fig.  13. Both 
configurations demonstrate no change in turning angle at 
the root, which is a consequence of the fixed support in the 
FEA. Towards the blade tip, higher turning angle morphing 
values are achieved, as the blade exhibits reduced stiffness 
due to the lower profile thickness at the tip. Both configu-
rations show similar graph shapes, with the split actuator 
configuration producing slightly smaller angular changes, 
due to the smaller actuator area. The maximum angular 
change at the tip is ∆∆φ = 1.80◦ with continuous actua-
tors and ∆∆φ = 1.78◦ with a split array, representing a 
1.11% decrease in morphing performance at the tip. In gen-
eral, splitting of the actuators does not result in a significant 
decline in morphing performance.

3.5  Expected aerodynamic effects

Morphing investigations for the same fan geometry, but 
with titanium as blade material have shown that a turn-
ing angle increment of 0.91  ◦ at the blade tip leads to an 
alteration of the rotor’s vortex design. With that the loading 
at the blade tip is increased and higher pressure ratios are 
achieved. The leading edge metal angle is simultaneously 

Fig. 13  Change in turning angle caused by continuous and split 
actuators
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of the MFCs’ deformation and movement. Smart Material 
suggests different types of HVA modules for harnessing the 
full potential of MFC P1 actuators. Table 5 presents three of 
these solutions and their key electrical specifications.

By comparing these options, MicroHVA-2 is selected for 
further analysis in this work, due to its higher maximum 
input current and the ability to supply two MFCs through 
separate channels.

It is important to note that to maintain the required supply 
voltage for the MFCs within the range of −500 to 1500 V, 
the only feasible method to increase the number of MFCs is 
through parallel configuration. Consequently, single-chan-
nel and dual-channel types allow for one and two parallel 
branches, respectively, to connect additional MFCs to the 
boards. Therefore, the dual-channel board, with its superior 
maximum input current, is considered the optimal choice. 
To supply the entire actuator network mounted on all blades, 
multiple HVAs will be required. The exact number of HVAs 
needed can be determined by estimating the total power 
requirements of the actuators, as summarized in the follow-
ing section.

4.2  Results of power supply

The results of the power supply investigation are split into 
two steps. First, the power supply sizing to meet MFCs 
power demand is focused. Then, the proposed MFCs power 
supply integration into the whole aircraft EPS is discussed 
through analysis.

4.2.1  Power demand calculations and power supply Sizing

To accurately determine the appropriate power supply board 
for the total power requirements of the MFCs attached to the 
aircraft blades, it is necessary to specify the required power 
concerning a defined MFC surface area in m2. Based on the 
MFC model P1  [27], the poled capacitance of the actuator 
is approximately 0.3 nF/cm2, measured at 1 kHz and room 
temperature. This indicates that the power required by these 
voltage-dependent actuators is proportional to the active area 
of the MFC, so a larger active area results in higher capaci-
tance and consequently greater power demand. Figure  14 
illustrates a generally desired voltage waveform for supply-
ing the MFCs for two different scenarios. In the first scenario, 
actuators on PS and SS are supplied by positive Up and nega-
tive Un pulse voltages, respectively, as shown in Fig.  14 (a). 
This configuration allows a quasi-static shape adjustment by 
manipulating the turning angle for different flight phases, as 
described in sect.  3. The blade experiences a constant defor-
mation as long as the voltage is applied to each side and the 
amount of turning angle morphing is controlled by the level 
of Up and Un. It should be noted that the manipulation of the 

impact of incorporating actuator power demands into the 
overall system, various power system architectures with dif-
ferent engine configurations, including 2, 4, and 6 motors, 
are considered. In this paper, the terms ’motor’ and ’engine’ 
are used interchangeably, with ’motor’ referring to the inte-
grated electrical motor within the system’s engine.

4.1  Power supply interface between the EPS and 
MFCs

Generally, there are two ways to feed the MFC P1 actua-
tors. First, using the commercially available High Voltage 
power Amplifiers (HVAs) manufactured by Smart Mate-
rial [27] and alternatively, using a designed power interface, 
which is modified to match both the main power system and 
the actuator load profile, as exemplified in [36]. Moreover, 
there are different topologies for multiport isolated with 
transformer or non-isolated DC-DC converters documented 
in the literature, which can be taken into account for this 
application [37–39].

In this study, the power supply interface is implemented 
using an existing HVA module, as the focus of this paper 
does not encompass the design of power electronics. HVAs 
are designed to be powered by a battery and require a (Direct 
Current) DC supply voltage from 12 V to 16 V. They can 
generate DC output voltages from −500 V to 1500 V, which 
are required to drive the MFCs effectively. Besides, their 
output is variable and controllable by applying additional 
control signals. Different control signals are applicable to 
adjust the HVA’s DC output, comprising of an analog sig-
nal (0 to 5 V or −2.5 to 7.5 V), a Pulse Width Modulation 
(PWM), and communication protocols like I2C (Inter-Inte-
grated Circuit). This adjustability enables precise control 
over the voltage amplitude and rapid switching between dif-
ferent DC voltage levels, allowing for accurate manipulation 

Table 5  High voltage power boards for supplying MFCs, manufac-
tured by Smart Material [27].
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to 2000 Vdc versus the board ground port. This results in a 
controllable voltage range −500 Vdc to 1500 Vdc for both 
channels, as depicted in Fig.  15. Within this investigation, 
the voltage range is limited from −400 Vdc to 1400 Vdc as 
shown in sect. 3.2.3.

Considering the AC voltage across the inherently capaci-
tive MFC loads, the requested power PMFC can be achieved 
by

PMFC = U2
RMS
XC

� (10)

where URMS is the effective voltage of the waveform, and 
XC  is the AC impedance of the capacitive load MFC. Con-
sidering the square shape waveform of voltage shown in 
Fig. 14, URMS are calculated by

URMS =

√
U2

p T1 + U2
n T2

TS

� (11)

and XC  is estimated through

XC = 1
2πfC

,� (12)

where f is the supplied AC frequency equals 1/TS  and C is 
the capacitance of the MFC in F.

turning angle is considered an example within this investiga-
tion. By varying the actuator fiber orientation and the actuator 
mode (expansion or contraction) different quasi-static shape 
changes are feasible, including a manipulation of the blade’s 
twist. A different actuator configuration however requires an 
own individually adapted analysis.

In the second scenario, as shown in Fig.  14 (b), the goal 
is to have a fast actuation movement. This is due to the fact 
that with high actuation frequencies, the morphing technol-
ogy would also allow for active vibration control or cyclic 
periodical adjustments as shown in  [8] for future engine 
applications. Here, it is important to use the full range of 
motion of the actuators as fast as possible by applying a 
square wave AC voltage with a higher frequency compared 
to the first scenario. This is mainly because, in an anti-vibra-
tion mode, fast reactions of the MFCs are required. In this 
study, the first scenario was taken into account for analysis 
since the quasi-static morphing for different flight phases 
marks the main focus for the morphing technology develop-
ment. However, to ensure a practical sizing of the actuator 
power supply integrated into the EPS and assess its feasibil-
ity, the voltage waveform for the vibration scenario is taken 
into account.

While the waveforms shown in Fig.  14 are alternating 
waveforms, the used DC to DC power board (MicroHVA-2) 
can generate this waveform using the control signal. The 
MicroHVA-2 has three separate ports: One for fixed 500 Vdc 
and two for channels with a controllable voltage ranging 0 

Fig. 15  The DC-DC power board MicroHVA-2 ports arrangement

 

Fig. 14  Voltage supply waveform 
scenarios for MFC P1: a Turning, b 
Vibration
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active area of each blade Abld is derived using the aero-
dynamic scaling procedure for different motor number 
scenarios, explained in sect.  4.2.2. By multiplying the 
active area per blade with the number of blades Nbld in 
each fan section, the active area per fan Afan is calcu-
lated. By multiplying the number of motors Nmotor with 
the area per fan, the active area for the entire system 
Atot is derived.

	● All MFCs total power demand Ptot 
	 Ptot can be determined by scaling the power consump-

tion of the 1 nF capacitor, P1nF, proportionally to the 
increase in capacitance. To this end, the total power re-
quired to supply the actuators is calculated by multiply-
ing the power-to-capacitance ratio of one MFC unit (ob-
tained as 0.8 W/nF) with total MFCs capacitance Ctot.

	● Total number of required MicroHVA-2 boards NHVA 
	 As explained earlier, since MFC integration into pas-

senger aircraft engine blades has not yet been com-
mercialized, the physical characteristics of a special 
DC-DC power supply can be implemented using the 
MicroHVA-2. Thus, NHVA can be determined through 
two methods: 1- dividing total MFCs capacitance Ctot 
by maximum allowable load capacitance of one Micro-
HVA-2 CMFC, max, denotes as NHVA,1, and 2- dividing 
the total actuator required power Ptot by the maximum 
power of one MicroHVA-2 board PHVA,max, denotes as 
NHVA,2. Table 6 summarizes the MicroHVA-2 specifi-
cations and detailed results of the proposed electric sup-
ply system for the total installed actuators. As shown in 
this table, NHVA,1 and NHVA,2 are close to each other 
for all motor number configuration scenarios.

	● Total volume  Vtot and weight Mtot of designed pow-
er supply

	 Finally, Vtot and Mtot of the designed power supply 
using MicroHVA-2 boards can be derived by multiply-
ing the volume VHVA and weight MHVA of each Mi-
croHVA-2 board with the total number of the required 
MicroHVA-2 board NHVA, respectively. Moreover, a 
casing margin of 1.3 is included to account for the in-
creased volume and weight of the power supply boards 
when placed in a container. As tabulated in Table 6, all 
the detailed specifications of the proposed electric sup-
ply system are shown for Ptot as 6.5 kW, 9.2 kW, and 
11.3 kW for 2, 4, and 6 engines, respectively.

4.2.2  Aerodynamic scaling procedure

As the chosen turbofan was originally designed for a poten-
tial integration into the Propulsion Test Facility (PTF) of 
the Institute of Jet Propulsion and Turbomachinery, the 
engine scaling procedure is based on the test rig power 

The quasi-static morphing of the blades to achieve 
the target shape is completed within a few seconds. For 
instance, the MFC capacitance charges within 10 s, which is 
sufficient for slow shape adaption for different flight phases, 
then it corresponds to a frequency of 0.1 Hz for the turn-
ing scenario. In contrast, for the anti-vibration mode, the 
morphing procedure is performed much faster to act against 
vibrations induced by the rotational frequency. For an initial 
estimate, a frequency of 100 Hz is chosen. This is because 
modern UHBR engine fan blades rotate at approximately 
2000 to 4000 rpm  [40] or 33.3 to 66.6 Hz. The frequency 
results in a charging time of approximately 10 ms. Addition-
ally, the high frequency is beneficial in case of fault occur-
rence in the actuators. In such conditions, the fault clearance 
control system attempts to promptly restore the power sup-
ply, leading to the MFC being charged in a very short time. 
Consequently, both low and high-frequency scenarios are 
considered in the actuator power calculations presented in 
this study.

The total required power of the actuators Ptot as well as 
the number of MicroHVA-2 required NHVA, their volume 
Vtot and weight Mtot can be derived using the following 
calculation procedure:

	● One MFC actuator power demand:
The MFC power for one unit with a capacitance of 
1 nF (P1nF) can be obtained using two independent 
approaches. Later, the highest calculated value is con-
sidered to ensure the supplied power’s adequacy.

	– Using equation  (10): P1nF is calculated for 0.1 
Hz and 100 Hz. Considering the voltage operating 
range ([−400 V, 1400 V]) and assuming T1 = T2, 
URMS is calculated 1030 V, using the equation (10). 
In addition, XC  is obtained 1590 MΩ for 0.1 Hz and 
1.59 MΩ for 100 Hz, using equation  (11). Therefore, 
using equation  (12), P1nF is determined 0.68 mW 
and 0.68 W for 0.1 Hz and 100 Hz, respectively.

	– Using capacitor charging time: According to 
the MFC’s datasheet  [27], the charging time from 
−500 V to 1500 V for an MFC P1 with 5 nF capaci-
tance is less than 10 ms corresponding to 100 Hz. 
This step-up voltage requires approximately 4 W of 
power, which must be supplied by the power supply 
board. Therefore, an MFC P1 with 1 nF capacitance 
would require 0.8 W/nF (4 W/5 nF) of power.

	● All MFCs total capacitance Ctot

	 The total capacitance of all MFCs used in the aircraft 
can be obtained by multiplying the poled capacitance of 
the MFC P1, 0.3nF/cm2, with the total active area in 
the entire propulsion system Atot. To obtain Atot, the 
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Starting with the test rig fan design, the propulsion power 
Ppr is derived from the demand of electrical power Pel at 
the design point considering the propulsive efficiency ηpr:

Ppr = ṁ (vin − vout)vf︸ ︷︷ ︸
constant

= ηprPel� (13)

With the simplified boundary conditions the propulsion 
power only depends on the mass flow rate ṁ, which is pro-
portional to the square radius of the circular cross-sectional 
area of the engine. As the radius is proportional to the blade 
height and therefore to the actuator area, the scaled area can 
be derived from the electric power ratio:

Aact,scaled = Aact,design

√
Pel,scaled

Pel,design
� (14)

The required electrical power supply for the actuators can 
be derived from the scaled actuator area for the respective 
aircraft architecture.

4.2.3  Power supply integration into the aircraft Electric 
Power System (EPS)

As a part of the SE2A, three energy-efficient aircraft have 
been designed to accommodate the majority of commercial 

requirements as well as the original main dimensions of the 
test rig rotor design [25, 41]. The major output of the scaling 
procedure is the blade suction and pressure side surface in 
order to determine the electric power supply requirements 
for the actuators. In addition to an upscaling of the original 
fan design for a conventional twin-engine aircraft architec-
ture (Sect.  4.2.3), different distributed propulsion concepts 
are considered within this investigation due to its perfor-
mance enhancement potential [42].

Since it is not possible to maintain a perfect fluid 
mechanics and geometry similarity when scaling  [9], this 
straightforward aerodynamic scaling method supports the 
preliminary design phase and is only based on Mach num-
ber and geometry similarity. The Reynolds number and its 
effect on the boundary layers can not simultaneously be 
maintained, as well as the blockage effects of the scaled fan 
stage are neglected.

Investigating an electrical powerplant design, the engine 
core, fuel mass flow rate and bleed air mass flow rate are 
nonexistent compared to conventional propulsion systems, 
which results in an infinite bypass ratio and constant mass 
flow rate. Due to higher mass flow rates than 70 kg/s, the 
polytropic efficiency is considered to be not affected by 
upscaling [43]. Furthermore, the nozzle efficiency and the 
nozzle exit velocity are presupposed to be constant for the 
same flight conditions.

Table 6  Summarized result of the proposed actuators electric power supply
MicroHVA-2 specifications
Parameter Unit Symbol Value
MicroHVA-2 dimension (W x D x H) mm - 45 × 67 × 18
MicroHVA-2 volume cm3 VHVA 54.27
MicroHVA-2 weight g MHVA 50
Maximum input power of MicroHVA-2 W PHVA, max 24

Calculated power for 1 nF MFC W/nF P1nF 0.8
Max. allowable capacitance of load (PHVA, max/P1nF) nF CMFC, max 30

Actuators power supply specifications
Parameter Unit Symbol Number of electric motors (Nmotor)

2 4 6
Actuator area per blade (cm2) cm2 Abld 710.76          502.59 410.36
No. of blades - Nbld 19 19 19
Active area per fan (Abld × Nbld) cm2 Afan 13504.44  9549.21 7796.84
Active area for the entire system (Afan × Nmotor) cm2 Atot 27008.88 38196.84 46781.04

Total capacitance of all MFCs (Atot × 0.3 nF/cm2) nF Ctot 8102.66 11459.05 14034.31
Total power of power supply (Ctot × P1nF) kW Ptot 6.482 ≈ 6.5  9.167 ≈ 9.2 11.227 ≈ 11.3
MicroHVA-2 quantities using Ctot/CMFC,max - NHVA,1 ≈271 ≈381 ≈468

MicroHVA-2 quantities using 1000 × Ptot/PHVA, max - NHVA,2 ≈271 ≈384 ≈471

Total volume of the MicroHVA-2 board (NHVA,2 × VHVA × 1.3) m3 Vtot 0.0191193 0.0270916 0.0332295
Total weight of the MicroHVA-2 board (NHVA,2 × MHVA × 1.3) kg Mtot 17.6 24.9 30.6
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power through power cables to DC-AC inverters, fol-
lowed by electric motors. Nevertheless, this fully electric 
medium-range aircraft design is only possible with huge 
advancements in EESs as well as reaching high power 
dense electric components. Therefore, an innovative high-
power dense modular electric motor with an embedded 
inverter described in  [45] is utilized for the EPS design. 
This electric motor has a specific power and power den-
sity of 12 kW/kg and 17.25 MW/m3, respectively, with 
a minimum power of 1.5 MW and a maximum of 6 MW, 
thanks to modularity features.

As stated previously, it is preferred that the power required 
for the MFCs is provided through a standalone DC-DC power 
supply with a special design for this application. This power 
supply converts a fixed medium-level DC grid voltage on the 
DC busbar to the desired DC voltage demanded by the inte-
grated MFC actuators. As shown in Fig.  17, two standalone 
devices of this special DC-DC power supply called “MFC 
Conv. 1 and 2” are considered. The converters can be located 
near the engines and the power can be transmitted with sepa-
rate MFC cables (green and red lines) to the MFCs on the 
blades. As visualized, each converter can individually supply 
the MFCs on all engines, contributing to higher redundancy 
and reliable operation in case of a fault happening on one side 
of the EPS. Furthermore, since the blades on the engine’s fan 
are turning, slip rings on the fan bearings are the solution to 
transfer power to the blades.

4.3  Discussion of power supply

The justification of integrating MFCs into the engine blades 
in future fully electrified / hybrid aircraft is better real-
ized by comparing the total power consumption of high-
frequency MFCs (6.5 kW, 9.2 kW, and 11.3 kW) with the 
maximum total 12 MW shaft power in the reference passen-
ger aircraft. Since the MFC power supply is less than 0.1 % 
of the propulsion system power, integration into the electric 
power system is no concern. In the context of quasi-static 
and slow morphing, the aforementioned statement is further 
reinforced, since lower actuation frequencies lead to lower 
power requirements.

As shown in Fig.  17, two separate DC-DC converters 
were considered in an electric aircraft for feeding the MFCs 
on all blades. But it is worth mentioning that even in con-
ventional combustion aircrafts, MFC integration would be 
possible by supplying the MFCs power with an Auxiliary 
Power Unit (APU) alongside a small backup battery bank.

In addition, the MFC integration is further justified when 
comparing the physical characteristics of the proposed EPS 

aircraft operations: Short-range, medium-range, and long-
range [35]. In this study, the medium-range reference aircraft 
is considered, which has mission requirements comparable to 
an Airbus A320 and initially has a design range of 4600 km 
for maximum payload and cruise altitude of 8000 m. In order 
to have a rough estimation of the reference aircraft’s total 
demanded power by shaft, a typical mission profile for this 
aircraft is assumed in SE2A as depicted in Fig.  16.

The maximum shaft power Pshaft usually occurs in the 
take-off phase, based on a basic relation with the thrust 
Thshaft, velocity v, propulsive efficiency ηpr, and throttle 
Tr setting. Pshaft is considered as the total shaft power for a 
fully electric powertrain aircraft, calculated as follows using 
the procedure explained in [44].

Pshaft = Thshaft v

ηpr Tr
� (15)

Where Thshaft is considered 58.56 kN , v is set to 117.98 
m/s, ηpr is assumed to be 0.9, and Tr is considered 0.656, 
resulting in 11.702 MW, which is rounded to 12 MW.

Following the trajectory towards the electrification of 
conventional aircrafts, future partially or fully electrified 
aircraft will incorporate an on-board EPS. The generic 
EPS structure of a conceptual fully electrified aircraft with 
four propulsors is shown in Fig.  17. As observed in this 
figure, the EPS is distributed over a main high-voltage 
DC busbar. The Electrochemical Energy Storages (EESs) 
including batteries and/or fuel cells are connected to the 
busbar through DC-DC converters and power cables (gray 
lines). In the middle, there is an electric panel equipped 
with circuit breakers to protect and distribute the required 

Fig. 16  Typical mission profile commissioned in SE2A for mid-range 
future concept aircraft.
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EPS of the medium-range reference aircraft, evaluated for 
the configurations with 2, 4, and 6 motors.

The proposed EPSs for all three configurations are sized 
by using the specific power and power density values of 
22KW/kg and 37.5MW/m3 for DC-DC converters and 
12KW/kg and 17.25MW/m3 for electric motors with 
embedded inverters. The weights and volumes (excluding 
electrochemical energy storages) of the EPSs are estimated 
as 1821kg, 1869kg, and 1891kg and 1.19m3, 1.21m3, and 
1.22m3 for 2, 4, and 6 motor configurations, respectively. 
Whereas based on Table  6, the calculated weight and 

for the fully electrified reference aircraft. Table 7 summa-
rizes the key performance characteristics, including power, 
weight, volume, specific power, and power density for the 

Table 7  Aircraft EPS performance characteristics.
No. of 
motors

Power Weight Volume Specific 
power

Power 
density

(Nmotor) (kW) (kg) (m3) (kW/kg) (MW/m3)

2 12000 1821 1.197479 6.58 10.02
4 12000 1869 1.217896 6.42 9.85
6 12000 1891 1.227904 6.34 9.77

Fig. 17  Special MFCs’ DC-DC converter integration into the aircraft electric power system
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supply for the actuators was designed by 271, 384, and 
471 high-voltage power boards. In this regard, the required 
power for an actuation frequency of 100 Hz, considering 
all motor configurations (6.5 kW, 9.2 kW, and 11.3 kW), 
can be easily integrated into the aircraft’s 12 MW electri-
cal power system.

Based on the findings of the holistic feasibility analysis, 
the design and construction of technology demonstrators 
at test-bench-level can commence. For this purpose, the 
blade’s structural design must be finalized including the 
integration of the MFC actuators into the CFRP laminate. 
For the subsequent possible technology transfer to full-
scale aircraft-level, further work must be carried out on 
the electrical power supply system. This work may focus 
on a novel power electronics design tailored to the MFC 
P1 actuators, developing a custom power interface and 
exploring various multi-port DC-DC converter topologies 
to match the system’s optimal performance. Furthermore, 
future work could explore methods for transferring power 
from the stationary DC-DC power supply to the actuators 
installed on the rotating blades.

Appendix

See figures (18,19 and 20)

volume values of the MFCs power supply for correspond-
ing motor configurations are 17.6kg, 24.9kg, 30.6kg and 
0.0191193m3, 0.0270916m3, 0.0332295m3, respectively. 
Comparing these values, the weight and volume of the MFC 
power supply are at least 62 and 36 times lower than those of 
the EPS, respectively.

5  Summary and outlook

This paper examines the feasibility of shape-variable engine 
blading with piezoelectric low-profile actuators by conduct-
ing a sequential multidisciplinary analysis from component-
level up to aircraft-system-level. The analysis commences 
with the aerodynamic design of the blade geometry, which 
follows current UHBR design trends. Even at this early 
stage, the morphing technology is also taken into account 
by increasing the deformability through the implementation 
of a high aspect ratio and a forward sweep.

Based on the developed geometry, the CFRP structure 
of the blade including the piezoelectric MFC actuators can 
be analyzed. The focus is the drapability of the actuators 
onto the strongly double-curved surfaces of the blade, a 
crucial aspect for the viability of the morphing concept. 
By abstracting the actuators as an unidirectional textile, a 
commercial draping algorithm with a strain energy mini-
mization approach could be applied. Splitting of the con-
tinuous actuators based on an experimentally determined 
locking angle resulted in actuator arrays with simulated 
shear angles below the locking angle. This simulated pre-
diction of drapability was also confirmed experimentally 
for two actuators. By using a structural model consisting 
of 42 layers of M21  E prepreg and applied MFC actua-
tors, the morphing deformation can be simulated with a 
FEA. The reduction in active actuator area resulting from 
the necessary splitting led to a reduction in the achievable 
morphing related change in turning angle by 1.11 % to 
1.78 ◦. Therefore, the draping of piezoelectric low-profile 
actuators is considered feasible when employing the split 
approach.

Finally, the findings from the development of the mor-
phing fan blade’s structure enable the feasibility analysis of 
the morphing technology at aircraft-system-level. There-
fore, the blade developed for test bench use is scaled up 
and the integration into the EPS of a future electric aircraft 
is addressed. As the MFC actuators permit high actuation 
frequencies, which can be utilized for cyclic periodic actu-
ation or vibration reduction, a high frequency is included 
into the analysis. Considering three different power system 
architectures with various numbers of engine configura-
tions, including 2, 4, and 6 motors, a high-voltage power 

Fig. 18  Definition of turning angle ∆φ on aerodynamic profile

 

Fig. 19  Shear angle of actuator setup on SS: a Continuous actuator, b 
splitted actuator array
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