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Abstract
The increasing number of constellation satellites requires re-thinking of the design and manufacturing process for reaction 
wheel rotors. Mass optimisation of reaction wheel rotors leads to cost reduction and performance increase. Those optimisa-
tions can be realised by taking ideas from nature. Therefore, design principles of diatoms were screened, abstracted and 
implemented in an algorithm-based design process. In this way, a bio-inspired rotor was created, which considers launch 
and in-operation loads, is capable of up to 7500 RPM and shows a compact design with a diameter of 282mm . Regarding 
mechanical performance, an energy density of 4661 J kg−1 and a mass moment of inertia ratio of 0.7584, which considers 
the component and an idealized design, could be achieved. Compared to a commercial rotor, this is equivalent to a similar 
inertia ratio and +85 % energy density, but +44 % mass due to manufacturing restrictions. Based on different boundary 
conditions, different first natural frequency for launch and operation conditions were obtained ( 658Hz and 210Hz ). The 
new design was cast from nano-reinforced aluminium alloy (AlSi10Mg + Al2O3) in 3D-printed sand moulds that were 
produced via binder-jetting process. Thus, a hybrid manufacturing process was used, by combining additive manufacturing 
and casting. Post-processing of the cast part via turning and milling was performed to compensate distortion and achieve 
the required surface quality. Preliminary vibration measurements were performed, showing a large need for balancing to 
achieve low vibration emissions.

Keywords  Mass reduction · Optimisation · Sand casting · Vibration tests · Flywheel · Nano-reinforced aluminium

1  Introduction

Reaction wheels are actuators inside the satellite Attitude 
and Orbit Control System (AOCS), whose primary task is 
the control of the satellite orientation. The reaction wheel 
rotor is made of different parts and is the highest mass in 
the reaction wheel as shown by [1, 2]. Consequently, a rotor 
mass reduction would lead to a significant reaction wheel 
mass reduction. As [3] points out, a mass reduction by one 
kilogram leads to a mission cost reduction (due to reduced 
launch costs) of 5000€, so that even small mass reductions 
have a significant impact. Further, current satellite reaction 
wheel rotors are built from multiple parts, resulting in high 
assembly costs and rotor imbalance. Combining different 
parts to a single part as well as optimising the component 
shape according to the load would lead to significant imbal-
ance reduction and wheel’s system improvement.

Rotor optimisation, related to energy storage systems, is 
frequently discussed in the literature. [4] and [5] analysed 
the kinetic energy storage of different rotor geometries, 
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whereas [6] presented a novel approach for shape optimisa-
tion using the evolutive system method. Further works dealt 
with a numerical shape optimisation based on even stress 
distribution [7], a topology optimisation based approach 
for maximising energy density [8] or a shape optimisation 
approach using parametric geometry modelling for max-
imising energy density [9]. Additionally, [10] analysed the 
optimal shape, size and material of rotors with respect to 
maximum kinetic energy. As extensive as the literature for 
energy storage systems is in general, as limited is it with 
respect to rotor optimisations for satellite reaction wheels. 
[11] discussed an axis-symmetric topology optimisation of 
a reaction wheel rotor for an earth observation mission.

One way to improve technical components is the imita-
tion and implementation of principles found in nature. In 
this sense, a bio-inspired design is the combination of solu-
tions from nature and technology, aiming for an improved 
design by getting inspired by instead of copying nature 
[12]. The motivation behind this transfer is the diversity of 
nature, which offers a great source of inspiration [13], and 
the evolution, in which over the course of 3.8 billion years 
biological structures have been optimised [14]. If organisms 
have a higher chance of survival compared to others due to 
lightweight structures, the resulting constructions come very 
close to an optimal lightweight solution due to improvement 
over million of years [15].

Such an example is represented by diatoms, marine 
microorganisms of a few μm to a few mm in size that occur 
in more than 100–000 species with different forms and 
sizes [16], as shown in Fig. 1. Their shells are optimised for 
stiffness and lightweight design and exhibit a high degree 
of symmetry, complexity and self-similarity [17]. In this 
way, they are able to protect themselves from predators and 
to float in the upper water depths, which is essential for their 
survival [18].

Due to their diversity, different design principles of dia-
toms have been applied in various technical fields. There 
were studies in the automotive sector on plastic deformation 
elements [20] or developments of A-pillar reinforcements 

[21], a concept for an offshore foundation structure [22], 
studies on the influence on natural frequency [23, 24] and 
the improvement of a girder structure [25]. Furthermore, a 
holistic lightweight design optimisation process that har-
nesses appropriate lightweight design principles to develop 
engineered components was developed by [26].

The advanced manufacturing process applied in the 
presented work is a hybrid method based on casting and 
3D-printing. Using additive manufacturing for the produc-
tion of the mould and an aluminium casting process for 
expendable moulds as the main manufacturing process, 
higher geometric complexity and being cost effective at 
the same time is achievable. Compared to industries where 
expendable moulds were not efficient because of the required 
number of parts, in space industry expendable moulds are 
suitable regardless of the increased number of satellites 
launched because the mass restrictions outweigh the num-
ber of parts needed.

The objective of the present work is to describe a devel-
opment process of a mass-optimised, single-part reaction 
wheel rotor with a bio-inspired design, made by advanced 
manufacturing and used in small to medium satellites, since 
the satellites size shifts towards this direction as they are 
frequently used in satellite constellations [27].

The presented work was part of LOBSTER, a 6-month 
subproject conducted in the framework of the EU-funded 
project OASIS (Open Access Single entry point for scale-
up of Innovative Smart lightweight composite materials and 
components), which included the manufacturing of a dem-
onstrator and first simplified analysis to identify potential 
for further studies.

The paper is structured as follows: Chapter 2 describes 
the constraints for the reaction wheel rotor which are the 
baseline for the bio-inspired design process presented in 
chapter 3. Chapter 4 addresses the advanced manufactur-
ing process of nano-reinforced aluminium casting with 3D 
printed casting moulds, followed by functional testing in 
chapter 5. The discussion of the obtained results is given 
in chapter 6, while chapter 7 concludes with a summary of 
key findings.

2 � Application constraints

The present work focuses on the development of a mass-
optimised, fast spinning (up to 7500 RPM) reaction wheel 
rotor with a maximum radius of 300mm and a mass moment 
of inertia between 0.051 kgm−2 to 0.06 kgm−2 , leading to 
a momentum storage capacity of at least 30Nm s . Rotors 
with similar inertia and momentum storage capacity can 
be made of stainless steel A316 or polymer PEEK and can 
have a mass of about 2.3 kg, but at the same time require 
larger diameters (about 350 mm) and lower rotational speeds 

Fig. 1   Scanning electron microscope (SEM) images of diatom shells 
(modified according to [19])
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(4500–6000 RPM) [1, 11]. According to [28], such rotors 
can be used for small- to medium-sized satellites.

In contrast to common reaction wheel rotors, the new 
design is made of nano-reinforced aluminium. By this deci-
sion, demisability—the breaking melting of parts during 
re-entry which lowers the risk of harming anything on the 
ground—is taken into account. Stainless steel rotors have a 
higher chance to survive or only partially ablate during re-
entry [1] and the use of aluminium in reaction wheel rotors 
can help to improve this aspect [29]. In addition, aluminium 
rotors have higher specific energy density at lower rotor 
radii and high speeds compared to steel rotors [10], which 
is in line with a reaction wheel for small- to medium-sized 
satellites.

To enable the use of nano-reinforced aluminum, casting is 
chosen as manufacturing process. In addition, manufacturing 
by casting can satisfy small-scale serial productions associ-
ated with the increasing demand for small- and medium-
sized satellites and at the same time, provide complex shapes 
like it can been seen in mass optimised parts.

Regarding mechanical performance of the rotor, the 
considered load conditions are differentiated into launch 
and in-orbit operation, which are related to different loads, 
boundary conditions and minimum first natural frequency 
requirements. To allow fast development, the mechani-
cal calculations are simplified and explained in detail in 
chapter 3.3. As the focus is on the rotor design, additional 
rotor elements like ball-bearings, the motor and locks, are 
considered as simplified geometries based on commercial 
components.

3 � Bio‑inspired design process

The bio-inspired design process was applied to optimise a 
rotor design. Using design principles found in nature, an 
optimal mass distribution should be created, which incorpo-
rates mass reduced structures, is highly adapted to defined 
loads and generates the mass moment of inertia with least 
amount of material. To develop the design, bio-inspired 
design principles were used in a generative, algorithm-based 
workflow. Adapted from the problem-driven bio-inspired 
design approach of [30] and the technology pull method 
of [31], different steps like problem definition, search for 
biological role models and implementation of abstracted 
principles were conducted. Accordingly, the development 
process of the design was divided into different steps, which 
are shown in Fig. 2 and explained in the next chapters.

For the creation of the design, the software Synera (Syn-
era GmbH, Bremen, Germany) was used, which enables 
the development of complex CAE models, based on an 
automated and algorithm-based development process. For 

topology optimisation, the software Altair HyperMesh in 
combination with the OptiStruct solver (Altair Engineering 
Inc, Michigan, USA) was used.

3.1 � Problem definition

For the technical problem of a mass optimization of a rotor, 
solutions were searched for in different diatoms. The prob-
lem was described with Eq. (1) whereby all values were 
depended from the parametric rotor design, whose param-
eters are given in Table 1 in Sect. 3.6.

with the constraints
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Fig. 2   Workflow of the bio-inspired rotor design creation
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L	� angular momentum (see Sect. 3.7)

�
y

	� Yield strength

d
max

	� Maximum displacement

3.2 � Design space

The maximum available space for the new rotor was a cylin-
der, which is 150mm in height and 300mm in diameter. The 
design of the new rotor was based on the assumption, that 
the rim, the outer most part of the rotor, is mainly respon-
sible for the generation of mass moment of inertia. The 
remaining rotor material has a small impact on the inertia. 
Furthermore, the rim could be seen as a ring for the calcula-
tion of its mass m

ring

 and mass moment of inertia I
ring

.

�	� Density of aluminium

r
i

	� Inner radius of the ring

r
a

	� Outer radius of the ring

The height of the ring h
ring

 was equal to the maximum 
height of the design space with 150mm . Considering the 
maximum diameter, the rim width can be calculated by sub-
stituting Eq. 2 in Eq. 3, rearranging to r

i

 and assuming that 
the rim inertia should be equal to the minimum requested 
mass moment of inertia.

3.3 � Load cases and boundary conditions

The rotor must be able to withstand the loads during opera-
tion in-orbit as part of a satellite and additionally during 
transport to space. Therefore, two different load and bound-
ary conditions were considered as these are in no way simi-
lar. The assumed load amplitudes and frequency have been 
average values for earth observation mission given by the 
industry partner.

While launching, the rotor experiences dynamic loads 
caused by the launchers. Using the Miles equation, those 
loads were simplified into acceleration loads of 20 g, sepa-
rately applied in X-, Y- and Z-direction. The rotor is fixed 
to the inner surfaces of the connection elements, which is 
equivalent to being secured at launch by launch locks. The 
mounting points for the launch differ from the operational 
mode. The launch lock position is selected in such a way that 
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ring

= h
ring

⋅ � ⋅ � ⋅ (r
2
a

− r
2
i

)

(3)I
ring

= 0.5 ⋅ m
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)

the rotor has a minimum loading. To avoid critical vibra-
tions, the first natural frequency at launch should be greater 
than 150 Hz.

For in-orbit operation, the main load is based on cen-
trifugal forces, which were generated due to the maximum 
rotational speed of 7500 RPM around the vertical Z-axis. In 
addition, a disturbance torque of 3.56 Nm was applied sepa-
rately about the horizontal X- or Y-axes. This disturbance 
was present due to an assumed satellites slew and coupled 
imbalance, taking into account a safety factor of 1.5. The sat-
ellite slew �

slew
 is defined as 1 degree per second, resulting 

in a gyroscopic torque of 0.52 Nm for the given rotational 
speed and required angular momentum:

A value of 30 gcm2 is assumed for the coupled imbalance. 
Multiplied with the rotational speed, a value of 1.85 Nm 
was considered as part of the disturbance torque. Boundary 
conditions were assumed to be fixed at the rotor surfaces in 
contact with the bearings, changing the required minimum 
natural frequency to 190 Hz for the in-orbit condition.

In total, 3 different static load cases for launch and 2 for 
operation conditions were considered.

3.4 � Topology optimisation

Topology optimisations were carried out to identify the load-
bearing areas common for all load cases. These provided the 
basis for the new design. As defined before, the rim was 
mainly responsible for the mass moment of inertia, so that it 
remained solid and unaffected by the topology optimisation 
(non-design space). In addition, a simplified structure at the 
center of the rotor, which is used to cover and attach wheel 
components like ball-bearings and the motor, was defined as 
a second non-design space; the third were three connection 
elements for lock applications. All non-design spaces are 
shown blue-highlighted in Fig. 3a, while the design space, 
which remains when non-design spaces and spaces required 
for additional wheel components are subtracted from the 
available space, is presented in grey.

The nano-reinforced aluminium alloy AlSi10Mg + Al2O3 
used for the rotor simulation had a density of 2.6 tm−3 , a 
yield strength of 0.08GPa , a Poisson ratio of 0.33 and a 
Young’s modulus of 71.5GPa . Due to the given rotational 
symmetry, a rotational symmetry criterion was activated for 
the optimisation, with the aim of generating a new design by 
rotating identical cylinder sectors (analogous to circle sec-
tor). Two different settings were considered, 3 or 6 sections. 
Both setups were complemented by a minimise weighted 
compliance objective considering all load cases equally 
weighted with a factor of 1, and constraints for a volume 
fraction of 0.2 as well as minimum first natural frequencies. 

(4)�
gyro

= �
slew

⋅ L
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Due to the different boundary conditions, the frequencies 
differ between launch (150 Hz) and operation (190 Hz). The 
results of the optimisation are shown in Fig. 3b.

3.5 � Analogy search and biological templates

To be able to create a preliminary bio-inspired design of a 
rotor, biological models had to be selected in a first step, 
which were abstracted to bio-inspired structures in the fol-
lowing step. For this purpose, analogies were defined, which 
were used to search the literature and databases for suitable 
diatom species and design principles of their shells. Analo-
gies could refer to entire organisms or to specific features 
of individual areas of the shells. The considered analogies 
corresponded to three different fields: Function, Require-
ment and Form. While the analogies for the first two fields 
resulted directly from the specifications for the new com-
ponent, the third field was derived from the design of the 

topology optimisation results (Fig. 3b), which allowed the 
load-bearing areas to be considered for the new design.

Accordingly, the rotor should be built from rotational 
symmetric cylinder sectors. The central area should consist 
of a few, stronger struts with large, trapezoidal cavities. 
The main area of the rotor contained flat structures pos-
sibly reinforced with rib structures. Alternatively, comb-
like or lattice structures could replace those structures to 
improve lightweight. Although only partially visible in the 
results, a mirror symmetry with respect to the horizontal 
was assumed to reduce design-related imbalance. In sum-
mary, the analogies were defined as:

–	 Function: Mass concentration in outer areas, loading 
due to rotation, loading due to acceleration

–	 Requirement: Load transfer and distribution from 
center to outside, areas with less or no mass, connec-
tion structures with low mass, combination of load 
carrying and load transferring sections, smooth con-
nections

Fig. 3   Design spaces and topology optimisation results
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–	 Form Cylindrical, rotational symmetry, struts and cut-
outs, flat structures, horizontal symmetry

3.6 � Design concept and bio‑inspired rotor design

According to the biological role models, bio-inspired struc-
tures were generated, combined with the non-design space 
of topology optimisation to form a preliminary parametric 
design, and then optimised. As can be seen in the schemati-
cally-displayed right half of the new design in Fig. 4, a two-
part, radially-symmetric structure similar to the shell shape 
of Asterolampra marylandica and Rocella schraderi, was 
derived. Analogous to the models, the centrally located area 
contained larger structures. The outer part was formed by 
regular, comb-like structures, whose size increased towards 
the outside and can be found in different forms in diatoms 
(e.g. Thalassiosira sp.). Due to rounding of the comb-like 
pattern and thickening of the ribs running between them, the 
comb-like structures were hardly recognizable as such in the 
final design. Instead, the outer area was derived into a ring 
with irregularly shaped oval cavities. The ribs emerged from 
much thicker structures in the rotor center and split outward, 
allowing loads to be directed and distributed from the center 
to the outer areas. In addition, smooth or rounded transitions 
and varying structural thicknesses are found throughout the 
design, in keeping with the biological role models.

To achieve the optimal setting and combination of the 
bio-inspired design principles, an automated parameter 
optimisation was performed using the MIDACO solver 
(Mixed Integer Distributed Ant Colony Optimisation). This 
solver implements a derivative-free, evolutionary hybrid 
algorithm and can be used for single- and multi-objective 

optimisation with up to thousands of variables and hundreds 
of objectives [33]. In this way, for example, the number and 
arrangement of the comb-like structures or the strengthening 
of their fillets or sizes was adjusted, so that the structures 
were adapted according to present loads. FEM simulations 
were performed for every new design to ensure compliance 
with stress values lower than yield strength. An overview 
about all parameters used, is given in Fig. 5 and table 1. 
The optimization objectives were set according to Eq. (1) 
in chapter 3.1.

Through the parametric design and the algorithm-based 
design environment in Synera software, manufacturing-rel-
evant design constraints could be integrated into the devel-
opment process based on logic and mathematical rules to 
enable manufacturability. In this way, fillets of at least 3 mm 
for each edge were applied and a minimum material thick-
ness of 7 mm was guaranteed. Furthermore, massive solid 
areas were avoided and transitions between different struc-
tures have been smoothed. Due to the minimum thickness, 
designs based on lattice structures or rib reinforced surface 
structures had to be excluded. The final design of the rotor 
shown from different perspectives is presented in Fig. 6.

The inertia ratio, given here as figure of merit, described 
the proportion between the inertia of the new rotor I

ro

 and 
the inertia of an idealised ring I

ideal

 , where all mass is located 
on the radius.

(5)I
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I
ro

I
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=

I
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m
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⋅ r
2
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.

Fig. 4   Final design of the rotor in a rendered (left) and schematic (right) representation, including an overview about the marine microorganisms 
used to abstract bio-inspired design principles and structures (modified according to [16, 32])
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3.7 � Performance of the new rotor

To comment on the performance and potential of the new 
rotor design, comparative data from a commercially used 
rotor (RSI25-220/45 from Rockwell Collins Inc., Cedar Rap-
ids, Iowa, USA) and a conceptual, topology-optimised rotor 
design [11] were used. Since no data was available for the 
wheel of the commercial reaction wheel rotor, a simplified 
rotor with comparable properties based on data from [1] was 
used. In addition to the rotor properties already mentioned, 
the inertia to mass ratio I

m

 , the angular momentum L and the 
energy density e as kinetic energy E

kin

 to rotor mass ratio were 
considered for the performance evaluation, calculated based 
on the CAD-model.

(6)I
m
=

I
ro

m
ro

(7)L =I
ro
⋅ �

The bio-inspired rotor had a diameter of 282mm and a 
maximum rim height of 150mm , while possessing a mass 
of 3.375 kg . The moment of inertia was 0.051 kgm2 and the 
inertia ratio was 0.7528, resulting in an inertia to mass ratio 
of 0.0151m2 . With a rotational speed of 7500 RPM, the 
rotor showed an angular momentum of 40Nm s and a energy 
density of 4661 J kg−1 . Corresponding values were generated 
for the commercial and conceptual reference models. All 
values are summarised in table 2. Compared to the reference 

(8)e =
E
kin

m
ro

=

0.5 ⋅ I
ro
⋅ �

2

m
ro

.

Table 1   Parameters of the parameter optimisation

# Parameter Range Definition Explanation

1 Maximum diameter 280–300mm Absolute Lower bound due to launch locks and requested moment of inertia
2 Cylinder sectors 3 or 6 Absolute Number of structures in the center area
3 Cylinder sector width 0–1 Relative 0 represents a width of 14mm and 1 the maximum possible width
4 Outer radius 0.1–0.8 Relative Radius of the inside structure in relation to the maximum possible radius
5 Cylinder sector bending 0–1 Relative 0 is related to “straight” and 1 to the maximum bending
6 Cylinder sector rounding 1.5–3mm Absolute Fillet radius for rounding vertical edges of inner structures
7 Combs 12, 18 or 24 Absolute Number of combs within one row
8 Comb rib thickness 3.5 - 5mm Absolute Rib thickness between different honeycombs
9 Central radius 23 - 45.2mm Absolute Based on the size of the non-design space
10 Top bearing position − 11 to 64 Absolute Z coordinate of the upper bearing center of gravity
11 Bearing distance 0–1 Relative 0 is related to no distance, and 1 represents the maximum distance
12 Comb rows radial 2, 3 or 4 Absolute Number of combs in radial direction

Fig. 5   Visual representation of the adaptable parameters for the 
parameter optimisation based on a preliminary design

Fig. 6   Final design of the bio-inspired rotor shown from top (a), per-
spective (b) and cross-sectional view (c)
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models, improved values of the new design are written in 
bold and less-performable values are underlined.

Regarding first natural frequency, the new design for the 
start condition possessed 658Hz , well above the required 
150Hz . In operation, the first natural frequency was 210Hz 
and thus also above the required value of 190Hz . The 
maximum occurring stress was about 18 % below the yield 
strength criteria of 53.3MPa , based on a safety factor of 1.5. 
The safety factor is obtained by multiplying a parameter for 
consideration of metallic parts with critical yield strength 
(1.25) [34] and an additional parameter (1.2) that takes into 
account the coarse manufacturing tolerances of a casting 
manufacturing process [35].

4 � Advanced manufacturing

The manufacturing process started with the material prepara-
tion 4.1, followed by the process modelling and an enhance-
ment of the design with casting specific elements 4.2. The 
generation of the mould 4.3 was the next step, while manu-
facturing and post-processing of the new design were the 
last steps 4.4.

4.1 � Material preparation

Ball milling was the first phase of the particle preparation 
process. In this way, the aluminium coat the nanoparticles 
to facilitate the incorporation of the nanoparticles into the 
molten matrix [36]. The ball milling process was carried by 
rotating a canister filled with aluminium powder, steel balls 
and ceramic nanoparticles (Fig. 7a) on a constant speed. Due 
to collision with the steel balls and a rotating duration for 
24–48 h, a homogeneous mixture of ceramic particles and 
aluminium powder was obtained, shown in Fig. 7b. In the 
following pressing phase, aluminium-coated ceramic nano-
particles were pressed with loads between 2-7 tons. In this 
way, the loose material was transferred into a compact shape, 
called pellet, which is more suitable for further processing 
(Fig. 7c).

For the casting process of the rotor, ingots made of 
nano-reinforced Aluminium were needed. Therefore, the 
stir casting process according to [37] was used. AlSi10Mg 

alloy was melted in a silicon carbide crucible in an elec-
tric resistance furnace by reaching a furnace temperature 
of up to 700−740◦ C . Once the material was melted, a stir-
rer was introduced to generate a vortex, Al2O3 nanoparti-
cles were introduced and the stirring was maintained for 
15min . Finally, the melt was cooled down to 700−720◦ C 
and poured in a metallic die.

4.2 � Casting design

The manufacturing method chosen to build this part was 
gravity casting in sand due to the complexity of the geom-
etry. To facilitate filling the axially symmetrical part, the 
mould rotated while pouring the metal. To perform the 
casting in a correct way, an adequate filling system had 
to be designed, which conduct the liquid material through 
the mould cavities. The filling system depends on the ori-
entation of the part. Three different orientations could be 
considered in this case (see Fig. 8). Since the part must 
be filled homogeneously throughout the radius to avoid 
excessive axial unbalance, orientation C was discarded. 
If the part would be filled from the outside (orientation 
A), it would be necessary to add several points of attack 
so the post-processing could lead to more axial unbalance 
and would be more complex due to removal of flutes and 

Table 2   CAD-model based reaction wheel rotor performance of the bio-inspired design, a simplified commercial design [1] and a conceptual 
design [11]. Improved values of the new design are written in bold and less-performable values are underlined

Rotor Diameter 
[ mm]

Rim 
height 
[ mm]

Mass [ kg] Inertia 
[ kgm2]

Inertia to 
mass ratio 
[ m2]

Inertia ratio [-] Energy den-
sity [ J kg−1]

Angular 
momentum 
[ Nms]

RPM

Concept 350 93 2.24 0.041 0.0183 0.5971 3610 26 6000
Commercial 347 99.2 2.34 0.053 0.0227 0.7532 2517 25 4500
Bio-inspired 282 150 3.375 0.051 0.0151 0.7584 4661 40 7500

Fig. 7   The milling process from raw material to pellets. a Raw mate-
rial (left) and the canister in which the raw material is introduced and 
milled. b Milled material in the needed particle size. c A pellet made 
of nanoparticles by pressurising them into a cylindrical shape



Advanced manufacturing concept of a bio‑inspired reaction wheel rotor for small‑ and…

1 3

hit points in a circular geometry. For filling from the inside 
(orientation B), a large feeder in the center is required 
to feed the entire part before starting to solidify and ris-
ers might be needed on the outside to avoid defects in 
the bumps. Because of more usable area to place a larger 
feeder and less complex post-processing, orientation B 
was selected.

The feeder had to be dimensioned so that the feeding sys-
tem ensured good control of the melt flow without splashes 
or impacts, avoid dragging impurities, be able to fill the part 
correctly and be easy to disassemble. Based on the surfaces 
that houses the electric motor, which is where the feeder was 
placed, the channel had a maximum size of 84mm . Corre-
sponding to the feeder shape shown in Fig. 9, a commercial 
feeder from the Company FOSECO with 70 mm diameter 
D2, 152 mm diameter D1, 126 mm height h1 and 181 mm 
height h2 was chosen.

Three risers were used to feed the parts during the solidi-
fication period, to compensate the metal shrinkage and to 
avoid the formation of porosity in the parts. To dimension 
the risers, the solidification time t must be calculated using 

Chvorinov’s rule [38]. In sand casting, the mould material 
controls the rate of heat loss during casting, so that the fol-
lowing equations can be used to determine t and the mould 
coefficient B.

K
m

	� Mould thermal conductivity

�
m

	� Mould density

C
m

	� Mould specific heat

a	� Geometric modulus (equal to 2⋅V
S
)

�
s

	� Solid density

H	� Latent heat of solidification

T
m

	� Casting temperature

T0	� Mould starting temperature

V	� Volume of the part (V
cylinder

= r ⋅ � ⋅ h)

S	� Surface of the part in contact with the mould 
(S

cylinder
= 2 ⋅ � ⋅ r(r + h))

According to [39], n = 2 was assumed. Considering a 
cylindrical shape of the risers and a given height h

r

 , their 
radius could be calculated with Eq. (9) by rearranging Eq. 
(8), since the mould coefficient is equal for the casting part 
and the risers.

(9)t =
�

16 ⋅ K
m
⋅ �

m
⋅ C

m

⋅

[
a ⋅ �

s
⋅ H

(T
m
− T0)

]2

(10)t =B
(
V

S

)n

Fig. 8   Three orientations possi-
ble for filling the part. a Filling 
in horizontal upwards. b Filling 
in horizontal downwards and c 
filling in vertical

Fig. 9   Geometric parameters for commercial feeder selection. In the 
present case D2 is 70mm , D1 is 152mm , h1 is 126mm and h2 is 
181mm
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Assuming a 20 % longer solidification time for the risers 
compared to the casting part [40] and a safety margin of 4, 
the radius of the risers was set to 32 mm. The safety mar-
gin was defined based on foundry experience, the effort to 
produce as many defect-free parts as possible despite very 
low quantities and the placement of the risers in a cold zone.

To check the casting design, filling and solidification 
simulations were carried out afterwards with the use of 
ProCast (ESI Group, Paris, France). Force of gravity and 
the centrifugal force due to the rotation were applied.

4.3 � Mould design

Due to the geometrical complexity of the part, the sand 
mould was manufactured using the Binder Jetting additive 
manufacturing method. This process allows sand moulds 
to be built with layers of bonded sand with a resolution of 
the sand grain size used ( ≈ 100 μm ). In this way, complex 
cavities and shapes are feasible. To have a good access to 
the neck of the risers and to avoid too thin cantilevered 
flanges, the parting line of the mould was defined as shown 
in Fig. 10. Depending on its placement, the moulding pro-
cess could be conditioned and fragile parts of the mould 
left uncovered, increasing the probability of breakage.

In addition, solidification shrinkage must be considered, 
which occurs once the metal has solidified and cooled 
down. As a result, the dimensions of the mould and the 
dimensions of the part would differ, which is generally 
expressed as a linear shrinkage. Based on the aluminium 
sand casting process, a shrinkage of 1.2 % is assumed [41].

4.4 � Post‑processing

Post-processing of the cast part via turning and mill-
ing was required to compensate distortion and provide 
required surface quality for component interfaces. The 
nano-reinforced particles increased machinability and 

(11)r
riser

=

2 ⋅ h
r
⋅

√
1.2⋅t

B

h
r
− 2

decreased typical aluminium flow chips. For balancing 12 
M3 screw threads are created at the upper and lower sec-
tion of the rim. Since this design was a proof of concept, 
it was assumed that a low balancing grade was acceptable.

5 � Vibration measurement

Since the strength of arising vibrations is a relevant aspect 
for the reliable operation of the rotor, micro-vibrations 
caused by the rotor were experimentally measured at differ-
ent rotational speeds. For a qualitative analysis, three uni-
axial acceleration sensors of the type PCB 333B50 were 
mounted onto the rotor stator. Figure 11 shows the measure-
ment setup.

A mass transfer function was used for conversion from 
the measured accelerations into forces, which were related to 
resonance of the part. In this, dynamic resonance was caused 
by rotor imbalance or ball bearing, whereas static resonance 
were the component natural frequencies in the setup. Fig-
ure 12 displays dynamic and static resonance measurement 
results for rotations of 1000 RPM down to 0 RPM. A disc 
shaped calibration rotor was used at first. Here, also the 

Fig. 10   Parting line of the mould

Fig. 11   Rotor vibration measurement setup

Fig. 12   Rotor vibration measurement results for rotation of 1000 
RPM down to 0 RPM on the balanced rotor
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static resonance shown in Fig. 12 existed. Consequently, 
static resonance related to test setup and the rotor mount-
ing. It can be seen that the static resonance amplify also the 
dynamic resonances. Additionally, in operation three-point-
balancing in one plane was conducted to reduce the distur-
bance amplitude. To reach the displayed static imbalance, 
a balancing mass of 30 g was necessary. The relatively high 
imbalance limited the allowable rotation rate as the bear-
ings could not fully compensate the eccentric motion of the 
rotor. The electric motor air gap defined acceptable eccen-
tric motion. The displayed disturbance amplitude value in 
Fig. 12 is insignificant as the transfer function is unknown.

6 � Discussion

The development of the bio-inspired reaction wheel rotor 
design, manufactured as a sand mould cast part, was real-
ised by performing different development steps. Each step 
is discussed in the following.

6.1 � Bio‑inspired design process

The abstraction and implementation of the bio-inspired 
design principles revealed some limitations. Although com-
plex, filigree and hierarchical structures are usually found in 
diatoms, the abstracted rotor design appeared very rudimen-
tary, caused by a high level of abstraction simplification. The 
manufacturing-related minimum material thickness of 7mm 
prevented the use of bio-inspired structures like lattices or 
fractal combs. Those structures can be found in nature in 
a variety of forms and posses high mass saving potential 
among other mechanical benefits [42]. In addition, the 
assumption of an horizontal symmetric rotor adds up to the 
simplifications. Therefore, the present design could be con-
sidered as an optimised design with unexploited potential. 
This is in line with [43] who proposed that the success of a 
bio-inspired design mainly depends on the implementation 
of an analogy at an appropriate level of abstraction.

The unexploited mass saving potential is also apparent 
in the rotor performance according to occurring stresses. 
As the maximum stress is around 18 % lower than the yield 
strength, material of the rotor could be further reduced 
resulting in less mass and stresses closer to the maximum 
allowed value. Nevertheless, the mass distribution must still 
ensure the required mass moment of inertia, manufactur-
ability and yield strength compliance.

Compared to the topology-optimised concept design of 
[11] and the simplified commercial reference model of [1], 
the bio-inspired design has to be critically evaluated, since 
its mass is 44 % higher. Although the inertia to mass ratio 
is about 19 % worse compared to the concept design, the 
performance in terms of energy density (+30 %) and inertia 

ratio (+27 %) shows significant improvements. In addition, 
the design is much more compact due to a smaller rotor 
diameter, even though the maximum rotor height is larger. 
Furthermore, the rotor inertia of the concept design is about 
20 % lower and the design is highly simplified so that no 
structural interfaces for bearings, launch looks or similar 
structures were considered. Their implementation as well 
as an increase in inertia are accompanied by an increase in 
mass, so that the comparison to the concept design can only 
be considered to be of limited meaning.

The comparison with the commercial model does not 
have these limitations, since the same relevant characteris-
tics as the fully functional initial component are represented, 
although it is simplified according to [1]. Identical to the 
concept design, the bio-inspired design is built more com-
pactly. At approximately the same inertia and inertia ratio, 
the inertia to mass ratio is 34 % lower for the bio-inspired 
design. At the same time, the new design enables up to 67 % 
faster speeds and 85 % higher energy density. In addition, it 
must be considered that the bio-inspired design is made of 
aluminum, allowing for improved demisability, thus provid-
ing an advantage over the commercial stainless steel rotor.

The comparison with the commercial model is much 
more meaningful, despite the fact that the speed and angu-
lar momentum differ significantly. Therefore, it can be con-
cluded that a similarly performing mass distribution was 
achieved (indicated by the inertia ratio) with a significantly 
higher energy density.  A mass reduction and the implemen-
tation of a “lightweight” design could not be implemented 
to a large extent. The reason for this are the manufacturing 
restrictions. Since the material and the hybrid manufactur-
ing approach are still at a development stage, the probabil-
ity of comprehensive improvements is high, so that signifi-
cantly lower material thicknesses could be produced. As a 
result, material could be reduced, especially in the centrally 
located, low stressed areas. This would have little effect on 
inertia, as this depends mainly on the rim of the rotor. In 
addition, the comb-like area could be replaced by finer pat-
terns or lattices, which would save further mass. Based on 
these points, it can be seen that the design and approach offer 
the potential to make a lightweight, bio-inspired rotor design 
more likely in the future.

6.2 � Material selection

An aluminium alloy was selected to allow fast burn up of the 
rotor during re-entry in the atmosphere and to benefit from 
higher specific energy density at lower rotor radii and high 
speeds. Despite taking into account the previously explained 
limitations of the mass saving potential of the bio-inspired 
design principles, the use of nano-reinforced aluminium did 
not seem to enable a significant advantage in terms of the 
analysed rotor properties. From materials perspective, higher 
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density materials, as the already in use Inconel 718, offer 
advantages in terms of rotor mass efficiency. Furthermore, 
an Inconel alloy would also allow higher mechanical stresses 
and enable further size reduction. In addition, Inconel has a 
higher fatigue strength. From a post-processing perspective, 
the nano-reinforced particles increased machinability and 
decreased typical aluminium flow chips which is beneficial.

6.3 � Casting process

During the casting process, challenges were encountered that 
might have affected the casting and present opportunities 
for improvement. First, rotation has to been given to the 
mould as explained in 4.2. A rotating table was used and 
a speed of 1 RPM was applied to the system by hand. The 
main problem here was to align the center of rotation and the 
center of gravity of the mould, especially due to the weight 
of the assembly. Second, the pouring of the metal into the 
mould had to be fast enough to fill the whole part before it 
started solidifying. As the part is thin, the solidification of 
the molten alloy happened almost immediately. Third, due 
to complexity, the center area, where the feeder is attached, 
and the lock connections at the inside of the rim were cast as 
solid geometries without cavities. Therefore, the effort and 
complexity of the post-processing was significantly higher 
than if only the additional cast structures had to be removed.

In addition, the post-processing revealed that the cast-
ing quality is affected by generated pores with a diameter 
of about 0.5 − 1mm . Potential reasons are bad degassing, 
drags from the moulds or an improvable casting design, so 
that these factors need to be further considered to improve 
the outcome of the casting process.

As mentioned in the discussion about the bio-inspired 
design process, using lattice or fractal honeycomb structures, 
improvements in the rotor performance can be expected, but 
fabrication of these structures would require a reduction in 
the minimum material thickness. Alternatively, fabrication 
using additive manufacturing might be an option, although 
the advantages of a nano-reinforced material could then be 
lost and the possibility of manufacturing a larger amount of 
parts, which the casting process enables, would disappear.

6.4 � Vibration measurement

In comparison to other mechanical parameters of the new 
rotor, no test on the commercial rotor was performed and 
accordingly no comparison was made. The aim of this meas-
urement was to prove whether the frequency requirements 
were met.

The conducted measurements showed that the balancing 
process is critical to achieve low vibration emission. The 
detailed analysis of the casting deformations were essen-
tial for the post-processing to obtain low imbalance. As 

explained, the conducted measurement can only provide a 
qualitative evaluation of the rotor performance, due to the 
mass transfer function. This function is difficult to predict 
since it depends on all reaction wheel components and the 
mounting for measurement. For more accurate evaluation, 
the function should be determined via direct force measure-
ments. In addition, modal analysis of the rotor showed that 
the measured resonance comes from measurement setup and 
not to the rotor itself. As a third point, the tested rotational 
speed should be increased up to the maximum speed of 7500 
RPM, to draw conclusions about the entire range of opera-
tional speed.

7 � Conclusion

In this work, a bio-inspired rotor design based on design 
principles of marine microorganisms and an algorithm-
based workflow could be realised and manufactured as a 
proof of concept using nano-reinforced aluminium and sand 
mould casting. The new design represents an objective-ful-
filling compact rotor for small to medium satellites, capable 
of high-speed spinning and good performance in terms of 
inertia ratio, energy density and natural frequency require-
ments. Regarding manufacturing, the hybrid process using 
additive manufacturing and casting has aroused as a use-
ful method to manufacture complex structures with small 
cost and high efficiency, so that aluminium sand casting is 
a viable option when manufacturing lightweight, complex 
or optimised parts.

Future work might focus on the improvement of the 
casting process enabling the use of finer, more complex 
bio-inspired cellular structures to use more mass-saving 
potential of the shown process. Additional, in-depth casting 
FEM-simulations for improved casting design and validated 
mechanical and thermal performance of the concept, repre-
sent further, useful additions to the development process.
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