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Abstract 

 

Reaction wheels with a momentum storage of >50 Nms require complex damping to dissipate the energy 

of vibrational loads in order to keep the bearing unit undamaged. This makes the flywheel masses a 

complex construct, with up to 80 parts for a single flywheel mass (100 Nms). In order to reduce the 

complexity and allow a larger adjustability of the flywheel mass designs, a study was conducted together 

with the European Space Agency to develop a additive manufactured flywheel mass for reaction wheels. 

The main goal of the study was a proof of concept to cover the main requirements: 

-  Design capabilities: identify a design that cannot be manufactured with classical methods 

- Material consistency: show that an additive manufactured flywheel mass has enough homogeneity 

for fine balancing 

- Machineability: show that the flywheel mass can be fine-machined with minimum effort to allow for 

a quick turn-around time 

- Strength & stiffness: test the flywheel mass to identify the key eigenfrequencies and behaviors 

under vibrational loads. 

The conducted study was the first step in a longer development road with the end goal to develop a 3D 

printed flywheel mass that includes all the properties of the dampened multi-component flywheel masses 

with highly reduced manufacturing costs. 

Introduction 

 

A typical large flywheel mass of the Teldix™ reaction wheels consists of several components that are 

assembled to form the final flywheel mass. Figure 1 shows the 68 Nms reaction wheel with a spoked 

flywheel mass design. The Flywheel Mass consists of a steel hub, 5 soldered spokes, an outer mass ring 

and two clamped damping rings. With the required screws, the part count for this simple design is >20, 

each having an effect on the fine-balancing, vibrational loads and consequently exported micro vibrations. 

 

 

Figure 1: Teldix RSI 68-75/60 
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The goal is to replace this by an additively manufactured flywheel mass consisting of one single piece with 

a few remaining balancing screws. The active damping system is to be integrated into the design itself. 

Although metal additive manufacturing is maturing year by year, the experience for class 1, mission critical 

equipment is still low. Major challenges expected are the material homogeneity, the predictability of the final 

design (e.g. simulation accuracy) and design possibilities. 

 

Concept 

 

The first step of the study was a technology identification, selecting between the different additive 

manufacturing methods, finally settling on the Laser Bed Powder Fusion Technology. As material a titanium 

alloy (Ti6Al4V) was selected.  

 

The flywheel is designed using optimization methods with required constraints. Figure 2 shows the design 

evolution of some selected designs. The designs in the middle and on the right were selected for deeper 

analysis. 

 
Figure 2. Design Iterations 

 

The middle design has a very thin (about 1mm) closed membrane that’s remeniscent of a jellyfish. The first 

natural frequency is at about 250 Hz (>150 Hz required). In the experience of Rockwell Collins Deutschland, 

very high first natural frequencies lead to higher loads on the bearings, because of a lower damping 

property. Additionally, the manufacturing of the thin wall with a shallow angle is very challenging. A 

successful print was questioned by the production team. For these reasons, this design was not pursued 

further. 

 

The design on the right was selected as it meets all requirements and has a better printability. Also, the first 

eigenfrequency is designed to be at 154 Hz, slightly above the requirement of 150 Hz. 

 

Analysis 

 

The mechanical analysis of the flywheel and the reaction wheel assembly is performed to check whether 

the launch loads can be withstood. The most important modes are the first radial at 156 Hz and the first 

axial mode at 624 Hz shown in Figure 3. 

 

 
Figure 3. Main Modes of the Flywheel Mass. Left: First Radial Mode. Right: First Axial Mode 
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The analysis at the assembly level was performed twice. Once before the q-factor test and therefore an 

uncertain, conservative amplitude assumption. For the second run the analysis was revised with values 

adapted to the q-factor test (see Table 1). 

 

 
Figure 4. Main Modes of the Complete Reaction Wheel Assembly 

 

Manufacturing 

 

After the design was accepted by all involved parties, the manufacturing was performed. The complete 

manufacturing took 165 h of machine time. In addition to the flywheel mass, tensile test samples were 

manufactured: 

    
Figure 5. Left: Printed Flywheel Mass with Support Structures and Tensile Strenght Samples. Right: 

Tensile Strength Results of The Samples. 

 

After Manufacturing of the first sample, the flywheel mass underwent several tests to validate the 

technology and requirements.  

 

Firstly the mass was 3D-Scanned to show any deviations compared to the design file. The deviations are 

shown to be between -0.5 mm and 0.26 mm (Figure 6). These deformations occur during the thermal 

settling, especially on the large volume of the outer ring.  

 



 

154 

 
Figure 6. Geometric Deviation of The Printed Flywheel Mass versus the CAD-Model 

 

 
Figure 7. Flywheel Mass After Final Machining 

 

The next step was to fine-machine the flywheel mass to achieve the necessary surface properties at the 

bearing interface as well as perform the fine balancing. For this the central section was machined, as well 

as some sections on the outer ring.  

 

The balancing was performed in two separate steps, first some material is removed on the inner ring for a 

rough adjustment. Fine-balancing is then performed using the heritage balancing method and the 16 screw 

holes on the outer rim. 

 

Test Campaign 

 

Two specimens underwent a complete test campaign, including vibrational loads, thermal cycling, shock 

testing and micro vibration characterization. The test campaign consisted of tests on flywheel level and on 

assembly level.  
 

Table 1. Test Campaign on Flywheel Level 

No Test Pass/Fail Result 

1 Thermal Cycling Pass -40°C/+70°C 

2 Vibration Test Pass Sine and Random in-plane without an issue 

Random out-of-plane needed to introduce a notch a 

600 Hz  

3 Dye Penetrant Test Pass Some surface scratches are visible 

No cracks 
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Table 2. Test Campaign on Assembly Level 

No Test Pass/Fail Result 

1 Vibration Inspection Test Pass  

2 Q-Factor Vibration Test Pass  

3 Microvibration Test Pass  

4 Non-Operating Thermal Vacuum Test Pass Cold -40°C. Hot 80°C. 2 Cycles 

5 Microvibration Test Pass  

6 Operating Thermal Vacuum Test Pass Cold -20°C. Hot 70°C. 6 Cycles 

7 Microvibration Test Pass  

8 Vibration Test Pass Frequency Shift <2% 

9 Microvibration Test Pass  

10 Shock Test Pass  

11 Microvibration Test Pass  

12 Post Shock Inspection Pass No anomalies 

 

All tests were completed successfully and within the expected range of results. The flywheels have not 

been damaged and behave as predicted by analysis. The mechanical properties of the laser welded 

material could not be distinguished from milled material. 

 

Q-Factor Test 

The Q-factor test shows surprising results in form of a very low q-factor of the first eigenfrequency.  

All values are lower than anticipated except one rocking mode.  

 

Low amplitudes have the advantage that the system is not as sensitive to dynamic loads. To have the first 

eigenfrequency with a very low amplitude gives further advantages: 

 

Sine load robustness: 

Reaction wheels are required to be sustainable against dynamic Sine, Random and Shock loads. Sine 

loads are usually defined with a high amplitude of about 20 g and a frequency range to about 100 Hz. Low 

first eigenfrequency in a range of 50 Hz to 100 Hz with a high amplitude causes high stress on the internal 

components and leads to non-compliance against the required Sine load, which results in notching of the 

requirement.  

 

The new flywheel has a higher first eigenfrequency in combination of a very low q-factor. These properties 

will lead to better compliance against requirements. 

 

No excitation at nominal speed range: 

The nominal rotational speed is 6000 RPM which translates into 100 rotations per second or 100 Hz. If the 

first eigenfrequency is above 100 Hz it will not be directly excited. In addition to the advantages of the first 

frequency the spread between the rocking mode and axial mode is worth mentioning.  

 

In some cases, reaction wheel eigenfrequencies in axial and radial direction couple and create a higher 

amplitude. The design objective is to separate these two modes. 

  

Micro Vibration Tests 

The second surprise is the very stable and low unbalance over the course of 5 measurements.  

Typically, the unbalance rises after certain tests, especially after the very demanding shock test, which is 

the most critical. Next to the absolute value which is determined at a specific balancing speed, the 

unbalance over rotational speed hardly changes. 
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Missions with sensitive optical measuring equipment require very low unbalance of the reaction wheels, 

because high values in micro vibration result in blurred images. 

 

Table 3. Static and Dynamic Unbalance Results After the Test Campaign 

Unbalance Initial Final 
Traditional 

Flywheel 
Limit 

Static 0.49 gcm 0.66 gcm 0.23 gcm 5 gm 

Dynamic 2.40 gcm² 0.79 gcm² 2.51 gcm² 20 gcm² 

 

 
Figure 8. Fx and Mx Magnitudes vs Speed 

 

Conclusion 

 

A new flywheel has been designed and manufactured with advanced technology methods and tools. 

Topology optimization was used to create a design that fulfills the requirement for dynamic behavior of 

higher and more separated natural frequencies. The flywheel was manufactured with laser powder bed 

fusion technology using the titanium alloy Ti6Al4V. The result is a material that has milled-like properties 

and strengths.  

 

The new flywheel can be integrated into a heritage Teldix™ reaction wheel assembly and balanced with 

available methods and jigs. The flywheel alone and within a reaction wheel assembly has been tested for 

thermal cycles, micro vibration, vibration and pyro-shock. No damage was observed after the test, which 

was confirmed with a dye penetrant inspection of the flywheel and visual inspection of the reaction wheel 

assembly components.  

 

The main advantage of the new flywheel in comparison to the heritage flywheel design is the very stable 

micro-vibration characteristic over 5 tests that were performed between the thermal and structural tests. 

Furthermore, the improved dynamic properties must be pointed out. The first eigenfrequency is about twice 

as high and has a very low q-factor, additionally the spread between the radial and axial eigenfrequencies 

is larger, which does not lead to coupling of those modes, that can cause issues in the heritage design. 

 

Two flywheels have been manufactured with almost identical properties.  

 

The results of the study lead to a high level of acceptance and trust of the new additive manufacturing 

technology. 

 


