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1 ABSTRACT

This paper presents the development of a novel space
rotary actuator, designed to meet the demands of New
Space  applications and  large-scale  satellite
constellations. As the space industry shifts toward high-
volume, cost-effective missions, this actuator offers a
scalable, industrialized, and affordable solution without
compromising performance or reliability. Developed
through a strategic collaboration between Harmonic
Drive® and Sener, this actuator combines Harmonic
Drive’s advanced gearbox engineering, including FEM-
optimized lightweight gearboxes structures with Sener’s
expertise in actuators and stepper motors design. Its
modular architecture allows for quick adaptation to
diverse mission requirements with minimal redesign,
making it ideal for satellite deployment systems and
precision instruments. Automated manufacturing enables
consistent quality and the capacity for over 500 units per
year. With a compact 1.7 kg actuator design and validated
durability of over 120 000 output revolutions, the
actuator sets a new benchmark in cost-efficient, high-
performance actuation-paving the way for the next
generation of mega-constellation deployment and New
Space exploration.

2  BACKGROUND

The collaboration between Harmonic Drive® and Sener
began in 2003 and has grown significantly since 2012 [1],
focusing on the joint development of highly integrated
solutions tailored to the evolving needs of the space
market. Harmonic Drive®, a leader in precision gear
technology, contributes its deep know-how in designing
lightweight, high-torque gear units specifically
engineered for the harsh conditions of space. Sener
brings decades of experience in the design,
manufacturing, and qualification of advanced space
mechanisms, including rotary actuators, pointing
systems, and deployment mechanisms. Its in-house
development of space-grade stepper motors and expertise
in system integration ensures end-to-end performance
and reliability. Together, the two companies have
developed cutting-edge actuation solutions that balance
performance, mass optimization, and industrial
scalability—key factors for success in both traditional
missions and New Space constellations.

The emergence of large satellite constellations is further
reshaping the space industry, driving the need for
actuators that not only meet stringent technical and
environmental requirements but are also suitable for
large-scale production and competitive pricing.

In this New Space context, scalability, manufacturability,
and cost-efficiency are as critical as performance and
reliability. Together, Harmonic Drive® and Sener bring
complementary expertise to address these challenges,
providing actuation solutions tailored to the high-
volume, rapid deployment needs of next-generation
satellite platforms.

3  DESIGN PHASE

The development and design have followed a structured,
iterative flow, from the initial evaluation of the targeted
mission needs to the final transition into series
production. Each phase ensures compliance with
reliability, manufacturability, and longevity
requirements specific to the harsh conditions of space
environments. Lessons learned are continuously
integrated, supporting a robust and scalable design
approach aligned with New Space's rapid development
timelines and cost-efficiency goals.

The following design and development plan was defined:
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Figure 1.- Process workflow

Targeting the new space market with huge constellations,
a multipurpose rotary actuator envisaged for precision
mechanisms such as SADM or antenna pointing was
conceived. Among other necessities, a very precise and
fast steering actuator was required. The aim of this rotary
actuator (eventually the DTAS8-101) was to fit within the
performance, environment and very stringent schedule
and cost requirement.



Considering the previous experience, a well-known
architecture based on stepper motor-gearbox building
block was defined, each of which was specifically
designed to merge and provide the following demands:

Characteristic New Space Actuator
Resolution <0.05°
Maximum speed > 5 deg/s
Lifetime Over 120k OPR
Weight/ Dimensions 1.5kg /@100 x 100mm
Industrialization Up to 500 u/year
Toque requirement > 10Nm unpowered

> 20Nm running
Power consumption <10W

Table 1.- Requested performances

With these critical requirements, an HD gearbox with
100:1 ratio combined with a 5%step hybrid stepper motor
were designed.

3.1 MECHANICAL DESIGN

The Harmonic Drive® gearbox, based on the CPL-20A-
100 gear set with a 100:1 ratio, was developed by
Harmonic Drive SE. The unit is compact, fully
manufactured from stainless steel, and optimized for
operation in space environments. Its design responds to
strict requirements related to mass, structural stiffness,
thermal compatibility, lifetime, and vacuum lubrication,
in accordance with ECSS standards.

On the input side, simulations included the shaft,
bearings, and housing under bending moments up to 20
Nm, with temperatures ranging from -70 °C to +150 °C.
Results confirmed sufficient bending stiffness and
acceptable Hertzian contact pressures in all components.
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The output bearing set was evaluated under radial forces
of 4,000 N and bending moments up to 250 Nm. The
system demonstrated compliance in axial, radial,
torsional, and bending stiffness. Additionally, also for the
output bearings. Hertzian contact stresses were
evaluated. The maximum allowable peak stress for the
100Cr6 material was set at 3,360 MPa according to the
ECSS standards. Multiple analyses were conducted
across various load cases to ensure that the required
bending stiffness was achieved under all conditions.

Characteristic New Space Gearbox
Transmission accuracy > 60 arcsec
Torsional Stiffness K1 10 000 Nm/rad
Mass 1.15kg
Bending Stiffness input 8.50 Nm/rad
Bending Stiffness output 75 Nm/rad
Lifetime > 120 000 Output rev.

Table 2.- Main gearbox requirements

The gearbox uses a cup-type Harmonic Drive® gear
(CPL) and two pairs of preloaded angular contact
bearings (input and output), arranged in a back-to-back
("O") configuration to support both axial and radial loads
and still comply with the stiffness and bending moments
required.  The input shaft features a feather key
connection to attach the rotor of the motor produced by
Sener directly to the shaft, while the output shaft
interfaces with the antenna system using M5 screws and
centering rings.

The input bearing set comprises two angular contact
bearings with a 25° contact angle and a nominal preload
of 104 N. The output uses two bearings with a 40° contact
angle and a nominal preload of 1 000 N. Both use PEEK
cages and they are lubricated with Fomblin Z25.

Temp. Mm.‘ bending Max. Hertzian pressure
[°C) stiffness [MPa]
[Nm/mrad]
25Nm |50 Nm | 250 Nm
2 975 1297 | 1530 2 696

Table 3 .- Hertzian stresses output bearing

Furthermore, the gearbox was subjected to
comprehensive FEA simulations to evaluate its
performance under mechanical loads and varying
environmental conditions. Based on this full-system FEA
all structural parts and fasteners were examined under
combined loading from launch conditions. Stresses
remained within material yield limits, and bolted joints
preserved the necessary preload and safety margins.

|

F igu;e 3.- Stress and strain FEM analysis



A key design goal was to achieve a total mass under
1.15kg. for the complete gearbox. Through design
optimizations, significant savings with respect to the
initial preliminary design were achieved through
optimization of four components: the input and output
shafts, the gear housing and the housing cover.

Based on the iterative design optimization , these changes
led to a weight reduction exceeding 20% compared to the
first design, while maintaining mechanical integrity. All
modifications were validated using finite element
analysis (FEA) to ensure compliance with stiffness and
structural requirements.

Figure 4 - Detailed FEM view of the component set

The gearbox uses a dual-lubrication scheme adapted for
space: Braycote 601 EF is applied to the gear set, while
Fomblin Z25 lubricates all bearings. This configuration
avoids the erratic low-speed torque behaviour seen with
greases in vacuum environments for bearings, as
identified in ESTL studies [2] Lubricant quantities were
calculated considering consumption due to evaporation
and tribological wear. Creep barriers and labyrinth seals
were added at critical contact points to prevent lubricant
migration during both launch and operation. All materials
and surface treatments meet ECSS standards for vacuum
compatibility, corrosion resistance, and low outgassing.

3.2 ELECTROMAGNETIC DESIGN

The design of the SUM69-72 motor was indeed a
challenge. On the performance point of view, it required
a significant but limited unpowered holding torque
(about 100 mNm), whilst a minimum running torque
about 300 mNm was requested. All of it with 5 degrees
per step, a limited volume and a maximum speed up to
10 rad/s.

The balancing of the powered performances also was
required with the limited electronic envelope: the input
voltage was the typical 28 V and the maximum current
was defined at 300 mA leading to a typical power
consumption under 5 W and maximum consumption of
10 W. A very wide range of DoF were considered for the
analysis of the motor, including instantaneous current,
rotor position, electrical angle, speed, temperature,
windings, etc. A dedicated set of FEM analyses was run
to evaluate the motor performances.

Figure 5.- SUM69-72 FEM analysis

Finally, after considering all scenarios including the
electrical angle decay on the self-regulation of the load
incurring on the stepper motors, an electrically available
solution was met.

Beyond this, the motor needed to be designed to be easily
manufactured, assembled and  verified. The
manufacturing flow chart of the mechanical pieces was
analysed and after several iterations with dedicated
workshops, a more sustainable manufacturing process
was defined, reducing the typical electrical motor
achievable tolerances. A more cost oriented inspection
process was also defined by reducing intermediate
inspections, keeping an acceptable reliability and testing
sequence. This led to a wider uncertainty of the
mechanical pieces but a reduction of almost 1 order of
magnitude on the manufacturing cost was achieved.

The main motor parameters are presented in the

following table:
Characteristic SUM69-72 Motor
Winding type A1BF
Motor type Hybrid stepper motor
Steps per revolution 72
Step angle 5°
Dimensions OD 69 mm & ID 24 mm
L 20.5mm

Total mass 410g
Maximum operating 175°C
temperature
Number of phases 2
Resistance @20°C 50Q
Inductance @1kHz 60 mH
Unpowered holding torque 90 mNm
Motor constant Km 1.65 Nm/A
Running torque
@28 V, 0.3 A, p-stepping, >0.275 mNm
100Hz

Table 4.- SUM69-72 performances



4 DEVELOPMENT PHASE
4.1 Derisking test

To meet the application's long lifetime requirements,
Harmonic Drive SE and Sener conducted a dedicated
gear-level risk mitigation test, focusing on the gear as the
lifetime-limiting component. The goal was to verify that
the CPL-20A-100-2A Harmonic Drive® gear could
endure the required output revolutions under an
accelerated duty cycle, while maintaining compliance
with in-orbit lubrication conditions. The endurance test
took place in a thermal vacuum environment with
continuous monitoring. Performance was periodically
evaluated at different temperatures and revolution counts
to assess key characteristics like no-load starting and
backdriving torque, transmission accuracy, torsional
stiffness, repeatability, axial force, and input torque. The
test used advanced equipment developed by Harmonic
Drive SE with ESA for similar space programs.[3], [4].

During the first derisking test, some irregularities were
observed. Starting at roughly 63 500 output revolutions,
unsuspected input torque spikes occurred without any
regularity. The test was finally stopped after

approximately 80.000 output revolutions
HD Test Specimen — Derisking 1 - CPL-20-100
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Figure 6.- Irregularities during I*' life test

Microscopic inspection after the test revealed damage to
the test-box housing and shaft labyrinths which was
found to be the root cause for torque irregularities. As the
early failure was associated to the test equipment,
corrective actions were implemented, and a second life
test was performed. The unit completed 169 118 output
revolutions—105 000 at 0 °C and over 63 000 at 90 °C—
exceeding the required 120 000 revolutions.

HD Test Specimen - Input torque
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Figure 7.- Friction during 2™ life test at different
temperatures

During the hot cycle, input torques stayed stable; a drop
occurred early in the cold phase but later recovered. Near
the end, increased variability in input torque indicated
possible degradation, leading to test termination and
post-test inspection.

Following the lifetime test, the Harmonic Drive® gear
remained fully functional, with key parameters like
starting torque, stiffness, and accuracy within specified
limits.

. . Specified value | Measured value
= Direction
S . |arcsec] [arcsec]
£ 3 . Clockwise 31
£ 5 | Prior to test
Z2 3 counterclockwise 29
® <60
= Clockwise 29
After test
counterclockwise 25
i Specified value | Measured value
= Meas urement
:;g‘ [arcsec] [arcsec]
g Prior to test Repeatability <6
2 <+6
[~ After test Repeatability <*6
= a 0 to7 Nm Torsion s}ngle specified value calc. value
s X [arcmin] [Nm/rad] [Nnv/rad|
'g § Prior to test 6.40 1.57%10*
c £ 4
= 1.0*10
B2 | After test 691 1.35%10*

Table 5.-Performance results before and after test

While the gearbox met performance requirements and
operated well post-test, visual inspection revealed that
extended use had left marks in the tribological contacts.
The lubricant was still wet and effective but contact
patterns and localized wear were visible on the gear teeth.
The Wave Generator Bearing (raceway and balls)
remained in good condition, with the main wear seen at
the Flexspline inner diameter.

Figure 8.- F'S bore prior and after the test

Although affected, the post-inspection showed the CPL
gear remained operational and the significant increase in
the friction was linked to severe damage observed on the
cage of the setup motor bearings. This finding suggests
that despite the observed wear, the unit might have been
operated even longer.



4.2 EM Manufacturing

Due to the tight development timeline, it was necessary
to deliver the Engineering Models (EMs) on a very short
schedule in order to assess the rest of the component’s
feasibility. As a result, Harmonic Drive SE was unable to
manufacture the components in their final flight-like
configuration. Producing the gearbox parts in stainless
steel would have required significantly more time, and
the lead time for the specified flight-grade bearings made
timely delivery unfeasible. To overcome these
constraints and avoid delays, it was opted to manufacture
the gearbox housing in aluminium and to use fully off-
the-shelf commercial bearings. An industrial grade
Harmonic Drive® CPL was used for these models too.
This approach allowed to significantly reduce production
time and deliver the EMs to Sener as planned.

While not representative of the final hardware in terms of
materials or tolerances, these EMs served as effective
technology demonstrators, enabling early interfaces and
functional validation and supporting the ongoing
development phase.

4.3 EM motor

Considering the existing uncertainties in terms of motor
performances, most of them related to the maximum
speed and counter electromotive force under different
load applications, a pair of units were early manufactured
to compare against the FEM simulations. This early units
were meant to freeze the electronics and to confirm the
predicted performances. These units were also intended
to preview the assembly process of the motor, including
the automatic winding machine and the design of the
insulation system.

Figure 9.- SUM69-72 EM motor

As Sm2Col7 magnets were not yet available,
non-identical magnets were manufactured to evaluate the
performances. Besides, two different rotors were also
tested, one of which resulted in a risky design: the
magnets needed a housing. A simple verification method
was also checked with positive results, providing the
opportunity to remove one typical KIP (key inspection
point) during the rotor assembly.

All these design modifications were also considered on
the FEM (of the EM) and a test correlation was
performed. The final detailed design of the magnetic
circuit was also modified according to the observed test
results: the detent torque was (as predicted by FEM)
slightly above the requirement (120 mNm). As the
running torque was negatively affected by this increment,
the variable reluctance design of the motor was slightly
modified to reduce the unpowered holding torque on the
final model.

4.4  Automatization process

One of the key factors for the scalability and cost
reduction was the assembly of the stator. Typically, on
the space sector, given that the recurrency on the units
usually does not justify the huge investment on tools and
machines, the manufacturing of the motors is very
manual.

However, in this case an automatic winding needle
machine was used, providing a significant improvement
in terms of copper filling factor provided by the correct
positioning of the wires during the assembly. This
machine also provides a tensioning system which ensures
a constant tension during all the process, providing a
repetitive and reliable assembly process. On top of this,
the speed of the machine was out of doubt: the winding
on each unit was diminished from a couple of weeks
(typically) to less than 1 hour.

T S
Figure 10.- SUM69-72 winding

Aside from the stator manufacturing, another
automatization held was the acceptance testing of the
motors: the unpowered and powered torque
performances were both tested and postprocessed
automatically, reducing the required manpower for them
and providing a very big decrease in the required
acceptance testing time. This reduction was of paramount
relevance as the previous information and uncertainties
from the manufacturing process were significantly higher
and therefore reducing or removing these tests was not
recommended at all in a series production. By having this
automatization, the product is affordable to be tested in
all the units, providing a huge consistency & confidence
on the final results by the detection of incorrect units
during the acceptance test campaign.



5 INITIAL PRODUCTION/QUALIFICATION
PHASE

5.1  Gearbox manufacturing

The aim of the initial manufacturing phase to build the
first gearbox models and to gather valuable experience
for the upcoming series production through the QMs. To
that end, the manufacturing and inspection of individual
components, the assembly process, the quality of
supplied parts, and the final quality assurance of the
complete gearbox were all systematically tracked,
documented, and evaluated.

Key challenges were identified in the machining of
complex single parts such as the input and output shafts.
Their geometries were tightly optimized to meet
aggressive weight targets, which contributed to a
higher-than-expected scrap rate.

The assembly of the first gearbox QMs progressed
without major issues, thanks to a cautious design
approach and the close involvement of manufacturing,
assembly, quality, and customer teams throughout
development.

Additionally, all critical assembly tolerances, especially
those influencing gear performance and preload, were
monitored and recorded to ensure traceability and to
support future process control.

Before gearbox delivery, each assembled unit underwent
a final quality assurance process that included
verification of geometric tolerances and key functional
parameters. This ensured compliance with all technical
requirements and established a quality baseline for future
series production.

Qualification units were fully tested, while flight units
are sampled statistically after production maturity was
demonstrated. All assemblies undergo geometric
inspection before delivery.

.. . Mean | Standard

Description Requirement value | deviation
Transmission accuracy <60 293 6.64
[arcsec] ) )
Torsional Stiffness K1
[Nm/rad] >10 000 15655 1219
Repeatability [arcsec] <6.00 2.67 1.23
Bending Stiffness
input [Nm/mrad] -8 11.65 1.07
Bending Stiffness
output [Nm/mrad] >75 94.73 10.67

Table 6.-Measured vs required performance

5.2 Motor

The first batch of the motors targeted to comply all the
specified requirements in already flight quality models.
The LLI magnets procurement started right after the EM
model correlations.

The manufacturing of the motor pieces was also adapted
with the lessons learned on the EM: The manufacturing
of the insulation system and wire routing of the motor
was adapted to avoid the issues observed during the early
prototypes, allowing the reduction of the manufacturing
non-conformities observed during the initial models.
The testing of the motors proved the performances were
correct and compliant with the requirements.
Nevertheless, the manufacturing of this initial pre-series
also provided a new manufacturing detail modification:
due to the small tolerance dispersion: the motor rotor had
a potential axial mismatch during assembly. A slight
dimensional change was introduced for the next batch to
allow the motor rotor assembly without precise gauging,
allowing fully interchangeable motor units and avoiding
the need of serialization.

5.3  Actuators QM testing

In order to advance the potential line series errors, the
assembly and testing of the initial pre-series was carried
out under production control, after the engineering
department provided the full assembly and testing
dossier. The integration of the full quality reduction gear
units and the motor QM models had some initial issues
which were tracked through non-conformances and
improved through corrective actions: The actuator QM
was performing as expected.

Corrective actions were taken to raise and correct the
issue of the documentation and left it ready for the
production phase, including the test report templates and
route cards. Along the qualification, different tests were
performed as according to the defined test plan:

DTA
Assembly
Physical . Stiffness & Load
Measurements E taltest capability
Elect ic &
I test
radiative test i
Vibration & Shock Reduced ghermalcycling
test Functional Test fest
(Dry N2)
TV Life cycling test Reduced
(Vacuum) Functional Test
Bake Out test Final Functional
e
(Vacuum) Test *Testing to be agreed with customer
(possibility of testing at upper level

Oracceptance by similarity)

Figure 11.- DTA test plan



The following table summarizes the performances

measured of the DTAS8-101 qualification models:

Characteristic DTAS8-101 actuator
Gearbox Tailored HD-CPL-20A-100
Reduction ratio 100:1
Motor SUM69-72 markl A1BF
Step size 5°
Kt/Bemf constant 1.65 Nm/A+10%
Resistance @20°C 50 Q+10%
Inductance @1kHz 65 mH+30%
Power consumption @20°C
& 0.3A 45 W
Dimensions 091 mm

L<108 mm
Total mass 1.7 kg+10%
Resolution 0.05°
Max speed @28V 11.25%s
Position accuracy (ptp) 0.021°
Backlash Zero (HD)
Magnetic moment <0.25 Am2
Torsional stiffness > 10 Nm/mrad

Output stiffness

Axial: 253 N/um
Radial: 61 N/pm
Bending: 97.5 Nm/mrad

Axial >4 150N

@28V, 0.3A ,5%s, ustep

Output load capability Radial >4 000 N
Bending > 250 Nm

Unpowered holding torque >10 Nm

Powered holding torque

@03A > 60 Nm

Running torque

@28V,20°C,5°s, WaveD 24.5 Nm

Running torque 25 Nm

Thermal range

TNOP -70°C to 150°C
TOP -40°C to 140°C

Operational lifetime

>169 000 output rev.

Table 7.- DTA8-101 datasheet

6 PRODUCTION PHASE (FMS)

6.1  Gearbox manufacturing

Based on the experience gained during QM
manufacturing, several lessons learned  were
implemented to support the transition toward serial
production. In this context, the primary improvements
focused on the manufacturing of individual components
and the assembly process.

With regard to machined components, detailed statistical
analyses were conducted to address the elevated scrap
rate observed during early production. These analyses
highlighted that the complexity of certain components—
mainly driven by stringent weight constraints—had a
significant impact on manufacturability.

After the first 40 units were produced, Harmonic Drive
SE performed a detailed comparison between the weight
from the CAD model and the measured components. A
strong correlation was found, confirming the accuracy of
the CAD models. Taking this into account, some design

modifications  were  introduced to  improve
manufacturability while preserving all critical customer
interface features and still being compliant with all other
requirements. This led to a marked reduction in the scrap
rate.

The weight safety margin was also reduced from 10% to
5%, while still remaining fully compliant with
specifications. Given that this product is intended for
next-generation space applications—characterized by
high  production volumes and  cost-sensitive
requirements—minimizing scrap rate remains a critical
objective.

Figure 12.- Output shaft scrap rate. Prototype vs series

The main drivers for these changes were statistical
evaluations carried out collaboratively by the
manufacturing technology and design departments.
These analyses led to targeted adjustments in component
tolerances, which in turn simplified production
processes. The effectiveness of these changes was
verified using process capability indexes and control
charts, ensuring a data-driven foundation for both design
refinement and process optimization.
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Figure 13. Statistical evaluation for in-house
production



6.2 Motor

The production rump up started in early 2025 and
currently over 40 motor units/month are being
manufactured.

Fiure 14.- Initial production phase of SUM69-72
6.3  Actuators
The actuator assembly line is a bit behind the motor

production rate, but it is increasing and currently is about
30 units/month

Figure 15.- Initial production phase of DTAS8-101

7  LESSONS LEARNED

A key takeaway from the development of the DTA8-101
actuator was the importance of an early pre-series phase
to identify and resolve design and manufacturing issues
before entering full-scale production. Challenges such as
high scrap rates due to complex geometries, tight
tolerances and early assembly non-conformances were
effectively  mitigated through iterative design
adjustments and improved manufacturability. The
experience underscored that detailed planning, early
testing, and close coordination across engineering,
production, and quality teams are essential for a smooth
transition from prototype to serial production.

Additionally, the integration of automation in both stator
winding and acceptance testing proved instrumental in
achieving consistent quality and scaling up production.
These innovations significantly reduced labour time and
improved process repeatability—critical factors for cost-
effective manufacturing in New Space applications.
Overall, the project demonstrated that high-performance
space actuators can be industrialized successfully by
combining early risk reduction, process optimization, and
strong co-engineering collaboration.

8 CONCLUSIONS

This project demonstrates that high-performance, long-
life rotary actuators can be industrialized for large-scale
space constellations without compromising space-grade
quality. All developments and process optimizations
were carried out in compliance with ECSS standards,
with no trade-offs made in terms of reliability,
performance, or material selection. The successful
qualification of the DTAS8-101 actuator underscores the
value of early co-engineering, rigorous design validation,
and process automation. The resulting production
approach enables a fast-paced, high-volume output while
maintaining stable processes and full traceability—
ensuring consistent, flight-quality hardware at a reduced
cost.

9 NEXT STEPS

The production ramp-up is ongoing, with a current
capacity of 30/month aiming to achieve 500/year in 2026.
Further steps include finalizing test automation and
expanding the product portfolio to include different
actuator sizes to cover wider range of applications. This
will enable broader commercial opportunities and meet
growing demand across New Space platforms
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