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Abstract 
 

Modern aerospace mechanisms require compact, lightweight, and highly precise transmission systems 
capable of reliable operation under extreme environmental and operational conditions. To overcome 
limitations of standard range of reduction ratios, Harmonic Drive SE develops and qualifies customer-
specific Harmonic Drive® ratios tailored for aerospace applications. A standardized and scalable 
development methodology was implemented, combining analytical calculation methods, advanced 
numerical simulation using Finite Element Method (FEM), manufacturing optimization, and rigorous 
aerospace qualification testing. This approach ensures a lean development that customized ratio 
configurations to maintain gear strength, stiffness, efficiency, precision, and long-term durability. The results 
show that optimized single-stage solutions enable more compact and efficient actuator architectures by 
eliminating additional gear stages, improving integration flexibility, system simplicity, and overall 
performance in aviation and space applications. An example for a Harmonic Drive® Gear with customized 
interfaces and a ratio of 400:1 is shown in Figure 1. 
 

 
Figure 1: Harmonic Drive® Gears with Ratio 400:1 in single stage 

 
Introduction and Motivation 

 
Harmonic Drive® technology has become a key solution for demanding aerospace actuation due to its high 
reduction ratios in a single stage, compact coaxial design, high torque density, and zero backlash. Its 
proven precision and robustness makes it well suited for flight control, satellite positioning, and other critical 
applications. However, increasing mission diversity has shown that standard reduction ratios and interface 
configurations do not always meet system-level optimization targets. Customers require customized ratios 
and interfaces for several reasons: 
 

 Enabling smaller motor selection through higher ratios, reducing overall actuator mass and size 
 Replacing multi-stage gear trains with single-stage solutions, improving accuracy, efficiency, and 

reliability while reducing the number of potential points of failure 
 Adapting transmission behaviour to specific load cases or motion profiles, such as constraints 

imposed by stepper motors or dynamic duty cycles 
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In addition to ratio adaptation, mechanical interfaces play a decisive role. Mounting geometry, load paths, 
bearing concepts, housing stiffness, and thermal compatibility directly influence dynamic response, 
performance and endurance of the Harmonic Drive® Gear. Therefore, customization must address both 
internal gear design and system-level integration. Key lessons from the mentioned development 
methodology include evaluation of the sensitivity of the Harmonic Drive® Gear performance to precision 
and radial rigidity / stiffness of the support structure adjacent to the gear interfaces and the importance of 
early numerical simulations and risk mitigation testing. Another lesson is the importance of early 
collaboration with system integrators to avoid late-stage redesign loops. This paper presents the 
methodology and qualification results of customized gear ratio and interface development, demonstrating 
how an integrated engineering approach expands ratio flexibility while maintaining the core advantages of 
strain wave gearing for aerospace applications. 
 

Technical Background and Context 
 
State of the Art 
Within the Harmonic Drive SE product portfolio, the standard range of Harmonic Drive® solutions is defined 
by established gear sizes, reduction ratios, materials and interface configurations defined for industrial 
applications. Standard ratios typically extend from 30:1 up to 160:1, with predefined mechanical interfaces, 
mounting geometries, and integration concepts. These configurations are based on decades of operational 
experience and represent proven, industrialized designs. For aerospace applications, additional 
requirements apply compared to general industrial use. Aviation and space variants differ in material 
selection, surface treatments, lubrication concepts, documentation level, and traceability. They are 
manufactured and qualified according to aerospace-specific quality standards (e.g., EN/AS 9100), including 
extended Factory Acceptance Testing (FAT), environmental testing, and stricter verification procedures. 
Despite these adaptations, the fundamental gear kinematics and tooth geometries of standard aerospace 
products remain based on long-established and validated designs. Manufacturing, assembly, and test 
infrastructure for these standard configurations are fully industrialized and stable. 
 
Guidelines and Limitations of Special Ratios 
The development of special gear ratios requires targeted modification of the strain wave gear kinematics. 
Depending on the requested ratio and application constraints, adaptations may include: 
 

 Implementation of non-standard tooth profiles within an existing gear size 
 Adjustment or redesign of the elliptical shape of the Wave Generator 
 Modifications of Flexspline geometry like the cup thickness 

 
Such changes directly influence load distribution within the Harmonic Drive® Gear, deformation behaviour 
of the Flexspline, contact stress, efficiency, and dynamic response. Therefore, customization must be 
carefully balanced against mechanical limits and manufacturability constraints. The reduction ratio of the 
gear depends on the number of teeth. Therefore, the achievable maximum reduction ratio strongly depends 
on the minimum tooth module, which is limited by cutting tool geometry, tool manufacturability, and 
tolerance capability. Very high ratios lead to extremely small teeth, so each special ratio must be evaluated 
individually with respect to strength, stiffness, efficiency, and production capability. As a rule of thumb, the 
maximum achievable reduction ratio cannot be significantly more than ten times the gear size. This 
framework defines the technical boundary conditions within which customer-specific ratios can be 
developed while maintaining aerospace-level reliability and performance. 
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Development Process 
 
Requirements Management 
The development of customized Harmonic Drive® solutions starts with structured requirements 
management in close collaboration with the customer. In aerospace projects, system-level constraints often 
dominate component design. One key challenge is a sufficient definition of the applications load spectrum 
and mission profiles. Even if a constant torque is applied during operation the elliptical Wave Generator 
causes the Flexspline to radially deform which induces alternating stresses. Therefore, nominal torque 
values alone are insufficient; number of gear rotations, transient overloads, oscillatory motion, acceleration 
profiles, and environmental conditions must be clarified. Where necessary, joint assumptions are defined 
to establish a reliable design basis. Accordingly, safety and reliability requirements must also be specified 
at an early stage to be able to carry out a tailored design in terms of safety margins and acceptance criteria. 
Installation space and interface conditions - such as shaft / housing connections, geometric tolerances and 
materials strongly influence the design. 
 
Concept and Joint Definition Phase 
Based on the defined requirements, a structured concept phase evaluates standard catalogue solutions 
against customized geometries. Variants may include already existing non-standard gears, adaptation of 
existing solutions (for example through scaling or completely new developments of tooth profiles or 
optimized Wave Generator designs). A preliminary feasibility and risk assessment verifies tooth load 
capacity, Flexspline deformation limits, bearing loads, and dynamic behavior. Manufacturability is assessed 
in parallel to ensure tooling, machining, and metrology capabilities support the concept. Critical components 
or processes are identified at this stage and possible solutions evaluated in cooperation with the 
departments involved. This phase concludes with selection of a preferred design concept balancing 
performance, risk, manufacturability, cost, and schedule taking also the surrounding structure into account. 
Close coordination with the customer during the joint definition phase enables the development of a solution 
that is optimized for the entire system. 
 
Design Phases and Risk Mitigation 
The design phase is typically divided into two stages: preliminary design and critical design. The preliminary 
design stage is driven by the elaboration of selected design concepts. At this stage, numerical analyses 
using the Finite Element Method (FEM) are essential for evaluating, comparing, and optimizing technical 
solutions. Figure 2 shows the meshed model of a Harmonic Drive® Gear with ratio 400:1. 
 

 
Figure 2: Meshed FEM-Model of a Harmonic Drive® Gear with Ratio 400:1 
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FEM-simulations allow the detailed simulation and evaluation of gear kinematics, deformation behavior, 
and stress distribution within the Harmonic Drive® Gear. Key verifications include: 
 

 Tooth root stresses in Flexspline and Circular Spline 
 Contact stress distribution on tooth flanks 
 Flexspline structural integrity 
 Contact stress in the rolling contacts of the Wave Generator Bearing  
 Global stiffness and dynamic response 

 
Results are evaluated against fatigue limits, contact stress limits and aerospace/customer specific reliability 
targets. In addition, the results are compared with experiences from past projects and the calculation of 
established standard solutions. This enables a reliable assessment of the gear performance at a very early 
stage of development. Figure 3 shows an analysis of stress levels in the Flexspline cup-area used for 
assessment of its structural integrity and tooth root stresses are analyzed to assess fatigue limits. 
 

 
Figure 3: Stress Analysis of FEM-Results  

 
Targeted risk mitigation testing (using prototypes or comparable gear designs) is performed to validate 
calculation results and critical assumptions. The comparison between simulation and test results then 
serves to continuously improve the modeling and post processing. This reduces uncertainty before first 
production and industrialization. Based on all results, a preferred technical solution is selected together with 
the customer considering all requirements. All internal departments are part of the process and need to 
confirm the feasibility of the selected concept at an early stage. This is followed by the critical design stage, 
in which the technical solution is detailed. The aim is the internal production approval for the product based 
on the detailed design. Critical items are considered at this stage and solutions are developed. All internal 
and external drawings and all auxiliary devices for production and testing are created. The design phase 
concludes with the Critical Design Review (CDR), which validates detailed design readiness for prototyping 
and production. 
 
First production and Industrialization 
First production validates both design and production processes. Key Performance Indicators (KPIs) such 
as detailed geometry, contact pattern at tribological contacts and gear performance are measured to ensure 
conformity with design intent. Statistical evaluation methods are applied to assess process capability and 
stability. The industrialization approach depends on production volume: small aerospace batches focus on 
extensive inspection and traceability, whereas higher quantities require statistical process control to ensure 
consistent quality by means of batch testing. This structured development approach (from requirement 
clarification to validated production) ensures technical maturity and aerospace-level reliability for 
customized gear ratios and interfaces. 
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Test Based Qualification 
 
Based on the results of risk mitigation testing and calculation, the qualification test campaign can be tailored 
to the most relevant tests for the customer's specific application. The assembly level, where the tests are 
carried out as well as success criteria must be agreed in close consultation with the customer. The test-
based qualification of the product can be divided into two approaches: 
 

 Quality Assurance Testing / Factory Acceptance Testing may include all non-destructive tests like 
the measurement of geometry, torsional stiffness, no load starting torque, no load back-driving 
torque or Transmission accuracy accompanying the series production. 

 Destructive tests which are used to verify the performance requirements under conditions that are 
as close as possible to the actual application. Examples are overload testing to examine the static 
load limits or endurance testing estimating margins for the service life. 

 
Challenges and Lessons Learned 

 
An example, according to the process described above, is the development of a Harmonic Drive® Gear 
size 40 with a ratio of 400:1. According to the customers’ specification, a high gear ratio in combination with 
strength against high peak torques was required. In an early stage, 7 variants of the detailed gear design 
including different teeth profiles were developed and compared. For this application, the ratcheting torque 
limit (the dynamically endurable maximum torque for the gear) was assessed as critical. Consequently, risk 
mitigation ratcheting tests were carried out.  At a constant speed, the load was increased in the form of a 
torque ramp until the teeth of the Flexspline and Circular Spline slipped, meaning that ratcheting occurred. 
To be able to estimate the expected value in an early project phase and to validate the simulation results, 
risk mitigation tests were performed at the HDSE test laboratory as well as in the customers test laboratory 
with existing Harmonic Drive® Gears size 40 with a customized ratio of 320:1. The achieved results were 
not adequate. Due to design optimisations the ratcheting limit could be increased by 32% even with the 
higher ratio of 400:1. In the last iteration loop, the limit was increased by a total of 52% through optimisation 
of the gear and its interfaces. Measurement data are shown in Figure 4.  
 

 
Figure 4: Ratcheting Testing with Three Different Gear Maturity Levels 

 
The main finding was that the radial stiffness of the test rig and integration into the customer hardware is 
fundamental to the overload behaviour of the gear. In the case where structural support is lacking at the 
Wave Generator and the outer diameter of the Circular Spline, this can cause a significant reduction of the 
ratcheting limit. Building on this, both the gear design and the integration into the customer application were 
optimized as the project progressed. 
 
In addition to the Harmonic Drive® Gear’s overload capacity, service life and reliability were important 
factors for optimization. The detailed gear kinematics were analyzed and optimized using FEM-simulation 
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by influencing flank pressure via design adjustments of the teeth profile. After endurance testing, the 
Flexspline tooth flanks were visually inspected and the contact marks were compared to the FEM results. 
Figure 5 shows good correlation between the calculated contact pressure distribution on the tooth flank and 
the contact marks after the performed endurance tests. 
 

 

  
Figure 5: Comparison of FEM-Simulation Result (Upper Picture) and Visual Inspection After Testing 

(Lower Picture) 
 
The results validated the FEM model and confirmed the approach of using FEM-simulation as a tool early 
in the project to reduce iteration loops in the design, shorten the development / lead time, and to assess 
the performance limits of new designs in an early stage. The possibilities of FEM-simulations at Harmonic 
Drive are not limited to the gear itself; the surrounding structure can also be modelled and simulated, 
assessing its influence on performance in the simulation. 
 

Conclusion and Outlook 
 
The development of Harmonic Drive® gears with customized ratios for aerospace applications has 
confirmed that an integrated approach (combining analytical calculation methods, FEM-simulation, and risk 
mitigation testing) is essential for success. The key findings are summarized below. 
 
Impact of Customizing the Gear Ratio 

Customization of the gear ratio introduces challenges that must be systematically addressed: 
a) Fundamental Design Constraints: High ratios push tooth modules to manufacturability limits 

defined by tooling and tolerances.  
b) Sensitivity of Overload Capacity: The ratcheting torque limit depends not only on the gear 

design but also on its stiff integration and is a system-level characteristic.  
c) Interdependence of Parameters: Modifying the ratio requires a holistic redesign of all gear 

details as changes to one aspect affect others like stress distribution and dynamic response. 
 
Predicting Performance: The Necessity of FEM modeling and Testing 

Performance prediction of customized designs requires a dual approach of simulation and testing: 
a) FEM as a Design Driver: Early-stage FEM-simulation enables reliable comparison of design 

approaches and an estimate of the expected gear performance. 
b) Validation Through Testing: Despite advanced simulation, results must be empirically 

redetermined. The strong correlation between simulation and test validates this approach. 
Risk mitigation testinn (even with preliminary designs) is invaluable for validating 
assumptions, revealing system interactions, and refining models before final production. 

 
System-Level Integration and Interfaces 

Customizing the gear ratio must go hand-in-hand with optimizing the surrounding system. Both the 
interface design and stiffness/design of adjacent components directly affect gear alignment, 
torsional stiffness, strength, and durability.  Overload capacity (ratcheting limit) is directly linked to 
the gear integration. 

 
In conclusion, success depends on a system-level perspective where early collaboration between the gear 
manufacturer and system integrator is essential. This integrated methodology manages the technical risks 
of customization and unlocks the full potential of Harmonic Drive® technology for demanding aerospace 
applications. 


