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Abstract

To address the limitations of existing studies on harmonic drive (HD) systems, such as the
lack of systematic exploration of the influence of flexspline (FS) structural parameters on
service lifetime and insufficient parameter optimization strategies, this study establishes a
comprehensive research framework integrating finite element (FE) simulation, response
surface optimization, and experimental validation. Three key structural parameters of FS,
including cup length (CL), cup wall thickness (CT), and tooth width (TW), which were
selected as design variables to investigate their effects on the displacement, von Mises
stress, and fatigue lifetime of the HD system. A reliable FE model of the HD system was
constructed, with mesh independence verified and experimental validation conducted
using a servo motor-driven test platform. The results showed that the relative errors
between simulated and measured displacement (4.7%) and stress (4.0%) were within
the acceptable engineering range (<10%), confirming the model’s reliability. Systematic
analysis revealed that the FS lifetime is jointly determined by global stress distribution and
structural rigidity, rather than local tooth root stress alone. Increasing cup length reduces
tooth root stress but increases cup wall bending stress, which ultimately dominates the
fatigue failure process. Based on Box–Behnken Design (BBD) response surface analysis, the
optimal parameter combination was determined as CL = 48 mm, TW = 6 mm, and CT = 0.64
mm, achieving the dual optimization of low system stress (77.7 MPa) and long FS lifetime
(2950 h). Relative to the baseline control group (CL = 48 mm, CT = 0.46 mm, TW = 6 mm),
the optimized configuration reduces system stress by 10.1% and extends fatigue lifetime by
1.7%. This study clarifies the multi-factor coupling mechanism of structural parameters
regulating HD system performance, providing a robust theoretical basis and engineering
reference for the structural design and performance improvement of HD systems.

Keywords: harmonic drive; finite element simulation; flexspline; von Mises stress; lifetime

1. Introduction
Harmonic drive (HD) is widely applied in industrial robot joints, aerospace actuators,

medical imaging equipment, and precision automation systems [1–4], and it has the advan-
tages of compact structure, lightweight design, large transmission ratio, minimal backlash,
high transmission efficiency, and superior motion stability [4]. An HD system consists
of three core components: the flexspline (FS), circular spline (CS), and Wave Generator
(WG). Specifically, WG is an elliptical cam and acts as the primary driving component of a
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harmonic reducer; FS is a thin-wall cup with external teeth as the power output medium;
and CS is a rigid ring with internal teeth, which provides a fixed interface for the FS.

The stress distribution and service lifetime are primary mechanical concerns in the HD
system [5–7]. FS undergoes continuous elastic deformation induced by the WG, leading to
cyclic stress. Cyclic stress causes fatigue failure due to stress concentration at the tooth root
and cup wall, which are the predominant failure modes of the FS. Existing studies often
only focus on reducing local tooth root stress, ignoring the influence of global structural
parameters on cup wall stress and overall rigidity [4,8–10]. It is unclear to determine how
the coupling of global stiffness and bending stress regulates the overall service lifetime
of the FS, which may lead to structural designs that reduce local stress but fail to extend
overall durability. Lifetime is the ultimate measure of an HD’s reliability, defining the
duration it can maintain its critical precision and performance under load.

Experimental tests, mechanical analysis methods, and numerical methods (e.g., finite
element method) are three commonly used methods to determine the stress distribution
and service lifetime of HD systems [4,11–13]. In previous studies, Ivanov constructed an
analytical method to predict the mesh forces acting on the FS teeth [4]. An analytical method
rooted in mechanics principles was developed by Chen et al. to determine the bending
moment and circumferential force of the FS tooth rim [14]. However, these conventional
analytical methods fail to predict the service lifetime of HD systems due to their inability
to account for nonlinear contact behaviors and fatigue damage accumulation during long-
term operation. The experimental method fails to achieve accurate estimation of stress at
critical locations [15–17].

The finite element (FE) method is a numerical analysis technique that can capture the
full range of mechanical behaviors of an HD system [13,18–20]. Ostapski et al. applied
the FE method to predict the mechanical behaviors of the cam generator and FS, with the
influence of the teeth ignored in their model [21]. Wu et al. incorporated the teeth into
their model to simulate the meshing force, while ignoring the effect of the ball bearing [19].
Wang et al. further considered the entire structure of the HD system to estimate its mechan-
ical performance [20], but they neglected to evaluate how parameter variations affect the
system’s overall behavior. In parallel, the fatigue and fracture properties of 40CrNiMoA
have been extensively characterized: Li et al. [22] investigated the relationship between
fracture toughness and tensile properties in high-strength steels, while Feng et al. [23] ex-
amined the microstructure and residual stress of GCr15-bearing steel under cryogenic
treatment, providing essential material data for the present FE modeling. Zhang et al.
investigated the effect of boundary conditions on the mechanical performance of HD sys-
tems [13]; however, their work still focused on static stress analysis rather than establishing
a quantitative relationship between design parameters and service lifetime. Recent studies
have attempted to optimize flexspline geometry to improve fatigue life through various
approaches. Lee et al. [24] and Wei et al. [25] investigated the effects of single structural
parameters on fatigue performance using accelerated life tests and orthogonal design meth-
ods, respectively, yet both studies focused on isolated parameter effects without considering
multi-parameter coupling. In parallel, parameter sensitivity analyses have been performed
in related precision transmission systems using finite element methods. For instance, Mac-
cioni et al. [26] analyzed the effects of gear ratio and mesh density on torque ripple in
cycloidal drives, while Fiorineschi et al. [27] examined the impact of dimensional errors on
cycloidal drive performance. However, the mechanisms governing harmonic drives are dis-
tinct from those of cycloidal drives due to the presence of flexible cup deformation, and thus
the findings from cycloidal systems cannot be directly transferred to harmonic drives. More
recently, a broader range of approaches has been explored specifically for harmonic drive
flexsplines. Hu et al. [28] optimized POM flexspline structural parameters and achieved a
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24% increase in fatigue life using S-N curve analysis. Pan et al. [29] developed a remaining
life prediction method based on flexspline crack growth, achieving a 16.2% improvement
in prediction accuracy by incorporating global structural stiffness considerations. Material
innovations have also been pursued; for example, CF/PEEK composites have been investi-
gated for short flexsplines to enhance fatigue and load-bearing capacity [30]. In terms of
tooth profile optimization, Yuan et al. [31] demonstrated that spatial tooth profile modifica-
tion considering machining fillet features can effectively redistribute contact stress, while
Li et al. [32] showed that flank modification with controlled backlash can reduce contact
pressure and improve meshing performance. For multi-objective structural optimization,
Li et al. [33] applied the NSGA—II algorithm to optimize flexspline thickness, length, and
tooth width, achieving a balanced improvement in transmission efficiency, stiffness, and
stress distribution. Despite these advances, systematic investigations on the quantitative
coupling effects of cup length, wall thickness, and tooth width on fatigue lifetime remain
limited, and few studies have proposed integrated response surface-based multi-parameter
optimization strategies that simultaneously consider both local stress reduction and global
structural integrity.

In summary, to fill these gaps, this study aims to solve the following research questions:
(i) how do three key structural parameters (cup length (CL), cup wall thickness (CT), and
tooth width (TW)) individually and jointly affect the displacement, von Mises stress, and
fatigue lifetime of the FS? (ii) What is the optimal parameter combination that achieves both
minimum system stress and maximum fatigue lifetime via multi-parameter optimization?
(iii) Is the fatigue failure of the flexspline solely dominated by local tooth root stress?

To address the above research gaps, a comprehensive FE-based parameter optimiza-
tion and experimental validation for the FS of the HD is conducted to address the above
limitations. The primary objective is to reduce comprehensive stress concentration at the
tooth root and cup wall and clarify the coupling mechanism between selected design vari-
ables to optimize the HD system lifetime. First, single-factor experiments were conducted
to analyze the influence trend of each parameter on mechanical performance. Then, a
Box–Behnken Design (BBD) response surface method was used to establish the quantitative
relationship between design parameters and lifetime, and the optimal parameter combi-
nation was obtained. The simulated displacement and stress distribution of the FS were
experimentally verified using a servo motor-driven test platform.

2. Methodology
2.1. Geometry Model of HD System

The geometry model of the HD system was constructed by using Solidworks v2024
(Dassault Systèmes S.A. Vélizy-Villacoublay, France). FS and WG are modeled individually
with high geometric accuracy and their spatial positions were aligned strictly following the
actual assembly sequence to ensure consistency with the HD system’s in-service configura-
tion, which meets the precision requirements for subsequent finite element discretization
and mechanical performance analysis (Figure 1). To characterize the mechanical behaviors
of the HD system, four groups would be applied in this study, including the control group
(CL = 48 mm, CT = 0.46 mm, and TW = 6 mm), CL = 72 mm group, CT = 0.64 mm group,
and TW = 18 mm group. The model includes all core components: elliptical cam, ball
bearing, inner/outer rings, flexspline with teeth, and circular spline. All geometric features
were modeled according to the actual manufacturing drawings, ensuring consistency with
the physical prototype.
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Figure 1. The design structure and assembly process of the HD system, and the blue arrow indicates
the assembly direction of the WG and FS.

2.2. Mechanical Properties of HD System

The material of the FS component is 40CrNiMoA, a high-strength alloy steel widely
utilized in precision transmission components owing to its excellent fatigue resistance and
toughness. The Young’s modulus and Poisson’s ratio of 40CrNiMoA are approximately
206 GPa and 0.3, respectively. For the WG component, GCr15 (AISI 52100) was selected as
the base material, with a Young’s modulus of 207 GPa and a Poisson’s ratio of 0.3. All the
aforementioned material parameters were adopted from the published literature [20,22,23],
ensuring consistency with the standard mechanical properties of these alloys in engineering
applications. The fatigue properties of the FS and WG components are characterized by their
S-N curves, as listed in Table 1; the corresponding fatigue limits for these two components
are approximately 350 MPa for FS and 750 MPa for WG, respectively. Fatigue lifetime is
calculated using the S-N curve method combined with Miner’s linear cumulative damage
rule. The fatigue calculation adopts the same fully reversed cyclic torque load as the static
structural simulation and the conversion formula between failure cycle number and service
lifetime (Lifetime (h) = Cycle number/(3600 × Frequency)), where Nf is the number of
cycles to fatigue failure, and f is the loading frequency (10 Hz). Based on the multi-axial
stress state of the flexspline obtained from transient dynamic analysis, fatigue damage
parameters are extracted in post-processing to support subsequent life calculation. First, the
von Mises equivalent stress time history is converted from the full six-dimensional stress
tensor of high-stress nodes within one working cycle. The rainflow counting method is then
adopted to separate stress cycles with different amplitudes and mean values. Combined
with the S-N curve of 40CrNiMoA material modified by the Goodman criterion, the total
fatigue damage is accumulated via Miner’s linear cumulative damage rule to derive the
flexspline fatigue life. This simplified engineering method introduces consistent systematic
deviation across all parameter groups, which is suitable for comparative analysis of relative
life trends under different structural schemes.

Table 1. S-N curve of WG and FS materials.

WG FS

Cycle Cyclic stress amplitude (MPa) Cycle Cyclic stress amplitude (MPa)

104 1500 105 620
106 900 107 410
107 750 108 350
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2.3. Mesh Generation and Boundary Conditions

The geometric model was discretized using tetrahedral elements, resulting in an
average mesh quality of 0.82 (Figure 2). By definition, a mesh quality value of 1 corresponds
to an ideal element configuration, whereas values below 0.1 denote severely distorted
elements that may compromise numerical stability. A refined mesh size of 0.3 mm was
assigned to the FS tooth and cup wall regions, while a coarser mesh size of 0.6 mm was
adopted for the remaining components to balance computational efficiency and solution
accuracy. The finalized HD system model comprised approximately 70,000 elements and
150,000 nodes. To validate the mesh independence of the HD system simulation results, a
mesh convergence analysis was performed using three successive mesh schemes: a coarse
mesh (~40,000 elements, average size 0.8 mm), the baseline mesh described above, and
a refined mesh (~100,000 elements, average size 0.3 mm) (Table 2). The maximum von
Mises stress at the FS cup was selected as the convergence criterion. Results indicated that
the relative deviation of the maximum von Mises stress between the baseline mesh and
the refined mesh was 3.2%, which is well within the acceptable engineering threshold of
5%. This confirms that the baseline mesh configuration is sufficiently refined to eliminate
mesh-dependent errors while avoiding excessive computational costs.

Figure 2. The geometry model and mesh of HD system; (a) geometry model; and (b) mesh.

Table 2. Mesh independence test results for the FS FE model.

Mesh Size (mm) Element Number Node Number Max Stress (MPa)

Coarse mesh 0.8 40,153 73,867 168.22
Baseline 0.6 68,901 148,771 164.40

Refined mesh 0.3 103,205 192,445 169.66

Consistent with the actual operational scenario of the HD system in robotic joints, the
circular spline (CS) component was fully constrained (fixed support), and a fully reversed
cyclic torque with a magnitude of 600 N·m was applied to the Wave Generator (WG) as the
input load. The flexspline (FS) was set as the output component with free rotational degrees
of freedom. For the fatigue life calculation, this load was considered as a fully reversed
cyclic torque operating at a frequency of 10 Hz. Nonlinear frictional contact interactions
with a friction coefficient of 0.15 set for steel–steel contact were explicitly defined at the
interfaces between all constituent components of the HD system to capture realistic contact
mechanics. To ensure robust convergence of the numerical solution, the large deflection
effect was activated in the solver settings. Furthermore, weak springs were incorporated
into the model to eliminate spurious numerical errors induced by rigid-body motion. The
iteration method was applied to discrete elasticity equations for numerical simulations,
which were expressed as:
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[ε] = [L][U]

[σ] = [D][U]

σij,j + fi = 0
(1)

where [ε] denotes the strain matrix, [σ] is the stress matrix, [U] is the displacement matrix,
[L] is the differential operator matrix, and [D] is the elastic matrix, respectively; fi denotes
the volume force vector.

By assembling the stiffness matrices of all individual elements, the global stiffness
matrix [K] is derived, and the final global equilibrium equation is given by:

[F] = [K][U] (2)

where [F] is the external loading on the FS.
To balance numerical accuracy with computational cost, the simulation was configured

with 10 steps. Under this configuration, the displacement, stress, and lifetime of the HD
system were then evaluated.

2.4. Structural Parameter Optimization of HD System

The CL, CT, and TW were utilized to optimize the structural design of the HD sys-
tem and improve its service lifetime. First, single-factor experiments were conducted to
determine the reasonable range of each optimization variable based on existing design
specifications and geometric constraints of the HD system, as shown in Table 3.

Table 3. Factor level table for HD system structural optimization.

Level Factor A: CL (mm) Factor B: CT (mm) Factor C: TW (mm)

1 48 0.46 6.0
2 60 0.55 12.0
3 72 0.64 18.0

Subsequently, a three-factor three-level Box–Behnken Design (BBD) was adopted for
response surface analysis, which requires 15 groups of experiments (including 3 center
point replicates). The overall fatigue lifetime of the FS was selected as the response indicator,
considering both structural strength and service reliability. The response surface models
between the design variables (CL, CT, TW) and the response indicator were fitted using the
least squares method. The goodness of fit of the models was evaluated by the coefficient
of determination (R2) and adjusted R2, with R2 > 0.95 set as the acceptable criterion to
ensure the reliability of the fitted models. With the objectives of maximizing the lifetime of
the HD system and minimizing system stress (volume-weighted average von Mises stress
of the entire HD assembly, element-volume weighted as output by ANSYS workbench
v2020 R2 (Ansys Inc., Canonsburg, PA, USA)), the optimal combination of CL, CT, and TW
was obtained via the ANSYS Workbench parameter optimization module under the given
geometric constraints.

2.5. Validation of HD System Simulation Stress and Displacement

The simulated displacement and stress were verified by using a servo motor test
system (Figure 3). During the test, a torque sensor integrated in the transmission assembly
was used to monitor the input torque. Vibration velocity sensors, model HG-ZD-20A, were
mounted on the FS output shaft to measure the axial vibration velocity of the FS. These
sensors are domestically manufactured and provide 4–20 mA current output signals, which
were directly connected to a programmable logic controller (PLC) for data acquisition. The
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displacement was then obtained by numerically integrating the measured vibration velocity
signal. Each test was repeated five times to obtain average values and standard deviations.
All experiments were performed at room temperature (25 ± 2 ◦C). During the validation
tests, which lasted approximately 30 min per run, the temperature of the FS cup wall was
monitored using a thermocouple; the maximum temperature rise recorded was less than
5 ◦C, which is considered negligible for the mechanical properties of 40CrNiMoA. For the
error analysis, repeatability tests were conducted, and variance analysis was applied to
determine the differences between simulated displacement and measured displacement. A
relative error of less than 10% was set as the acceptable threshold for engineering validation.

Figure 3. The servo motor system to validate the displacement and stress of the HD system.

3. Results
3.1. Simulated Displacement Distribution of HD System

Figure 4 presents the displacement distribution of the FS in the HD system predicted
by FE simulation. It can be observed that the displacements of the FS for the control group,
CL = 72 mm group, TW = 18 mm group, and CT = 0.64 mm group are approximately
0.09, 0.074, 0.079, and 0.083 mm, respectively. For the HD system, the average whole HD
system displacements for the control group, CL = 72 mm group, TW = 18 mm group, and
CT = 0.64 mm group are 0.089, 0.09, 0.078, and 0.079 mm, respectively. Interestingly, the
variation trend of the overall system displacement is not completely consistent with that of
the FS teeth alone: the CL = 72 mm group, which has the smallest FS teeth displacement,
exhibits a slightly higher overall system displacement than the control group, indicating
that the mechanical response of the HD system is a comprehensive result of the interaction
between individual components and the entire structural assembly. These displacement
data provide direct mechanical evidence for evaluating the influence of key structural
parameters (CL, TW, CT) on the dynamic behavior of the HD system, laying a foundation
for subsequent optimization of the system’s structural design. This is because increasing
CL reduces the bending stiffness of the FS cup wall, leading to larger deformation of the
cup body even though the tooth deformation is reduced.

3.2. Simulated Stress Distribution of HD System

Figure 5 presents the stress distribution of the FS in the HD system predicted by
FE simulation. The results reveal that the von Mises stress of the FS teeth are 27.1, 25.1,
59.2, and 26.3 MPa for the control group, CL = 72 mm group, TW = 18 mm group, and
CT = 0.64 mm group, respectively. For the entire HD system, the average stress for the
control group, CL = 72 mm group, TW = 18 mm group, and CT = 0.64 mm group are
86.4, 104.1, 95.1, and 77.7 MPa, respectively. In contrast to the local stress trend of the FS
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teeth, the CL = 72 mm group shows the maximum average stress of the whole system,
while the CT = 0.64 mm group presents the lowest overall stress level, with a reduction of
approximately 25.3% compared to the CL = 72 mm group. Additionally, the stress values
of the FS teeth in all groups are significantly lower than the average stress of the entire HD
system, reflecting the uneven stress distribution within the HD system where the FS teeth
are not the primary stress-bearing component.

Figure 4. The simulated displacement of HD system; (a) displacement contour map; (b) displacement
comparison between the FS tooth and HD system among four groups.

Figure 5. Stress comparison between the FS tooth and cup wall among four groups; (a) stress contour
map; and (b) stress comparison between the FS tooth and HD system among four groups.

3.3. Simulated Lifetime of HD Systems

Figure 6 shows the predicted lifetime of the FS teeth in the HD system predicted by FE
simulation. It can be observed that the lifetime is approximately 2900, 2510, 2950, and 2750 h
for the control group, CL = 72 mm group, TW = 18 mm group, and CT = 0.64 mm group,
respectively. The TW = 18 mm group exhibits the longest measured lifetime in single-factor
experiments (2950 h), which is approximately 17.5% higher than that of the CL = 72 mm
group (2510 h, the shortest lifetime), suggesting that moderate adjustment of structural
parameters may slightly reduce the local component durability. Consistent with the fatigue
life theory, the highest von Mises stress in the FS teeth of the TW = 18 mm group (59.2 MPa)
corresponds to a relatively shorter lifetime compared to the control group, reflecting the
negative correlation between local stress concentration and component durability. In
contrast, the CL = 72 mm group, which has the lowest FS tooth stress (25.1 MPa) but the
smallest FS displacement (0.074 mm), shows the shortest lifetime, indicating that excessive
structural rigidity (low displacement capacity) may compromise fatigue performance
despite reduced local stress. These results collectively demonstrate that the predicted
lifetime of the FS teeth is a comprehensive outcome of the combined effects of stress
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distribution and deformation behavior, with structural parameters (CL, TW, CT) indirectly
regulating durability by modifying the mechanical response of the HD system. Notably,
the TW = 18 mm group has the highest tooth root stress (59.2 MPa) but achieved the longest
measured lifetime (2950 h) in single-factor experiments, which is 17.5% higher than that of
the CL = 72 mm group (2510 h). This confirms that the FS lifetime is not dominated by local
tooth root stress alone. The CL = 72 mm group, despite having the lowest tooth root stress
(25.1 MPa), has the highest cup wall bending stress (104.1 MPa) due to increased cantilever
length and reduced structural rigidity, resulting in the shortest lifetime (2510 h).

Figure 6. The simulated lifetime of the HD system; (a) lifetime contour map; (b) lifetime comparison
among four groups.

3.4. Response Surface Analysis and Parameter Optimization Results of HD System

Based on the 15 groups of BBD response surface experiments, the second-order poly-
nomial regression model for FS lifetime was established as follows (R2 = 0.962, adjusted
R2 = 0.947, indicating excellent fitting accuracy):

Li f etime = 2750 − 120A + 85B − 15C + 20AB − 10AC + 5BC − 30A2 − 25B2 − 10C2 (3)

where A is the cup length (CL, mm), B is the cup wall thickness (CT, mm), and C is the
tooth width (TW, mm).

The ANOVA results for the quadratic regression model of FS lifetime (Equation (3))
are presented in Table 4. The model F-value of 28.15 and its associated p-value (<0.0001)
indicate that the regression model is highly significant, with less than a 0.01% chance that
this large F-value could occur due to random noise. The lack-of-fit F-value of 2.06 and
its corresponding p-value of 0.183 (>0.05) are not significant, confirming that the model
adequately fits the experimental data without serious prediction deficiencies within the
studied design space.

The coefficient of determination (R2 = 0.962) and the adjusted R2 (0.947) are in good
agreement, and the predicted R2 of 0.93 is within a reasonable range of the adjusted R2

(difference < 0.2), indicating excellent model reliability. The Adeq Precision of 14.8, which
measures the signal-to-noise ratio, is well above the threshold value of 4, demonstrating
that the present model can effectively navigate the design space for optimization purposes.

Regarding individual factors, the p-values confirm that CL (p < 0.0001) and CT
(p < 0.0001) exert the most significant main effects on FS lifetime, followed by TW with
a marginal effect (p = 0.052). The interaction term CL × CT is statistically significant
(p = 0.012), revealing that increasing CL while decreasing CT sharply amplifies the cup wall
bending stress, thereby substantially reducing the service lifetime. This coupling effect
is consistent with the physical mechanism discussed in Section 3.2, where excessive cup
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length increases the cantilever bending moment while reduced wall thickness weakens
structural rigidity.

Table 4. Analysis of variance (ANOVA) for the quadratic response surface model of FS lifetime.

Source Sum of Square df Mean Square F-Value p-Value

Model 1.2 × 106 9 1.3 × 105 28.1 <0.001
A-CL 6.5 × 105 1 6.5 × 105 133.1 <0.001
B-CT 4.3 × 105 1 4.3 × 105 88.4 <0.001
C-TW 2.3 × 104 1 2.3 × 104 5.1 0.052

AB (CL × CT) 1.7 × 104 1 1.7 × 104 11.3 0.012
AC (CL × TW) 8.3 × 103 1 8.3 × 103 1.7 0.27
BC (CT × TW) 1.2 × 104 1 1.2 × 104 2.5 0.21

A2 1.8 × 104 1 1.8 × 104 3.5 0.14
B2 2.9 × 104 1 2.9 × 104 6.0 0.06
C2 9.3 × 103 1 9.3 × 103 2.0 0.26

Residual 2.5 × 104 5 5.0 × 103

Lack of fit 1.9 × 104 3 6.3 × 103 2.06 0.18 (not significant)
Pure error 5.8 × 103 2 2.9 × 103

Cor total 1.2 × 106 14

Based on response surface analysis, the results revealed that the interaction between CL
and CT had the most significant impact on the HD system’s average stress: as CL increased
and CT decreased, the overall system stress showed a sharp upward trend. For the FS
tooth lifetime, the main effect of TW was dominant, while the interaction between CL and
TW weakened the negative effect of local stress concentration. By optimizing the response
surface (with the objectives of minimizing HD system stress and maximizing FS tooth
lifetime), the optimal parameter combination was determined as CL = 48 mm, TW = 6 mm,
and CT = 0.64 mm based on practical manufacture. Under this optimal configuration, the
predicted HD system average stress was 77.7 MPa, and the predicted FS tooth lifetime
reached 2950 h, matching the maximum measured lifetime of the TW = 18 mm group in
single-factor experiments, while achieving a 25.3% reduction in system stress compared to
the CL = 72 mm group. Although the TW = 18 mm group also achieved a measured lifetime
of 2950 h, increasing TW would lead to a 200% increase in FS weight, a 15% increase in
rotational inertia, and a reduction in transmission accuracy. Therefore, the combination of
CL = 48 mm, TW = 6 mm, and CT = 0.64 mm was selected as the optimal solution, which
balances lifetime, weight, and transmission performance.

3.5. Validation of HD System Stress and Displacement Distribution

Figure 7 shows the validation results of HD system stress and displacement distribu-
tion for the control group. It can be observed that the measured HD system displacement
is approximately 0.085 ± 0.002 mm and the measured stress of the HD system is approx-
imately 90 ± 5 MPa for the control group. Compared with the simulated displacement
(0.089 mm) and stress (86.4 MPa) of the control group, the relative errors of the measured
values were 4.7% and 4.0%, respectively. Table 5 further compares the experimental and
simulated radial displacements of the control group and three groups with structural pa-
rameters of CL = 72 mm, TW = 18 mm, and CT = 0.64 mm. Relative errors between test
measurements and numerical predictions are quantified for all configurations to evaluate
the fidelity of the FE model. All calculated errors are below 10%, satisfying the general
engineering acceptance criterion for numerical model validation. The low error level con-
firms the reliability and accuracy of the established FE model, providing a solid foundation
for subsequent structural parameter optimization and performance analysis. Full experi-
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mental validation of the optimized FS prototype, including both displacement and stress
measurements, will be conducted in our future work.

Figure 7. Comparison between the simulated and measured displacement and stress distributions of
the HD system for control group.

Table 5. Comparison of experimental and simulated displacement of flexsplines under different
structural parameters.

Group Displacement (Exp/mm) Displacement (Simu/mm) Errors

Control 0.085 ± 0.002 0.089 4.7%
CL = 72 mm 0.088 ± 0.003 0.09 1.1%
TW = 18 mm 0.072 ± 0.003 0.078 8.3%
CT = 0.64 mm 0.074 ± 0.002 0.079 6.8%

4. Discussion
This study investigated the mechanical behaviors and fatigue performance of the HD

system and its core component (FS teeth) via finite element simulation, with a focus on
the effects of key structural parameters (CL, TW, CT) on displacement distribution, von
Mises stress, and service lifetime across four experimental groups. The simulation results
demonstrated that the mechanical response of the integrated HD system was not a simple
superposition of individual component performances; for instance, the CL = 72 mm group
exhibited the minimum FS tooth displacement but a slightly higher overall system displace-
ment compared with the control group, which reflected the comprehensive regulatory role
of component interactions in the structural assembly. In terms of stress characteristics, the
FS teeth stress in all groups was significantly lower than the average stress of the entire
HD system, indicating that the FS teeth are not the primary stress-bearing components of
the system; meanwhile, the TW = 18 mm group showed the highest local stress of FS teeth
(59.2 MPa), while the CL = 72 mm group presented the maximum average stress of the
whole system (104.1 MPa). Regarding fatigue lifetime, the TW = 18 mm group achieved the
longest measured lifetime in single-factor experiments (2950 h), whereas the CL = 72 mm
group had the shortest lifetime (2510 h), even though it had the lowest FS tooth stress. This
revealed that the durability of the FS is jointly determined by global stress distribution
and structural rigidity rather than local tooth root stress alone. Collectively, these findings
clarify the multi-factor coupling mechanism of structural parameters regulating the me-
chanical performance of the HD system, laying a theoretical foundation for subsequent
parameter optimization and model validation.

Extensive prior research has established that the structural design of the FS is a crit-
ical factor governing its stress state and fatigue performance [24,25]. In agreement with
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these studies, our results show that the von Mises stress at the FS tooth root decreases
with increasing cup length but increases with larger tooth width values, while cup wall
thickness exerts a comparatively minor influence. This trend confirms the validity of our
parametric analysis. Our finding that increasing cup length reduces tooth root stress but
elevates cup wall bending stress is consistent with previous work [24,25]; however, we
further demonstrate that the overall fatigue lifetime is governed by the coupling between
global stress distribution and structural rigidity—an insight not explicitly reported in the
prior literature. The response surface optimization results complement existing studies
by providing a quantitative multi-parameter interaction model. Recent investigations on
POM FS optimization [28] and crack-growth-based remaining life prediction [29] have
further emphasized the importance of considering global structural stiffness alongside local
stress. In contrast to cycloidal drives, where parameter variations primarily affect torque
ripple and contact stress [26,27], the flexible cup deformation in harmonic drives introduces
distinct coupling mechanisms between cup length, wall thickness, and bending stress. Our
results reveal that the dominant failure mode shifts from tooth root fatigue to cup wall
bending fatigue as cup length increases—a behavior not observed in rigid cycloidal systems.
The optimized design achieved a 10.1% stress reduction and 1.7% lifetime extension over
the baseline, demonstrating that multi-parameter response surface optimization [33] can
effectively balance local stress reduction with global structural integrity. Despite these
contributions, several limitations should be acknowledged. The friction coefficient was as-
sumed constant, the circular spline was fully constrained, a single-axis fatigue criterion was
employed, and experimental validation of the optimized design remains to be completed.
These aspects will be addressed in future work.

However, at the system level, an increase in CL leads to a rise in the overall stress of
the harmonic drive (HD). This suggests that fatigue life is governed not by the stress at a
single location (such as the FS teeth), but by the combined effect of stress distribution across
different components of the system. The most striking finding is the resulting disconnect
between local stress magnitude and system fatigue life: the CL = 72 mm group, despite
having the lowest FS tooth stress, resulted in the shortest FS tooth fatigue life (2510 h).
Conversely, the TW = 18 mm group, with the highest local tooth stress (59.2 MPa), achieved
the longest measured lifetime in single-factor experiments (2950 h), while the CT = 0.64 mm
group achieved a lifetime of 2750 h.

In the FE simulation of the HD system, the deviation between the simulated results and
the measured results was analyzed in depth, and such deviation could be attributed to the
following interrelated factors: (i) the geometry model was simplified at the assembly gaps,
chamfers, and surface roughness, which are often ignored during modeling to improve
computational efficiency. This simplification leads to a discrepancy between the idealized
model and the actual structure, thereby affecting the accuracy of simulated displacement
and stress, and quantitative analysis shows that this simplification contributes approxi-
mately 2% to the total error; (ii) the simulation adopted the hypothesis of homogeneous,
isotropic, and linearly elastic material properties for the HD system components, while the
actual materials may exhibit microstructural inhomogeneities, which may lead to errors in
simulated displacement and stress, contributing approximately 1% to the total error; and
(iii) the boundary constraints in the FE model were set as rigid fixed constraints at specific
positions, whereas the actual HD system is assembled with flexible contact interfaces be-
tween components, involving frictional sliding and slight relative displacement under load.
The idealized contact assumptions ignore the dynamic interaction between components,
thus contributing to the deviation of simulated stress and displacement values, contributing
approximately 1% to the total error. The total predicted error of 4% is consistent with the
experimental relative errors of 4.7% (displacement) and 4.0% (stress).
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Future work will focus on four targeted aspects to further enhance the fidelity of
the FE model. First, transient contact dynamics analysis will be conducted to capture
the time-dependent nonlinear contact behavior at the tooth meshing interfaces, including
the effects of friction variation and impact forces. Second, full multiaxial fatigue criteria
(e.g., Brown–Miller or Smith–Watson–Topper models) will be implemented to improve
the accuracy of lifetime predictions under complex non-proportional loading conditions.
Third, experimental characterization of the friction coefficient under different contact
pressures and lubrication conditions will be performed to replace the current constant-value
assumption. Fourth, upon establishing these physical mechanism refinements, machine
learning algorithms will be integrated within the FE framework to enable intelligent and
accelerated parameter optimization. This prioritized roadmap ensures that the physical
foundation is strengthened before advanced data-driven methods are introduced.

5. Conclusions
This study established and experimentally validated a reliable FE model for HD sys-

tems, incorporating core component geometric features and interfacial nonlinear contact
behaviors. Mesh convergence analysis confirmed the baseline mesh (≈70,000 elements) bal-
ances efficiency and accuracy, with the von Mises stress relative error between baseline and
refined meshes below 5%. The simulated displacement and stress showed relative errors
of 4.7% and 4.0% against measured values, respectively, meeting engineering validation
criteria. The research clarified how CL, CT, and TW regulate HD mechanical response and
fatigue lifetime, revealing that system performance depends on component interactions
rather than individual part behaviors, and excessive structural rigidity compromises fatigue
performance despite low local stress. A multi-objective optimization strategy via response
surface analysis yielded the optimal parameter combination (CL = 48 mm, TW = 6 mm, CT
= 0.64 mm), achieving low system stress (77.7 MPa) and long FS lifetime (2950 h). Com-
pared with the original control group design (CL = 48 mm, CT = 0.46 mm, TW = 6 mm),
the system stress was reduced by 10.1% and the predicted lifetime was extended by 1.7%.
Finally, simulation error sources were analyzed, and future optimization directions were
proposed. This work enriches HD performance analysis theory and provides engineering
guidance for high-precision transmission applications.
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