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Abstract

This study presents a comprehensive thermo-structural and modal analysis of a ball screw
assembly. Thermal analysis revealed a maximum temperature of 29.1 °C at the ball nut,
corresponding to a total rise of 7.1 °C above ambient. The resulting thermal deformation
reached 77.81 um, while the von Mises stress peaked at 53.9 MPa, both within acceptable
limits. Modal simulation of 360 modes showed a sharp increase in frequency with mode
number and larger deformation patterns at the higher modes. The first two modes dominate
the effective mass with the first 8 modes capturing over 90% of the cumulative effective
mass. Overall, the results demonstrate stable thermal performance, limited deformation,
low stress, and controlled vibrations, confirming the modeling approach and the suitability
of 42CrMo4 steel for high-precision ball screw assemblies.

Keywords: Ansys; ball screw; finite element method (FEM); modal analysis; thermal
deformation; SolidWorks

1. Introduction

Ball screws convert rotary motion into linear motion and are widely used in precision
manufacturing. Their accuracy is strongly affected by heat generated during operation [1].
In machining, various heat sources such as bearings, servo motors, cutting zones, and
ambient temperature create uneven thermal fields that cause deformation and positioning
errors. These thermal effects can account for up to 70% of total machining errors in precision
machine tools [2].

As core transmission elements in electromechanical linear actuators, ball screws play
a significant role in actuator positioning accuracy, stiffness, and dynamic behavior [3].
Beyond static accuracy, the structural and modal characteristics of the ball screw assembly
further shape the actuator’s vibration response and dynamic stability, particularly at higher
operating speeds. These thermally induced deformations and positioning deviations
directly translate into performance degradation in ball screw-driven actuators [1,2].

The finite element method (FEM) is commonly used to investigate thermal errors
in machine tools and electromechanical actuators [4]. Li et al. [5] performed numerical
simulations to analyze the heating of individual components within the ball screw system,
and they integrated these results with the finite element method to develop models for both
the temperature distribution and thermal errors of the ball screw. Xu et al. [6] integrated
an enhanced lumped parameter model with the finite element method to evaluate the
temperature distribution and thermal deformation in the ball screw feed system. Li et al. [7]
developed an exponential model grounded in FEA to forecast temperature changes in
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the ball screw at various stages and to determine its thermal boundary conditions. Razak
et al. [8] applied finite element analysis to examine the distribution of temperature, thermal
stress, and strain in a CNC milling machine feed system, while Oyanguren et al. [9] using a
3D thermodynamic FEM model, predicted stress, transient temperature and contact forces
of a double-nut ball screw. Shang et al. [10] further refined the simulation of ball screw nut
pairs using APDL to model their reciprocating motion and study thermal characteristics.
These studies demonstrate that FEM-based modeling is an effective approach for analyzing
temperature fields, thermal deformation, and stress behavior in ball screw systems.

Like thermal errors, ball screws are subjected to vibrations where they lead to elastic
deformation and can greatly influence positioning accuracy at high speeds [11]. Experi-
mental investigations using operational modal analysis (OMA) were conducted to charac-
terize the dynamic behavior of ball-screw drives, identifying their natural frequencies and
damping ratios under real operating conditions. Comparisons with mathematical models
revealed deviations caused by modeling assumptions and parameter uncertainties [12].
In addition, both hybrid and lumped-mass dynamic models have been developed to an-
alyze the modal characteristics of ball-screw feed drives, demonstrating that the screw
shaft plays a dominant role in determining the system’s eigenfrequencies and vibration
modes [13]. Aenlle et al. [14] proposed new formulations for modal parameters that offer
physically meaningful definitions of modal mass and mode shape length. These theo-
retical advancements enhanced the analysis of experimentally identified mode shapes in
complex structures, where distributed mass and stiffness significantly influence vibration
behavior. Together, these studies provide a comprehensive understanding of ball screw
dynamics and offer tools to accurately predict their vibration behavior under practical
operating conditions.

Previous research has extensively examined the thermal, structural, and dynamic
behavior of ball screw systems, focusing on the effects of frictional heating, vibrations, and
geometric parameters. However, most prior works have relied on conventional materials
such as high-carbon or case-hardened steels and have generally treated thermal and modal
effects separately. To address these limitations, the present study conducts an integrated
thermo-structural and modal analysis of a precision ball screw assembly. The analysis
incorporates realistic frictional heat generation and convective boundary conditions while
employing 42CrMo4 steel, a high-strength alloy rarely applied in ball screw design to
assess its suitability for precision motion systems. This combined approach provides a
comprehensive understanding of the system’s thermal stability, deformation characteristics,
and vibration behavior, offering new insights for optimizing the design and material
selection of next-generation ball screw mechanisms.

2. Methodology

This section describes the approach used to study the ball screw assembly. The first
subsection covers CAD modeling of the assembly, while the next subsections describe the
simulation setup for thermal, structural, and modal analyses.

2.1. CAD Modeling of the Ball Screw

The ball screw was modeled in SolidWorks 2025, the assembly consists of the screw
shaft and nut. The ball screw selected for this study has a diameter of 40 mm, a pitch
of 16 mm, and a total shaft length of 1127 mm. The design was chosen based on com-
mon industrial use in precision motion systems and was developed in accordance with
ISO 3408 standards [15]. The ball screw model and some dimensions are shown in Figure 1.
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Figure 1. CAD model of the ball screw assembly with key dimensions, where P denotes the screw pitch.

2.2. Simulation Setup and Boundary Conditions

The simulation of the proposed ball screw was performed in Ansys 2025 R1. The ball
screw shaft and nut were made from 42CrMo4 steel, a low-alloy chromium-molybdenum
steel that complies with the European standard EN 10083-3 [16]. The material was chosen
for its favorable combination of high strength and good thermal conductivity, which are

critical for the thermo-mechanical analysis of ball screw. The detailed properties and their
values are given in Table 1.

Table 1. Mechanical and thermal properties of 42CrMo4 steel.

Property Value
Maximum tensile strength (MPa) 1000
Yield strength (MPa) 650
Brinell hardness 295
Thermal expansion (1076.K~1 11.5
Modulus of elasticity (GPa) 230
Specific heat capacity (J/(kg-K)) 461
Thermal conductivity (W/(m-K)) 45.1
Density (kg/m?) 7850
Poisson’s ratio 0.3

The analysis comprised three sequential stages: thermal, structural, and modal. The
temperature results obtained from the thermal simulations were imported as a thermal
load in the static analysis to account for temperature induced effects on the ball screw.

2.3. Thermal Analysis
The boundary conditions used for thermal simulation are detailed in Figure 2.
E] Convection: 22 °C, 6.588 W/m*.°C

. . p——
Convection 2: 22 °C, 5 W/m*°C 3
. Heat Flow: 10.47 W

Figure 2. Thermal simulation boundary conditions.
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The ball-raceway interfaces involve complex rolling contact, continuously changing
load paths, and fine geometric features. Explicit numerical modeling of individual balls
and their contact with the screw and nut would therefore require highly refined meshes
and nonlinear transient contact formulations, resulting in a prohibitive computational cost.
Accordingly, and in line with existing studies on ball screw thermal behavior (e.g., [1,6]), the
frictional interaction between the balls, screw, and nut can be represented using equivalent
friction torque-based heat generation models, expressed in Equations (1) and (2):

Hyapiserew = 01270 fo.v-n-M; (1)

where fj is the lubrication coefficient, v is the lubricant kinematic viscosity, # is the screw
rotational speed, and M; is the friction torque.

Q=T w (2)

where T is friction torque and w is the angular speed.

Although Equation (1) is more detailed as it accounts for multiple effects, Equation (2)
is used in this study as it captures the dominant frictional effects while simplifying numeri-
cal implementation, ensuring a stable and efficient simulation of thermal behavior.

Rotational speed was fixed at 500 rpm, which lies within the experimentally inves-
tigated operating range for ball screws [17]. The friction torque was selected as 0.2 N-m,
from the experimentally reported range for precision ball screws under typical preload
conditions [18]. Using these parameters, assuming full conversion of frictional work into
heat, the total frictional heat generation was calculated as 10.47 W. This value was applied
as an equivalent heat input in the thermal finite element model to account for frictional
heating at the ball-screw and ball-nut interfaces.

It should be noted that this modeling approach is intended to capture the global
temperature rise and steady-state thermal response of the ball screw assembly. Local
contact stresses and transient temperature variations at individual ball-raceway contacts
are not explicitly resolved and are beyond the scope of the present study.

According to known Nusselt number correlations [6], the convective heat transfer
coefficient was determined using Equation:

Nu - kg,;
h— udﬂuzd @3)

where h is convective heat transfer coefficient Nu is Nusselt number kg,;; is thermal
conductivity of the fluid and d is characteristic length.

These coefficients were then applied as convection boundary conditions to simulate
heat dissipation from the ball screw. A value of 5 W/m?-K was assigned to the external
surfaces exposed to ambient air, while coefficient of 6.58 W/ m?-K was used to represent
the confined airflow between the nut and screw grooves. The selected ambient temperature
was 22 °C.

2.4. Structural Analysis

A static structural analysis was carried out to evaluate the deformation and stress dis-
tribution in the ball screw assembly under equivalent operating conditions. The boundary
conditions are shown in Figure 3.
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Ux=Uy=Uz=0 Ux#0 Y
Rotational velocity = 500rpm Uy=Uz=0
X
Fixed support Floating support ~ Z

Figure 3. Static structural simulation boundary conditions (Ux, Uy, Uz: translational displacements).

One end of the screw shaft was constrained against axial and radial translation while
remaining free to rotate, representing a fixed support. The opposite end was constrained
radially but allowed axial displacement and rotation, corresponding to a floating support.
This fixed—floating support configuration prevents rigid-body motion while allowing axial
deformation due to thermal expansion, thereby avoiding over-constraint of the screw. The
thermal results were used as input for the structural analysis, and a rotational speed of
500 rpm was applied.

2.5. Modal Analysis

The modal analysis was performed to investigate the natural frequencies and mode
shapes of the ball screw. A total of 360 vibration modes were extracted to thoroughly
examine the dynamic behavior of the ball screw across a wide frequency range.

The dynamic behavior of the system can be expressed by the general equation of
motion, which can be derived based on Newton’s law or the Lagrange equation:

[M]X + [C]X + [Kq(Lw, P)]X = F. (4)

where [M] is the mass matrix representing inertia, [C] is the damping matrix that models
energy loss, and [K;(Ly, P)] is the stiffness matrix depending on the screw length L, and
preload P. Here, X is the displacement vector, X is the velocity vector, X is the acceleration
vector, and F, represents the external force acting on the system.

Mass participation analysis was performed to check whether the calculated modes are
sufficient to capture the complete dynamic behavior of the system. The formulas for mode
participation and mass participation (effective mass) are described as [14]:

vi = {9} [M|{D} ®)

M,ff; =77 (6)

where ¢; is the mode shape vector of mode i. [M] is the mass matrix of the system. It
represents how the mass is distributed across the structure. D is the unit displacement
vector in the direction of excitation which can be translation or rotation about an axis.

3. Results and Discussion

This section presents the results of the simulations, including the mesh conver-
gence study, thermal and structural behavior, and modal analysis. It also discusses
their implications.

3.1. Mesh Convergence Study

A mesh convergence study was conducted using tetrahedral mesh which is ideal for
simulation of complex geometries.

Meshes with element sizes of 4 mm and larger produced unstable results. Stability
was achieved when the element size was reduced to below 3.5 mm as shown in Figure 4.
However, a 2 mm mesh was chosen to ensure reliable results. Further refinement showed
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only minimal changes in deformation (within +2%) ensuring solution accuracy in line with
established best practices [19].

75

~
(=}
1

N
a
1

Coarse mesh

Average deformation (um)
3
1

55

50 T T T T T T T
1 2 3 4 L} 6 7

Mesh size (mm)

Figure 4. Mesh convergence study showing the effect of mesh refinement on average deformation;
different colors correspond to results obtained using coarse and refined meshes.

3.2. Thermal and Structural Analysis Results

The total temperature distribution along the ball screw was computed and the results
are presented in Figure 5.

The results reveal a clear thermal gradient along the screw shaft, with the maximum
temperature localized around the ball nut region and gradually decreasing toward both
shaft ends. The maximum temperature observed was approximately 29.1 °C, while the
minimum was around 25.9 °C, yielding a total temperature rise of about 7.1 °C above the
ambient condition (22 °C).

This distribution corresponds well to the expected heat generation pattern due to
frictional contact between the circulating balls and the raceways within the nut [5]. In
contrast, the threaded portions of the screw away from the nut and the exposed shaft
surfaces dissipate heat more effectively through convection to the ambient air, resulting in
a nearly linear temperature drop along the screw length.

Furthermore, the predicted temperature distribution and magnitude of temperature
rise are consistent with experimental observations reported in the literature, with tempera-
ture rises typically below 5-10 °C for rotational speeds up to 2500 rpm [17].

The thermal gradient suggests efficient heat conduction through the 42CrMo4 steel
shaft (thermal conductivity = 45.1 W/m-K), which facilitates temperature uniformity and
prevents localized overheating. The relatively low maximum temperature rise (=7 °C
above ambient) indicates that, under the given operating conditions, the system maintains
thermal stability.

The thermal gradients observed in the ball screw and applied rotational velocity led
to thermal expansion and deformation. The total thermal deformation was computed,
yielding a maximum displacement of 77.81 um. This value falls well within the range
of thermal elongations reported in experimental investigations of ball screw feed drives,
where elongations between approximately 30 and 140 um have been observed [17].
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29.097 Max
28.752
28.408
28.063
27.719
27.374
27.03
26.685
26.341
25.996 Min

(a) Nut and shaft temperature (°C)

29.095 Max
28,751
28.406
28.062
27.718
27.373
27.029
26.685
26.341

25.996 Min (b) Shaft temperature (°C)

29.097 Max
29.088
29.08
29.071
29.063
29.054
29.046
29.037
29.029
29.02 Min

(c) Nut temperature (°C)

Figure 5. Temperature results for the ball screw (°C). The figure shows (a) the complete assembly,
(b) the screw shaft, and (c) the ball nut.

In parallel, the von Mises stress distribution was evaluated to assess the structural
integrity under the loads, resulting in a maximum stress of 53.9 MPa as shown in Figure 6.

77.81 Max 53.961 Max
70.74 47.965
63.66 4197
L] i::zz 35974
- P 20978
3537 23.983
= 2829 17.987
2h22 11.991
1415
7.074 5.9958
0 Min 0.00019588 Min
Total deformation (um) Equivalent stress (MPa)
(a) (b)

Figure 6. Simulation results showing (a) total thermal deformation (um) and (b) equivalent (von
Mises) stress distribution (MPa) of the ball screw.

Furthermore, the heat generation and subsequent thermal deformation were com-
pared against the allowable limits for ball screws as defined in ISO 3408 [15]. The anal-
ysis confirms that both the thermal rise and the structural response are within accept-
able ranges. Consequently, the ball screw demonstrates excellent thermal and mechani-
cal performance under simulated operational conditions, highlighting its suitability for
high-precision applications.
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3.3. Modal Analysis Results

A total of 360 vibration modes were computed to ensure convergence of the cumulative
effective mass participation and to confirm that higher-order modes have a negligible
contribution to the dynamic response.

The first few modal frequencies are presented in Figure 7 which occur at relatively
low frequencies, with Mode 1 and Mode 2 appearing around 105 Hz. As the mode number
increases, the frequencies rise sharply. Mode 5 reaches approximately 464 Hz, and by Mode
10, the frequency is near 1188 Hz. The obtained natural frequencies are consistent with
previous studies on ball-screw feed drive systems, which report first natural frequencies
typically in the range of 100-170 Hz depending on the structural configuration and loading
conditions [11].

1200

1000

Frequency (Hz)

400

200

0 T T T
0 2 4 6 8 10

Mode number

Figure 7. First ten mode shapes and natural frequencies (Hz) of the ball screw assembly.

Some of the mode shapes are presented in Figure 8. Only modes with unique defor-
mation patterns are illustrated, as several modes in the low-frequency range have nearly
identical frequencies and exhibit similar behavior. This selection provides a clear visual
understanding of the global bending and torsional behavior of the assembly.

Deformation (mm)

258 Max Mode 1 17.4 Max Mode 3

Mode 8 Mode 9

Figure 8. Mode shapes of the ball screw assembly for Modes 1, 3, 5, 6, 8, and 9.
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The natural frequencies of all modes obtained are presented in Figure 9. Mid-range
modes, between 20 and 60 fall between 4000 Hz and 17,000 Hz, where multiple coupled
bending-torsional modes appear, often influenced by screw geometry. Beyond Mode 100,
the frequencies increase more gradually, ranging from about 28,000 Hz up to 63,000 Hz at
Mode 360, indicating high-frequency local resonances within the screw—nut assembly.

70,000

60,000 A

50,000

40,000 4

30,000 |

Frequency (Hz)

20,000

10,000 4

0

T T T T T T
0 50 100 150 200 250 300 350
Mode number

Figure 9. Frequency distribution of all 360 vibration modes of the ball screw assembly.

This smooth upward trend suggests a well-constrained and stiff system, where the
lower modes govern global structural behavior while higher modes correspond to localized
vibrations. Overall, the frequency distribution reflects a typical modal response, where
fundamental modes dominate low-frequency behavior and complex localized vibrations
appear at higher frequencies [20].

Figure 10 illustrates the deformation patterns across the first 360 vibration modes
of the ball screw. The analysis revealed that the deformation patterns varied across the
360 modes, with lower modes (1-20) exhibiting comparatively small deformation patterns
representing fundamental global bending and axial vibrations of the screw. Between modes
20 and 100, the deformation increased, indicating the onset of torsional and higher order
bending effects. As the mode number increased further, the deformation shapes became
more irregular, with pronounced localized and high-frequency vibrations concentrated near
the nut. The increasing complexity of deformation at higher modes aligns with findings in
previous studies showing that elastic effects become more significant at high speeds and
accelerations [11].

300

250

200 ~

150

100 +
50 k

T T T T T T
0 50 100 150 200 250 300 350
Mode number

Deformation (mm)

Figure 10. Deformation response of the ball screw assembly across all 360 vibration modes.
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Effective Mass Ratio (%)

The ratio of effective mass to total mass was evaluated for each of the 360 extracted
modes to quantify the contribution of individual modes to the overall dynamic behavior of
the ball screw assembly. As summarized in Figure 11, the first few lower-order modes dom-
inate the effective mass in all principal directions, confirming that these modes represent
the global vibration patterns of the system.

[ -anstational X 1 -Rulatfunal X
i ranslational Y IRotational Y
I -anslational 01 IRotational Z

Effective Mass Ratio (%)

5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Mode number Mode number

@) (b)

Figure 11. Effective mass ratio of first 10 modes. (a) Translational effective mass ratios in the X, Y, and
Z directions; (b) rotational effective mass ratios about the X, Y, and Z axes.

In the translational directions, Mode 1 has an effective mass ratio of 0.34 along the
Y-axis and 0.44 along the Z-axis, while Mode 2 exhibits the opposite trend, with 0.44 in Y
and 0.34 in Z. Together, these two modes account for over 80% of the total effective mass in
their respective directions, indicating that they represent the primary bending and lateral
translation of the ball screw shaft.

For rotational motion, the first two modes also dominate: Mode 1 contributes
0.73 about the X-axis and 0.13 about the Z-axis, while Mode 2 contributes 0.17 about
the Z-axis. Additionally, Mode 8 exhibits significant contributions in both translation and
rotation, with 0.9 along the X-axis for translation and 0.69 and 0.53 along the Y- and Z-axes,
respectively, for rotation.

Beyond these primary modes, the effective mass ratios decrease sharply, suggesting
that the higher-frequency modes are associated with localized deformations such as nut
vibrations, thread bending, or shaft torsion.

The cumulative effective mass exceeds 90% within the first 8 modes confirming that
the modal extraction is sufficient and that the essential dynamic characteristics of the
assembly have been captured [21].

4. Conclusions

The study presents an integrated thermo-structural and dynamic analysis of a ball
screw assembly. The model was created in SolidWorks and simulated in Ansys, incorporat-
ing thermal, static, and modal analyses to evaluate the combined effects of heat generation,
thermal deformation, and vibration under realistic operating conditions. Thermal loading
was calculated based on frictional power losses, while convective effects were modeled
using established Nusselt number correlations. Structural deformation was assessed un-
der the applied rotational velocity, followed by modal simulations with a focus on mass
participation. The simulation results can be summarized as follows:

e The maximum temperature rise was approximately 7.1 °C above ambient, with a peak
temperature of 29.1 °C localized around the ball nut region.

e  The maximum total deformation was found to be 77.81 pm, and the maximum equiv-
alent (von Mises) stress was 53.9 MPa, remaining well below the yield strength of
42CrMo4 (650 MPa).
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https://doi.org/10.3390/act15010066

Actuators 2026, 15, 66

11 of 12

e A total of 360 vibration modes were extracted, with the first two modes dominating
the system’s effective mass participation (=80%) and exhibiting natural frequencies
near 105 Hz.

The results collectively demonstrate that the ball screw maintains structural integrity,
thermal stability, and favorable dynamic characteristics within acceptable limits, validating
both the modeling approach and the chosen material.

5. Limitation and Future Work

The following points summarize the limitations of the present study and opportunities
for future work:

e  The present analysis assumes steady-state thermal conditions and does not account
for transient temperature variations that may occur during acceleration or variable
loading cycles.

e Ball-nut contact interactions were simplified using a thermal-load substitution
approach, which neglects localized heat generation and contact stresses within
the raceways.

e  The influence of lubrication properties, preload variation, and manufacturing toler-
ances was not explicitly modeled and may affect real-world performance.

e  Experimental validation of the simulated results is recommended to verify the accuracy
of thermal and modal predictions.

e  Further studies can investigate alternative materials or surface coatings to improve
thermal dissipation and wear resistance in high-speed applications.
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The following abbreviations are used in this manuscript:

FEM Finite Element Method
CNC Computer Numerical Control
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APDL  Ansys Parametric Design Language
OMA  Operational Modal Analysis
CAD  Computer-Aided Design

ISO International Organization for Standardization
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