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Abstract: The dynamic model of a precision linear motion platform serves as the foundation for 
achieving high-quality motion at micro-stroke scales. The three fundamental elements of system motion 
are displacement, velocity, and acceleration. High-quality motion is ultimately reflected in 
displacement accuracy, while velocity and acceleration indirectly influence displacement precision. 
Therefore, this paper proposes a component-refined dynamic modeling method aimed at analyzing the 
variation patterns of velocity at micro-stroke scales. First, along the motion transmission path, motion 
types are distinguished, transmission modes are analyzed, and a qualitative dynamic modeling 
framework is established. Second, refined equivalent models of the input source and the motion 
conversion mechanism are developed respectively, and the coupling mechanism between them is 
constructed. Finally, the simulated velocity curves are compared with experimental velocity curves at 
stroke scales of 10 μm, 20 μm, 50 μm, and 100 μm. The method provides a certain degree of prediction 
of velocity magnitude, as well as the local peaks, troughs, and convergence trends of the velocity curves, 
thereby validating the effectiveness of the dynamic model. 
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1. Introduction 

Precision linear motion platforms are widely employed in fields such as optical device fabrication 
and multi-axis robotics, enabling high-precision positioning and performing critical core tasks, thereby 
playing a crucial role in the overall operational performance of the system. Positioning error serves as a 
key parameter for evaluating the motion accuracy of precision linear motion platforms and largely 
determines the assessment of positioning precision. Positioning accuracy is not only an important 
metric within standard accuracy systems but also closely correlates with system operational 
performance. Therefore, analyzing motion characteristics across different scales is of great significance 
for enhancing the motion accuracy of precision linear motion platforms. 

The three fundamental elements of system motion are displacement, velocity, and acceleration. 
Among them, displacement serves as the direct manifestation of error, while velocity and acceleration 
are often taken as control entry points that indirectly affect displacement and error. Aguada[1]discussed 
an improved kinematic model for machine tools and applied it to the study of error sources in 
uncertainty analysis. Du[2]established a geometric error model for single-axis assembly based on 
Jacobian–Torsor theory, enabling the identification of key error sources in single-axis assembly. 
Huang[3]developed a geometric error model for three-axis machine tools using homogeneous 
transformation matrices combined with the Abbe principle and Bryan principle. The aforementioned 
studies focus on the transmission of motion displacement and the resulting geometric error deviations. 
To further improve displacement accuracy, indirect influences must be considered, requiring further 
analysis in conjunction with system dynamic parameters. 

Qian[4]addressed the influence of vibration by considering the correlation between motion position 
and system dynamic characteristics. They established a dynamic equation based on the Ritz series 
method and analyzed the axial and torsional vibrations at different positions, distinguishing the 
vibration variations caused by position changes. Wu[5]introduced the variation in distance between the 
ram centroid and the oil film support center during guideway operation to establish an improved 
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dynamic model for accurately predicting the motion of ram-type guideways. The model demonstrated 
that motion errors are significantly affected by dynamic effects. Tang[6]investigated the repeated 
positioning accuracy of precision linear motion platforms by establishing a mapping relationship 
between dynamic parameters and repeated positioning accuracy based on micro-motion characteristics. 
Huang[7]developed a linear parameter-varying dynamic model for high-quality and high-efficiency 
control of servo ball screw transmission systems, considering the effects of position and load on 
dynamic characteristics. Zhao[8]proposed a load distribution model under combined loads that accounts 
for ball geometric errors, starting from the differences in ball contact states within ball screws, thereby 
enabling position accuracy prediction of ball screw pairs. Zha[9]established a guideway profile error 
function and identified the initial oil film gap and throttle ratio as the main factors affecting motion 
errors. Ohta[10]developed an elastic deformation model for rolling guideways considering the elastic 
deformation of both the guideway and rolling elements. Khim[11]constructed a transfer function 
relationship between guideway geometric errors and restoring forces, and further established 
equilibrium equations during motion to analyze the five-degree-of-freedom motion errors of guideways. 
It can be seen that incorporating dynamic characteristic analysis can enhance the alignment between 
practical applications and theoretical calculations, thereby improving the mathematical model of 
motion systems. However, the aforementioned studies lack sufficient depth in integrating geometric 
errors with drive system characteristics, particularly in the context of micro-strokes where further 
analysis of upstream influences in the motion transmission chain is needed. This limitation results in 
insufficient alignment between mathematical models and practical conditions at this scale. 

In summary, research on motion characteristics at the micro-stroke scale still faces the following 
issues that require urgent resolution: the coupling mechanism of the motion chain and the equivalent 
modeling of individual components. This study focuses on the velocity characteristics of precision 
linear motion platforms and conducts an in-depth analysis using component-equivalent dynamic 
models. By analyzing the motion characteristics of the drive motor and examining the constraining 
effects of geometric errors in the moving components, an equivalent model of the ball screw is jointly 
constructed to enable accurate description of motion characteristics at the micro-stroke scale. 
Corresponding measurement experiments are designed to validate the effectiveness of the dynamic 
model, providing a theoretical basis for subsequent high-efficiency control and improvement of motion 
displacement accuracy. 

2. Structure and dynamic modeling of the motion platform 

2.1. Structure of the precision linear motion platform 

From the perspective of the core motion transmission chain, micro-scale high-precision linear 
motion platforms mainly include the following structures: screw-guide type, linear motor direct drive 
type, etc. Considering cost control, high applicability, and high precision, a roller screw-guide type 
micro-scale precision linear motion platform driven by a high-resolution stepper motor is widely used 
in the market. The mechanical structure model of the motion platform is shown in Figure 1. 

1 2 3 4 5 76

1. Motor 2. Coupling 3. Bearing housing and bearings

4. Guideway 5. worktable 6.Nut

7.Screw  
Figure 1: Structure of the precision linear motion platform. 

From the figure above, the core components of the platform motion transmission chain can be 
identified: the motor shaft, coupling, lead screw shaft, and nut (worktable). During motion transmission, 
the stepper motor inputs an angular displacement, which drives the lead screw shaft to rotate by a 
certain angle via the coupling. Under the principle of screw transmission, the balls act as contact 
elements to propel the nut (worktable). In this process, motion displacement errors originate from two 
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aspects. On one hand, geometric errors are associated with manufacturing imperfections. On the other 
hand, dynamic responses—such as inconsistencies in the steady-state position of the motor due to 
nonlinear factors and random disturbances—also contribute to error. The ball screw system inherently 
exhibits both types of errors, resulting in certain inconsistencies between measured error curves. This 
objectively leads to superimposed constraints from geometric errors and random error distributions. To 
establish a comprehensive mathematical model that accurately describes motion characteristics, the 
transmission system is expanded along the axis system, and refined equivalent models are developed 
for each component. 

2.2. Equivalent models of motion chain components 

As shown in Figure 2, the relative positions of the rotor teeth and stator teeth of the stepper motor 
are illustrated. According to the numbered sequence in the figure, the relative positions of the teeth 
correspond to four states: aligned, offset by 1/4 tooth pitch, offset by 1/2 tooth pitch, and offset by 3/4 
tooth pitch (equivalent to an offset of 1/4 tooth pitch). 

Stator

Rotor

Stator

Rotor

Stator

Rotor

Stator

Rotor

1 2

3 4

 
Figure 2: Relative position between rotor teeth and stator teeth. 

When power is applied but no pulse is given, the system remains in the aligned state. Upon 
receiving a pulse, the stator in State 2 generates a magnetomotive force, attracting the rotor teeth to 
align in order to minimize reluctance, thereby producing an electromagnetic torque. This 
electromagnetic torque can be equivalent to a nonlinear spring, which aligns the rotor with the stator in 
State 2. The motor shaft is then connected to the lead screw shaft via a coupling, forming a complete 
shaft system. Figure 3 shows the equivalent model of the shaft system. 

Motor Shaft Screw shaft

Coupling torsional 
stiffness

Torsional 
damping

Contact 
stiffness

DampingElectromagnetic 
torque Friction torque

 
Figure 3: Equivalent model of shaft system. 

The coupling is treated as a torsional spring, with its rotational inertia distributed between the motor 
shaft and the lead screw shaft. The lead screw mechanism operates on the principle of screw 
transmission, where the ball screw transmits force and motion through the contact of balls, involving 
Hertzian contact stiffness. Considering the coupling of geometric errors, and for convenience of 
description, the nut along with the load is collectively referred to as the nut. For the nut alone, its 
equivalent motion model is expressed as Figure 4: 
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Figure 4: Equivalent model of nut coupling geometric error. 

In the figure above, the contact stiffness is provided by the balls, while the resistance of the nut and 
load is determined by the guideway, including damping and friction. The vertical direction represents 
the displacement of the nut. The balls contribute to the contact stiffness, and the vertical length in the 
equivalent model of the nut is merely illustrative and is not included in the specific calculation process. 
By combining the above models, the dynamic equations of the system can be derived. For the motor 
subsystem: 
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In the above equation, ua and ub represent the phase voltages of phases A and B, respectively; ia and 
ib  represent the phase currents of phases A and B, respectively; R is the phase resistance; L is the phase 
inductance; Ke and Kt are the back electromotive force constant and torque constant, respectively; Jm-eq 
is the equivalent moment of inertia of the motor shaft; θm and θs are the angular displacements of the 
motor shaft and lead screw shaft, respectively; ωm and Bm are the angular velocity and damping 
coefficient of the motor shaft, respectively; p is the number of rotor teeth; kc and Bc are the torsional 
stiffness and torsional damping of the coupling, respectively. As motion is transmitted to the lead screw 
shaft, the following equation holds: 
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In the above equation, ωs represents the angular velocity of the lead screw shaft; Js-eq denotes the 
equivalent moment of inertia of the lead screw shaft; kn and Bs are the contact stiffness and damping, 
respectively; l is the lead of the screw; e stands for geometric errors; h is the deformation of the contact 
spring; and Tfs represents the nonlinear friction resistance. The nut and load can be described by the 
following equation: 
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In the above equations, xT,vT and mT denote the displacement, velocity, and mass of the nut, 
respectively; bn is the translational damping coefficient of the nut; and fn represents the nonlinear 
translational damping of the nut, which is quantitatively expressed using the Stribeck friction model. 
The intermediate variables in Equations (1), (2), and (3) are defined as follows: 
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In the above equation, xi is the ideal displacement; C, T and φ represent the amplitude, period, and 
selected initial phase of the geometric error, respectively. The Stribeck friction model for the rotational 
friction of the lead screw and the translational friction of the nut is expressed as follows: 
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In the above equations, Tcs is the coulomb friction torque of the lead screw rotation, Tss is the static 
friction torque, ωss is the characteristic angular velocity, and δs is the exponential coefficient for the 
lead screw angular velocity; fcn is the coulomb friction force of the nut translation, fsn is the static 
friction force, vsn is the characteristic velocity, and δn is the exponential coefficient for the nut velocity. 
The system of equations integrates the driving mode of the stepper motor, relying solely on pulse 
frequency and pulse count for motion transmission and conversion. 

3. Micro-Stroke Motion Characteristics Simulation 

According to the Oriental Motor Product Manual[12], Table 1 lists the dynamic parameters of the 
PKP223D15-series stepper motor. Based on reference to the mechanical structure, material properties, 
and related analysis of the same type of ball screw used in the precision linear platform, the 
corresponding physical parameters are presented in Table 2. 

Table 1: Dynamic parameters of the stepper motor. 

Physical parameters Unit Value 
Maximum excitation torque N·m 0.095 

Rated  current per phase A 1.5 
Winding resistance per phase Ω 1.18 
Winding inductance per phase mH 0.96 

number of totor teeth — 50 
moment of inertia of motor Shaft kg·m2 10-6 

rated boltage per phase V 1.77 
rotor viscous damping N·m·s/rad 10-5 

Table 2: Dynamic parameters of the precision linear platform. 

Physical parameters Unit Value 
Moment of Inertia of Coupling kg·m2 3×10-7 
Torsional Stiffness of Coupling N·m/rad 44 
Torsional Damping of Coupling N·m·s/rad 10-6 

Moment of Inertia of Lead Screw Shaft kg·m2 3.36×10-7 
Rotational Damping of Lead Screw Shaft N·m·s/rad 10-5 

Lead mm/rev 1 
Mass of Nut and Load kg 0.2 

Contact Stiffness of Balls N/m 1.5×104 
The δ exponent adopts the commonly used empirical value δ=2[13]. The corresponding parameters 

of the Stribeck friction model are presented in Table 3. 
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Table 3: Dynamic parameters of the precision linear platform. 

Physical parameters Unit Value 
Moment of Inertia of Coupling kg·m2 3×10-7 
Torsional Stiffness of Coupling N·m/rad 44 
Torsional Damping of Coupling N·m·s/rad 10-6 

Moment of Inertia of Lead Screw Shaft kg·m2 3.36×10-7 
Rotational Damping of Lead Screw Shaft N·m·s/rad 10-5 

Lead mm/rev 1 
Mass of Nut and Load kg 0.2 

Contact Stiffness of Balls N/m 1.5×104 
Substituting the parameters from Tables 1, 2, and 3 into the differential equations, dynamic 

simulation was performed using MATLAB. Focusing on the motion characteristics at micro-strokes 
and emphasizing velocity—one of the three fundamental elements of motion—simulation was carried 
out for strokes of 10 μm and 20 μm at a frequency of 200 Hz. See Figure 5 for the corresponding 
velocity-time plots for the 10 μm and 20 μm stroke scales. 
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(a) Velocity-time simulation for 10 μm stroke.   (b) Velocity-time simulation for 20 μm stroke. 

Figure 5: Velocity-time simulation for 10 μm stroke and 20 μm stroke. 

For larger strokes, simulations were performed for 50 μm and 100 μm. The velocity-time plots 
reflecting the motion characteristics are shown in Figure 6. 
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(a) Velocity-time simulation for 50 μm stroke.  (b) Velocity-time simulation for 100 μm stroke. 

Figure 6: Velocity-time simulation for 50 μm stroke and 100 μm stroke. 

Observing Figures 5 and 6, the following results can be preliminarily obtained: (1) Velocity exhibits 
aperiodic fluctuations, with instances of reversals in velocity; (2) The response of the previous step has 
not yet fully settled before the next step begins, leading to overlapping effects and consequently 
multiple local peaks and troughs; (3) Due to the presence of electrical damping, the braking efficiency 
is relatively high, enabling the system to quickly reach a steady state. 

4. Comparison between simulation and experiment 

The experimental setup for measuring the motion characteristics of the precision motion platform is 
shown in Figure 7. The experiment was conducted under constant temperature and humidity conditions 
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with minimal interference. A Renishaw XL-80 laser interferometer (Renishaw, UK) was used, with a 
system accuracy of ±0.5 ppm (0–40 °C), a resolution of 0.001 μm, a maximum measurement speed of 
4.0 m/s, and a maximum sampling frequency of 50 kHz. The precision linear platform under test has a 
deadweight of 0.78 kg, a unidirectional positioning accuracy within 5 μm, a repeatability within 0.5 μm, 
and a maximum operating speed of 20 m/s. 

Laser interferometer Beam splitter Motion platform Mirror

Measurement system

Control system

 
Figure 7: Experimental Setup for Motion Characteristics Measurement. 

The mirror is not fixedly connected to the worktable; its constraint is provided solely by the contact 
force at the interface. Therefore, a slight tapping experiment was conducted to measure the natural 
decay oscillation process between the beam splitter and the worktable. The corresponding experimental 
principle is shown in Figure 8. The first trough after excitation was ensured to exceed 0.5 mm/s to 
match the first trough in the simulation. Sampling was performed at intervals of 0.1 ms. The measured 
velocity-time plot is shown in Figure 9. 
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Figure 8: Measurement principle of mirror decay oscillation. 
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Figure 9: Natural decay oscillation process of the mirror. 

It can be observed from the figure that, starting from the first trough, the decay oscillation process 
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dominated by contact damping exhibits six peaks before the remaining portion can be considered as 
noise. Therefore, in the subsequent experimental measurement curves, the portion after the first trough 
is neglected to correspond with the simulation results. 

Sampling measurements were performed at intervals of 0.1 ms, and experimental comparisons were 
conducted following the step size and frequency used in the simulation. First, motion characteristic 
measurement experiments were carried out for micro-strokes of 10 μm and 20 μm. The resulting 
velocity-time plots are shown in Figure 10. 
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(a) Velocity-time simulation for 10 μm stroke. (b) Velocity-time simulation for 20 μm stroke. 

Figure 10: Velocity-time measurement curves for 10 μm and 20 μm strokes. 

Comparing the simulation results with the experimental measurements, at the 10 μm stroke scale, 
the simulated maximum velocity is 1.69 mm/s, while the corresponding measured velocity is 1.79 mm/s; 
the simulated minimum velocity is −0.7 mm/s, and the corresponding measured velocity is −0.8 mm/s. 
From the waveform comparison, the simulation demonstrates a certain predictive capability regarding 
velocity fluctuations during operation. At the 20 μm stroke scale, the simulated maximum velocity is 
1.77 mm/s, matching the measured value of 1.77 mm/s; the simulated minimum velocity is −0.3 mm/s, 
while the measured minimum is −0.4 mm/s. In terms of waveform comparison, the simulation captures 
the double peaks, with the second peak appearing higher than the first, and also predicts velocity 
fluctuations at approximately the corresponding waveform positions. Compared with conventional 
equivalent models, the proposed model achieves a higher degree of predictive accuracy for velocity 
variations. Then, motion characteristic measurement experiments were conducted for strokes of 50 μm 
and 100 μm. The resulting velocity-time plots are shown in Figure 11. 
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(a) Velocity-time simulation for 50 μm stroke.      (b) Velocity-time simulation for 100 μm stroke. 

Figure 11: Velocity-time measurement curves for 10 μm and 20 μm strokes. 

Comparing the similarities between the simulation and experiment at the 50 μm stroke, the 
measured curve first exhibits successive local peaks, which is similar to the simulation, followed by 
local troughs, then rises to local peaks again, and subsequently decreases to local troughs. If the final 
fluctuations are considered as a set of local peaks, the alternating sequence of peaks and troughs is 
consistent with the simulation. The greatest discrepancy in velocity occurs at the maximum overshoot 
velocity after the pulse stops. 

Due to the large number of local peaks and troughs, the comparison between simulation and 
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experiment at the 100 μm stroke focuses primarily on the overall trend. It can be observed from the 
figure that both the simulation and experimental results converge toward a velocity of 1 mm/s, which 
corresponds to the average velocity at a frequency of 200 Hz. The simulated curve exhibits a total of 
five sets of local peaks and four sets of local troughs, while the experimental curve can be interpreted 
as having five local peaks and four local troughs. The greatest velocity discrepancy is again observed at 
the maximum overshoot velocity after the pulse stops. 

To compare the proposed refined model with a conventional equivalent model, a simplified second-
order equivalent dynamic model of the ball screw system was established. In this simplified model, the 
motor was driven with a gradually decreasing torque under open-loop conditions, and linear friction 
was incorporated. Velocity-time plots were simulated for displacements of 10 μm, 20 μm, 50 μm, and 
100 μm, as shown in Figure 12. 
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(a) Velocity-time simulation for 10 μm stroke. (b) Velocity-time simulation for 20 μm stroke. 
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(c) Velocity-time simulation for 50 μm stroke. (d) Velocity-time simulation for 100 μm stroke. 

Figure 12: Velocity-time plots for various strokes using conventional second-order equivalent model. 

It can be observed that due to the extremely small stroke, the system cannot reach a state of 
equilibrium where the input force equals the resistance. Consequently, the velocity does not converge, 
nor does it exhibit the oscillatory behavior with multiple local peaks and troughs seen in actual motion. 
Moreover, under open-loop conditions, the velocity increases significantly. 

5. Conclusion 

It can be observed that due to the extremely small stroke, the system cannot reach a state of 
equilibrium where the input force equals the resistance. Consequently, the velocity does not converge, 
nor does it exhibit the oscillatory behavior with multiple local peaks and troughs seen in actual motion. 
Moreover, under open-loop conditions, the velocity increases significantly. 

(1) By introducing equivalent component models that account for the stepper motor and lead screw 
errors, the dynamic model of this type of precision linear motion platform is refined. Compared with 
conventional second-order equivalent dynamic models, the proposed model better captures the motion 
characteristics at micro-stroke scales under actual operating conditions and enables a certain degree of 
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prediction of velocity fluctuations and velocity magnitude during motion. 

(2) The refined dynamic model developed following the approach presented in this study provides 
theoretical support for further in-depth investigation of the other two fundamental motion elements—
displacement and acceleration—in future research. 

(3) Regarding the limitations of the proposed model, for macro-stroke and high-speed operating 
conditions, future work may incorporate additional nonlinear factors such as the torque–speed 
characteristics of the stepper motor and pulse accuracy. Furthermore, increasing the complexity of the 
coupling mechanism between geometric errors in the ball screw system will further approximate the 
actual operating process. 
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