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Abstract 

This paper shows the multiphysics simulation process of a rotary MEMS stepper motor 

with electrostatic actuation, where the solid mechanics, electrostatics, and moving mesh 

simulations through COMSOL are considered in a time-dependent study. The rotary 

MEMS motor comprises the aluminum structural layer from a 0.5μm CMOS technology 

used for integrated circuit fabrication. Both the rotor and the stator are immersed in a 

dielectric; for this reason, the simulation requires a moving mesh to model the electrical 

characteristics of the medium. A mesh convergence study is conducted to ensure the 

accuracy and mesh independence of the results. The simulation also considers the 

frequency of the stator electrodes alternating signal and the frequency response of the 

rotor to define the solver time stepping. Through this simulation, it was possible to verify 

that the micrometric electrostatic actuator has an angular displacement with a linear 

trend, which allows the proposed design to be verified. 
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1. Introduction 

Finite Element Analysis (FEA) is a powerful and handy tool in engineering design that has become a crucial 

part of the design process of many products in a broad range of applications. The FEA has become a constant in 

the design of microelectromechanical systems (MEMS) [1] [2] [3] [4] [5], as it allows the designer to consider 

all the involved physics in the operation of MEMS sensors and actuators in only one model, obtaining complete 

information for decision-making [6] [7] [8]. 

Multiphysics is inherent to MEMS actuators, as the typical mechanisms of actuation are thermal, piezoelectric, 

electrostatic, or magnetic, all deriving from a desired structural mechanics behavior. The simulation of a MEMS 

actuator must then consider all the physics involved in the operation and the couplings between them in a 

suitable way. 

When it comes to a rotary stepper motor, the significance of studying its time-dependent behavior cannot be 

overstated. Time-dependent FEA plays a crucial role in this, considering the frequency response of the system, 

the time-dependent boundary conditions and nonlinearities, to define the proper solver parameters [9][10][11]. 

Another key consideration during the time-dependent simulation of the rotary stepper motor is the deformation 

or movement of the surrounding medium, which is particularly relevant for the electrostatic actuation as the 

surrounding medium serves as the dielectric needed for the electrostatic actuation to occur. 
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2. Rotary MEMS Stepper Motor Design 

Micromotors are actuators that generate movement due to some micro-activation force and can be fabricated 

based on MEMS-dedicated technologies, like POLYMUMPS or METALMUMPS. Actuation forces for 

micromotors are primarily electrostatic, generated by misaligned and electrically energized plates, which 

generate electrostatic forces, thus stimulating the motor movement. 

This work focuses on an electrostatically actuated rotary MEMS stepping motor (Figure 1 and 2), made up of a 

one-piece rotor with multiple teeth (A, A') and a stator comprised of multiple fixed electrodes (S1, S2, S3). The 

rotor and stator are formed of conductive material, particularly aluminum, as the micromotor's structural layer. 

 

 

Figure 1. The top view of an angular micromotor, the rotor, and the stator comprised of a conductive material.   

 

Figure 2. Morphological parameters of the micromotor. 

 

The morphological parameters listed in Table 1 optimally relate electromechanical performance and On-Semi 

manufacturing rules. 
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Table 1. Morphological parameters of the micromotor. Geometrical parameters are illustrated in Fig. 2; Ns is 

the number of poles in the stator and Nr is the number of poles in the rotor. 

 

Morphological parameter Metrics Morphological parameter Metrics 

  2.31m    5.277m 

   200m    218m 

   180m    53 m 

   75    50 

   18m        50m 

  15m     3m 

  9m    57.2m 

   241.6m         57.2m 

   20m    0.57m 

  3.6m    1.2m 

 

During operation of the MEMS stepper motor, two main forces are considered, the friction force that must be 

overcome for the motor to rotate, given by equation 1, and the electrostatic force which actuates the motor, 

given by equation 2. 
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The stator has 75 poles, activated only in groups of 50 at a time, to establish a specific 'geometric relationship' 

between the rotor and stator poles. This relationship, which is 2/3, as shown in [12] and [13], is a fundamental 

aspect of the motor design. The electrostatic force must be greater than the friction force for the motor to move. 

In this case, the coefficient of static friction to consider is the one present between the upper aluminum layer and 

the lower aluminum layer, which is the area where the rotor bearings and the rotor base come into contact (see 

Fig. 2). However, the value of the coefficient of static friction to be considered is uncertain as the possible drop 

effect, the roughness of the surface after the machining and the scarce experimental data are too challenging to 

be accurately measured, so to take the friction force into account it is suggested to give the static friction 

coefficient a value between 1 and 3, as is done in [14][15]. 

Given the above, the necessary voltage to drive the MEMS stepper motor can be computed from equation 2 by 

assuming that the electrostatic force equals the friction force. Then, the minimum driving voltage for static 

friction coefficients between 1 and 3 is: 

              

 

              

 

(3) 
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This voltage range can be considered low and feasible for the application analyzed here. 

3. Methods: The Finite Element Model 

Finite element analyses were performed to validate the design of the MEMS stepper motor. Remember that this 

stepper motor is actuated with electrostatic forces, so it is necessary to consider the variables involved in the 

physical phenomenon, such as a moving mesh for the dielectric fluid involved and the displacement that the 

electrostatic force will cause on the motor. Therefore, this analysis is multiphysics in nature. 

The FEM model of the motor has the following considerations: 

 The CAD model of the MEMS stepper motor (Figure 3), comprising the 50-tooth rotor, 75 stator poles, 

bearings, and a bearing base, was drawn based on the morphological parameters in Table 1. In addition, 

a block was designed to represent the dielectric that surrounds the motor, the stator, and the bearings. 

 

 

Figure 3. 3D CAD model of the MEMS stepper motor a) without surrounding block b) With surrounding block. 

 Determination of the desired physics to solve for in the analysis. Electrostatic forces impulse the 

stepping motor; two physics are involved: electrostatics and solid mechanics, coupled by an 

electrostatic force interface. 

 

 Determination of the analysis space dimension. Even though the motor's movement is limited to a 

single plane, the spatial dimension of the analysis will be 3D as simplifying due to the motor's topology 

is not possible. 

 

 Selection of the type of study. Given that the 75 stator electrodes are activated in groups of 25 to cause 

the motor's rotation, the type of study will be time-dependent on being able to capture the stator 

electrodes' commutation and the effect of said commutation on the rotor's rotary displacement. 

 

 Simulation time. The stator electrodes are turned on and off sequentially to obtain the desired motion of 

the rotor; for this design, an operation frequency of 500 Hz is established. This means that every 2ms, 

all three groups of the stator electrodes commute from on to off once, as shown in Figure 4. Two cycles 

of 2ms were simulated to show stable and repetitive behavior. 
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Figure 4. Stator electrodes signals. 

 

 Material property data. As mentioned in the previous section, the rotor, stator, and bearings are all 

made of conductive materials, in this case, aluminum. The block surrounding the rotor, stator, and 

bearings has air properties. The properties of both materials are in Table 2. 

 

Table 2. Assumed values for material properties. 

 

Aluminum Air 

Property Value Property Value 

Young modulus 70e9 Pa Relative permittivity 1 

Poisson’s ratio 0.33   

Density 2700     ⁄    

 

 Definition of boundary conditions. The boundary conditions for the solid mechanics interface are fixed 

constraints over all the stator electrodes and a rigid connector for the internal cylindrical face of the 

rotor, which only allows rotation around the z-axis. On the other hand, for the electrostatic interface, 

the boundary conditions are four voltages, one for the rotor and one for each of the three groups of 25 

electrodes of the stator; these three voltages are variable in time (Figure 4). 

 

 Mesh generation. A tetrahedral mesh is used for meshing all the domains; a local mesh control over the 

tip of the rotor teeth and the front of the electrodes is added to control the number of elements in these 

entities since the area between them is responsible for the movement of the rotor via electrostatics. A 

mesh of the whole model is shown in Figure 5a, and the mesh for the rotor and stator is shown in 

Figure 5b. 

 

 
Figure 5. a) Mesh of the entire model b) Mesh of the rotor and stator. 

 



International Journal of Multiphysics 

Volume 18, No. 2, 2024 

ISSN: 1750-9548 

 

532 

In any analysis, the mesh element size is essential since the problem's solution is calculated at discrete points 

(nodes) of the elements. The elementary and global results are generated based on these point solutions by 

applying techniques like interpolation or quadrature. So, to get accurate results, more nodes are required, which 

can be achieved by using smaller or higher degree elements. However, adding more nodes does not guarantee 

more accurate results by itself. To demonstrate the accuracy of the results the mesh size must be independent of 

the convergence. [16] [17] [18] [19]. 

To assure the accuracy of the results from the multiphysics analysis of the rotary MEMS stepper motor, a mesh 

convergence study was developed by doing a series of subsequent analyses refining the mesh at the tip of the 

rotor teeth and the corresponding faces of the stator electrodes (Figure 6). This refinement region is between the 

rotor teeth and stator electrodes, where the electrostatic forces that move the motor are generated [14]. 

 

 

Figure 6. Mesh local control at teeth tip. 

A graph of the displacement of the tooth tip against the number of elements at the tip of a rotor tooth was made 

(Figure 7). The results plotted correspond to the total displacement of a specific tooth tip at 1 ms of simulation 

time. The graph shows that mesh convergence is achieved with ten mesh elements at the tip of the rotor teeth. 

 

Figure 7. Mesh convergence graph. 

Hence, this mesh density was used after these results since accuracy was achieved with the multiphysics 

analyses. 

When a multiphysics analysis is made, it’s essential to consider how the different physics will relate and how to 

obtain solutions for all the involved unknowns. For the rotary MEMS stepper motor analysis, the solid 
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mechanics and electrostatics physics are related by the electrostatic force, which is the driving force of the rotor 

and is calculated from the Maxwell stress tensor employing integration of equation 4 over the surfaces on which 

the force acts [20]. Maxwell’s stress tensor exists for all dielectric materials, including air. 

 ⃗    
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As seen in equation 4, to calculate the electrostatic force, it is necessary to first know the electric field and the 

electric displacement. Once the electrostatic force is known, the solid mechanics can be solved. Thus, the 

solution of the physics involved must be segregated, which means solving the electrostatics first, followed by 

the solid mechanics. 

Another consideration for the rotary motor simulation is the dielectric medium (air) movement, whose mesh 

must be dynamic since the domain that defines the dielectric medium will change its shape due to the movement 

of the rotor, adding new unknowns to be calculated in the simulation in the form of a spatial displacement field 

of the moving mesh [21][22]. Next, the segregated solution for the spatial mesh displacement is calculated after 

properly determining the displacement field associated with the solid mechanics. 

On the other hand, the voltages applied to the three groups of stator electrodes are defined by a step function, 

which implies an instantaneous change in time. Boundary conditions with instantaneous changes must be treated 

with care, as a deficient treatment of these can lead to an extremely small time-step to compute the solution, 

which in turn causes very long solution times or even convergence issues. For the case presented here, the 

strategy used for the treatment of stator electrode voltages is to stop the solver once the switching times of the 

signals are reached and then reinitialize the solver based on the previous results and the updated boundary 

conditions. 

Like the voltage switching time, the spatial displacement and distortion of the moving mesh are monitored at 

every time step since excessive distortion will lead to ill results or convergence issues. A maximum distortion of 

3.5 is considered a reliable criterion, and when this value is exceeded, the solver stops, and a re-meshing over 

the deformed geometry is carried out. 

Finally, a time step for the time-dependent solver is defined considering the switching frequency of the voltages 

and the frequency response of the rotor, resulting in a time step of 1x10-5 seconds. 

4. Results 

The results obtained include the magnitude and angle of the displacement vector over the X-Y plane at the tip of 

one tooth of the rotor. As seen in Figure 8, the magnitude of the vector displacement in the X-Y plane of the 

micromotor surpasses 100 μm in 0.003 s, while the angle of the vector displacement reaches 193.5 degrees 

when 18 V is applied. Figure 8 shows that the response of the micromotor is nonlinear from 0ms to 1 ms since 

the simulation starts from an initial state of rest. Then, this period's response is the micromotor's transient 

response. 

Conversely, for times from 1ms to 3ms, the micro motor displays a linear response (Figure 8), which is regarded 

as the steady state of the response. Over the steady part of the response, a curve fit was made (Figure 9), from 

which two linear functions (Equation 5) and (Equation 6) were obtained. The linear behavior of both graphs is 

indicative that the magnitude and angle of the displacement vector at the tip of one teeth of the rotor are varying 

at a constant rate given by the slopes of the linear functions (Equation 5) and (Equation 6) respectively. This, in 

turn, implies a constant angular velocity for the rotor, a crucial factor in the micromotor's performance and 

design. 
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Figure 8. Mesh convergence graph Graphs of rotor displacement with a positive 18V voltage applied. a) 

Displacement vector magnitude in X-Y plane b) Angle of displacement vector in X-Y plane. 

 

 
Figure 9. Curve fit over the steady part of the response of the micromotor a) Displacement vector 

magnitude in X-Y plane b) Angle of displacement vector in X-Y plane. 

 

Equation 5 can compute the expected magnitude of the displacement vector in the X-Y plane for the rotor at any 

given time, and equation 6 can also compute the angle of the displacement vector at any time. 

Figure 10 a) shows the electric potential along with the displacement vector of the rotor in the X-Y plane, while 

Figure 10 b) shows the electric field norm between the rotor and stator along with the displacement vector in the 

X-Y plane; both images were taken for t=0.00129 ms. A comparison of both images in Figure 10 shows the 

match between the stator electrode at 0V and the produced electric field, which is maximum at the front border 
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of the stator electrode, producing the necessary electrostatic force to move the rotor. Finally, with the proposed 

simulation strategy, there were no convergence problems, and the full simulation of the 3 ms took 101 hours and 

2 minutes to complete. 

 

Figure 10. Results at time t=1.29 ms a) Electric potential and displacement vector in X-Y plane b) Electric field 

norm and displacement vector in X-Y plane. 

5. Discussion 

The operation of the rotary micromotor could be validated by performing a multiphysics simulation that 

considers the electrostatic actuation mechanism step by step and the time dependence of the stator electrode 

signals. The behavior of the rotary movement of the micromotor tends to be linear in accordance with what was 

designed. 

The multiphysics simulation is a fundamental tool in the MEMS design and development process since it allows 

the study of the operation of the proposed designs, considering all the conditions and physical phenomena 

involved in the operation of the MEMS sensors and actuators. This provides complete information to the 

development team for better decision-making prior to the manufacturing process. 

During the simulation process, good preparation of the mesh, a mesh convergence study, and the correct 

application of boundary conditions that emulate the operating conditions allowed accurate results. For time-

dependent simulations, the correct definition of the solver time stepping allows to avoid convergence problems 

and helps to shorten solution times. 
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