Design and characterization of a novel MEMS linear motor
VAHÉ NERGUIZIAN1, MUSTAPHA RAFAF1 AND LOUIS A. DESSAINT1
MUTHUKUMARAN PACKIRISAMY2 AND ION STIHARU2
1 Electrical Engineering 

École de Technologie Supérieure
1100 Notre Dame West, Montreal, Quebec, H3C-1K3
CANADA
2 Mechanical and Industrial Engineering 

Concordia University

1455 de Maisonneuve Blvd. West, Montreal, Quebec, H3G-1M8

CANADA
 http://www.etsmtl.ca
Abstract: - This paper presents the design and characterization of linear micro motor using Micro Electro Mechanical Systems (MEMS) technology. Linear motors are needed to actuate a sub-system mechanism requiring a specific displacement. The actuation mechanism with proper control ensures accurate displacements permitting the achievement of the sub-systems desired goal and performance. For the control of the linear MEMS motor, the linear encoder that runs the entire length can be easily integrated with the component. The scaling effect from macro to micro is assessed to determine the physical dimensions of the linear MEMS motor. The gap change of a capacitor and the micro positioning of a system are typical examples using this interesting linear motor actuation mechanism. Moreover, this article evaluates different linear motor designs with surface and bulk micromachining and the proper choices of component’s material with the associated challenges and manufacturing difficulties. 
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1 Introduction

For macro scaled electromechanical devices, the magnetic force being predominant, large motors are basically designed on the basis of magnetic forces. As for micro scaled actuation mechanism, mainly electrostatic forces are dominated since the magnetic force, due to scaling effect, is unsuitable or weak. In fact, the need of high volume magnets and proper magnetic materials present manufacturing difficulties to obtain high magnetic forces. Fortunately, several researchers successfully manufactured recently high aspect ratio structures, increasing effectively the volume of the magnet to generate suitable magnetic force [1]. As a result, micro magnet systems for different applications are fabricated using high aspect ration structures using “lithography, electroforming, and molding process” (LIGA) or LIGA-like electroplating based metallic MEMS processing [1]. Some application examples using magnetic forces are micro motors and micro controlled movements. 

The following applications use controlled movement to achieve some specific required functions:

· Optical (mirror movement and positioning) 
[2, 3]
· Aerospace and fluidic [4, 5] 
· Defense [6] 
· Biomedical [7] 
· RF and Microwave [8]
Most of these actuation schemes require a sophisticated and complex mechanism that can be simplified by the use of linear micro motors.

Therefore, MEMS electromagnetic linear motors can be very useful in many micro scale applications. The design and manufacturing of these linear motors will help the end user to concentrate more on the application aspect rather than on the completion of the displacement mechanism. Moreover, the linear displacement presents a simpler control scheme compared to rotary displacement. Instead of using cylindrical micro motors to produce rotary torque, flat micro motors can be used to produce linear force. With MEMS, conversion from linear motion to rotary can be accomplished easily by some disc reaction plate. Very little research and documentation exists on the topic of linear MEMS motor. 
The objective of this paper is to present a MEMS based Standard Linear Motor (SLM-MEMS) that can be reconfigured or adapted for any specific application requiring a certain displacement. Therefore, this article shows the design of SLM-MEMS with its challenges and presents appropriate solutions.

In section 2, we give the principle operation of the linear motor. Section 3 gives advantages and challenges of the proposed solutions. The section 4 presents design parameters and solutions such as magnetic, mechanical and electrical properties. In section 5, proposed solutions with all design configurations are shown followed by a conclusion and future work in section 6.
2 Principle of operation
The magnetic forces can be divided into two categories:

· Magneto-static force (force generated on a permanent magnet in a magnetic field)

· Lorentz force (force generated on electrical current in a magnetic field).

For the magnetic actuation, only Lorentz force will be studied in this paper.

The operation of electromagnetic linear motor is based on Lorenz force given by equation (1) [9]:
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 presents the vector product function. 
From this equation it can be deduced that when the magnetic field and the current vectors are perpendicular to each other, then the magnetic force vector is governed by the right-hand rule as shown in Figure 1, and therefore, equation (1) can be simply given by equation (2):
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The direction of the movement or displacement can be changed by two means:

· Current direction change

· Magnetic field direction change.

 
[image: image8]
Fig. 1 Relation between magnetic field, current and force
Therefore, final linear actuator can be operated in any desired direction set by the direction of 
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Under a fixed magnetic field, electromagnetic actuation is a current controlled process, and therefore MEMS actuators usually require driving currents of several hundreds mAs and driving voltages in the range of 1 V.
The design presented in this paper will be concentrated on a fixed magnetic field (amplitude and direction), with changing electrical current (amplitude and direction) as shown in Figures 2 and 3 obtained by an applied external source.
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Fig. 2 Beam subject to fixed magnetic field and a forward direction of electric current
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Fig. 3 Beam subject to fixed magnetic field and a reverse direction of electric current
In MEMS application usually the electrostatic force is much higher than the magnetic force, due to the scaling effect. Using Trimmer scaling force matrix given by equation 3 [10]:
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we can say that, the electrostatic force between to plates of a capacitor can be related to the dimensions by the equation 4:
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We can show, under certain conditions for current density and magnetic field, that the magnetic force is related to the dimensions by equation 5:
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Although the electrostatic force is 100 times greater than the magnetic force, the actuation mechanism using magnetic force is feasible with the actual advancement in new magnetic material properties and deposition techniques. Equation 5 stipulates that going from macro scale to micro scale, the magnetic force is reduced by a factor of 104. For a magnetic example, if the dimension is reduced from one meter to ten micrometer (a factor of 105) then the magnetic force is reduced by a factor of 1020.
3 Advantages and Challenges
The advantages of linear MEMS motors are:

· The possibility of integrating linear motors in systems requiring displacement (linear or non linear).

· The possibility to standardize a system or a mechanism performing displacement for different applications.

· The control of predetermined and predefined known displacement steps.
· The ease of control mechanism.
· The simplified associated MEMS encoders.
· The accurate displacement (linear or non linear).
· The challenge to pass physically the current through the mobile structure.
· The challenge of adaptation to different subsystems like:

· Mirror displacement

· Variable capacitance generation

· Variable inductance generation

· Fluidic pump control

· Others

For the applications identified earlier, linear displacements are usually obtained from circular movements that are translated to linear displacements by some complicated mechanisms. The advantage and novelty of this proposed solution is in the mechanism simplicity and the implementation of a standard system that can be used for any application.

Moreover, the control of these motors is much simpler than the existing MEMS motor control. For example, the implementation of encoders on linear motor is more efficient and easy than standard circular motor encoders. Very little documents exist for MEMS motor control.

4 Important parameters of design 
The design of linear motors actuated by Lorentz forces depends on several intrinsic and extrinsic parameters. The choices of appropriate materials, depositions technique of materials and manufacturing technologies are the inputs of the design parameters. Magnetic, electrical and mechanical design considerations are of interest and assessed in the design phase. 
4.1 Magnetic properties

For the magnetic field creation several avenues are already investigated by different researchers. The use of soft ferromagnetic material (like NiFe) is a good choice for micro actuation applications [11]. Furthermore, the magnetic field can be generated either by planar or 3D electromagnetic coils [12] or by fixed permanent magnetic deposited material [13]. Both of these magnetic field generation techniques use some type of electro plated deposition for ferromagnetic material formation. Basically thin layers of Cr and Cu are deposited as seed layer for the electro plating process [11].

4.2 Electrical properties

In the presence of magnetic field, the current applied by an external source generates the force that creates the micro displacement. Moreover, the current carrying structure being the moving structure a major challenge is present for the connection of this structure to the external source. The current density and heat density at micro level are major concerns and need to be properly investigated for best solutions. The solutions to these two concerns are elaborated in the proposed design.
4.3 Mechanical properties

For the mechanical structure, first the manufacturing process needs to be assessed, followed by the solutions of the process used. Three different processes can be considered for MEMS manufacturing, namely, surface micromachining, bulk micromachining and LIGA. The combination of different processes together can also be implemented if necessary. 

The stress on the moving structure, the resonant frequency and other mechanical parameters are crucial since the system mechanism is very fragile due to the floating structure of the moving beam. Therefore, material mechanical properties, structure, beam dimensions and mechanical process compatibility need to be modeled and assessed properly. In some cases stress actuation mechanism could be introduced to help obtaining some folding patterns. The current carrying beam is usually held in a gap between two fixed structures and hence the stability is also a big issue. The stiction, for surface micromachining, is also a major concern at the end of the process that needs to be overcome. For the packaging issues, although they have to be addressed from the beginning of the design [14], this article does not treat the packaging considerations and solutions.
5 Proposed solutions
The proposed solution is based on the sliding mechanism of a beam or a bar, moving on a fixed current carrying structure. The bloc diagram of the proposed solutions is given in Figures 4 and 5.

Cross section view

Top view

Fig. 4 Linear motor structure with one guiding mechanism

Cross section view

Top view

Fig. 5 Linear motor structure with two guiding mechanisms

The first figure shows the moving mechanism with one guiding mechanism and the second figure presents more stable structure using two guiding mechanisms. 

For the current injection and transportation mechanisms, several parameters are investigated. Although the applied voltage is very low (around 1 volt), the current passing through the sliding beam is quite large (around several hundreds of mAs). Therefore an analysis of thermal expansion and joule heat is a must to assess the heat impact and induced buckling effect on the structure. The Finite Element Analysis (FEA) gives all the anticipated mechanical and electrical parameters under different conditions.

As for the manufacturing, the proposed solutions take the advantage of combining two micromachining processes (surface and bulk) associated to wafer to wafer bonding process. It starts with two silicon substrates processed simultaneously. For the current and displacement mechanisms, the process used is MUMPS (Multi User MEMS process). For the permanent magnet film deposition, the substrate is wet etched with an edge stop angle of 54.74o and the electroplating with seed layers of Cr and Cu is completed. Dry etching like DRIE (Deep Reactive Ion Etching) can also be used to have vertical etching. Once the surface and bulk micromachining are completed, wafer to wafer bonding is performed. Figure 6 shows the complete structure after the 2 processes and wafer to wafer bonding.
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Fig. 6 Cross section of the proposed solutions 

The structure dimensions are well controlled during the design and proper stud heights are chosen to allow the sliding beam moving in the guide, and simultaneously getting the current from the main fixed current carrying structure. 
Figure 7 shows the cross section of the proposed current carrying structure with the spring component needed to ensure the proper friction between the sliding and the fixed structures. Due to possible wear or some oxidation, the reliability and the life cycle of the system need to be evaluated. The wear, manufacturing imperfections and tolerances are key factors during these analyses.

[image: image17.emf]Guiding

beam

Sliding

beam

Fixed metallic

current carrying

structure

Spring


Fig. 7 Cross section of the proposed current carrying mechanism 

The magnetic field at micro level can attain values between 0.1 and 1 Tesla depending on the material type, material volume and deposition properties.

Current density of the order of hundred of thousands mAs/cm2 can circulate through micro section of a beam. Therefore, current at micro level (beam section of around 500 μm2) can be of the order of 100 to 1000 mAs. The induced Lorentz force would be between 100 and 1000 μN, sufficient for micro actuation mechanism.
Note that when the electrical current or magnetic field strengths are transformed into mechanical force (actuation), the system operates as a motor. Contrarily, when the mechanical force in the presence of fixed magnetic field is transformed into electrical current (detector), the system operates as a sensor. Therefore the system proposed can work as linear motor or linear displacement detector. With the proposed design, encoders can be incorporated with SLM-MEMS in order to accurately control the linear displacement at micro level.
6 Conclusion and future works
In this paper we presented the design and the characterization of linear MEMS motor. Design parameters and challenges are identified and solutions are given. The combination of surface micromachining and bulk micromachining would be appropriate to manufacture these linear MEMS motors. The anticipated future works are the assessment, simulation and manufacturing of the moving structure and the incorporation of the external source mechanism for current injection. Moreover, optimization will be needed for the complete structure with finite element analysis, followed by linear motor manufacturing and testing for adequate functionality. The operation of the system with magneto static force could also be studied to compare with the Lorentz force. Last but not least, the incorporation mechanism of MEMS encoders to control the linear motor is considered. 
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