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ABSTRACT 

    Miniaturized FTIR spectrometer has been developed rapidly in recent years due to the 

increasing demands. MEMS micromirrors have been used to replace the movable mirror 

system, which is the largest part in conventional FTIRs. Electromagnetic actuators are 

suitable to drive the micromirrors because of their relatively large quasi-static translation 

range and high response speed. In addition, high surface quality is required for the 

micromirror. However, current MEMS based micromachining technologies cannot 

provide satisfactory surface quality. Therefore, a translation mircomirror with a large 

displacement, i.e., > 120 µm, and a novel magnetic field pulling-force assisted bonding 

technology are developed to bond a high surface quality (i.e., roughness of 2 nm and 

radius curvature over 15 m) mirror plate with a released microactuator using an adhesive. 

However, the touching points between the moving film and the substrate lead to a large 

starting position variation and low repeatability in operation. To solve these limitations, a 

repulsive force based translation micromirror utilizes a novel driving mechanism, i.e., 

permanent magnet ring above and electromagnet underneath the moving film, to lift and 

push the moving film away from the substrate for translation. As a result, the starting 

position of the repulsive force translating mirror is consistent and the repeatability is < 
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1%. A maximum displacement of 144 µm can be achieved when a 140 mA current is 

applied. To eliminate the tilt of the translation micromirror during motion, a 

compensation system is developed which includes the translation mirror, a correcting 

mirror and a reflecting mirror. The correcting micromirror corrects the tilt by rotating the 

same angle as the translation micromirror with its rotating axis parallel to the tilting axis. 

The tilt of the attractive force translation micromirror can be reduced to 0.026° after 

compensation, so it can be used as a movable mirror in FTIRs to measure half of the mid-

infrared region between 13.6 µm and 25 µm. Therefore, the electromagnetic actuator 

based translation micromirror with large displacement, high surface quality can be 

successfully used as the movable mirror in the miniaturized FTIRs with the tilt 

compensation system. 
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CHAPTER 1 INTRODUCTION 

1.1 Optical spectrum and spectrometer 

    The optical spectrum is a part of the electromagnetic spectrum. The study of optical 

spectrum started in the 17th century when Isaac Newton observed the phenomenon that a 

series of colors ranging from red to purple are generated after the natural light was 

dispersed by a prism. The optical spectrum is based on the theory that when light is 

projected to a matter, the atom of the matter absorbs the corresponding energy from the 

light, which leads to the change of light’s wavelength. Spectrometer, or spectrograph, is 

the device to record the intensity of the light passing through a sample and obtain the 

spectrum. The components of the sample are then determined by using spectrum analysis. 

As an important optical instrument, spectrometer has been widely employed in various 

fields including agriculture, food safety, biology, medicine, petrochemistry, astronomy 

and the environment.  

    The spectrometer has three major parts which are the light source, dispersion system 

[1] and detector. The dispersion system plays an important part because spectral 

measurement range, dispersive power and resolution are dependent on it. Basing on the 

different working principles of the dispersion system, the spectrometers can be divided 

into four types: 

    1) Material dispersion spectrometer – It utilizes the principle that the lights with 

different frequencies travel at different speeds in the same medium, so their refractive 

indexes are different. An example of the material dispersion spectrometer is the prism 

spectrometer, which uses a prism as the dispersive element, as shown in the lower left 

corner of Figure 1.1. The light is dispersed by the prism when propagates through it and 

the refraction angle depends on the refractive index of the prism's material and the 

wavelength of the light. 

    2) Diffraction grating spectrometer – This type of spectrometer uses the diffraction 

grating as the dispersive element. Because different wavelengths lead to different 

diffraction angles even if the incidence angle is same, the incident beam is separated and 

diffracted after passing through multiple splits on the grate and becomes multiple lights 

travelling in different directions, as shown in the upper left corner of Figure 1.1.  
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Figure 1.1 Grating (1) and prism (2) spectrometers [2] 

3) Fabry-Perot (F-P) spectrometer – As shown in Figure 1.2, this spectrometer is 

composed of a pair of separated glass with high surface quality. The surfaces between 

two glass are highly reflective, so the incident beam is reflected multiple times between 

the pair and generates multiple transmitted beams. Because the optical paths of these 

reflected beams are different, the beams interfere with each other to generate the 

interferogram on the screen. 

 

Figure 1.2 Diagram of Fabry-Perot (F-P) spectrometer 

    4) FT spectrometer – It uses an interferometer as the disperse system. The incident 

beam produces an interferogram after passing through the interferometer, then a 

spectrogram is obtained after the Fourier transform of the interferogram. As shown in 

Figure 1.3, the Michelson interferometer is most commonly used in FT spectrometer.  
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Figure 1.3 Diagram of FT spectrometer 

    Different dispersion systems have different characteristics. The prism system has 

relatively low performance, but its structure is simple and it is the only spectrometer 

generating spectrum without superposition. Therefore it is suitable to work as the pre-

disperser in a composite spectrometer. The F-P spectrometer has high resolution and 

large aperture (large optical flux), but its free spectral range [3] is very small and the 

structure and assembly are relatively complex, so it is commonly used in laboratories for 

the research of ultra-fine structures. 

    The grating dispersion system is one of the most popular spectrometers. It has such 

advantages as wide spectral range in theory, simple structure and relatively low 

requirements on assembly. In fact, due to the manufacture limitation and the high cost, 

the measurement range of the grating spectrometer is concentrated on UV (325-380 nm) 

[4], VIS (380-650 nm) [5] and part of NIR (650-835 nm) [6] whose wavelength is below 

1 µm. Therefore, the grating spectrometer is mainly used in geological prospecting and 

atmosphere measurement, because the wavelengths of inorganic substances are in this 

range. The FT dispersion system is also popular. Its advantages include higher resolution 

and higher signal-to-noise ratio by compared to the grating spectrometer with the same 

aperture size. As the result, its overall performance is higher. However, it is limited by 

the performance of the movable mirror of the interferometer, such as the displacement, 

steps and tilt. It is mainly used in infrared measurement of wavelength greater than 0.75 
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µm, most of which are organic substances, so it is popularly used in food safety, biology 

and medicine. 

1.2 History of spectrometer 

The first prism spectrometer was made and improved by Gustav Kirchhof (1824-1887) 

and Robert Bunsen (1811-1899) in 1859, as shown in Figure 1.4. In the next 100 years 

since then, the prism spectrometer, as the first generation spectrometer [7][8], was mainly 

used in the laboratories to observe the optical phenomenon and prove optical theories. It 

contributed greatly to the early development of spectroscopy. 

 

Figure 1.4 Early prism spectrometers (latter half of 19th century) [3, 4] 

    Since 1960s, the industrial and electrical technologies had been advanced, especially 

the grating ruling and replica technology and AAS [9], therefore the prism was replaced 

by  the grating to be used as the dispersion element in the second generation spectrometer 

[10], as shown in Figure 1.5. Compared with the prism spectrometer, the grating 

spectrometer can make more precise qualitative and quantitative analysis and measure 

wider wave bands, including UV, VS and even part of NIR. 

    Both the prism and the grating spectrometers are dispersion systems based on the 

diffraction. By applying a FT to the interferogram, the spectrum was obtained by Fellgett 

in 1958. It proved multiple advantages of the FT spectrometer, such as high signal-to-

noise ratio [11] and better resolution of the spectrum [12]. Since then, interference 

spectrometers have hade significant improvements with the effort from Jacquinot, 

Fellgett, Connes P, and Strong’s Group. With the development of photoelectric 

technology and the rapid advancement of computer science, FT spectrometry has become 
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the third generation spectrometer since 1980s. Michelson interferometer based FTIRs is 

used as the most popular type until now. Figure 1.6 shows Shimadzu FTIR-4000, which 

was produced in 1984. This FTIRs has a high recording speed and storage using multiple 

CPUs and a floppy disk as memory and uses an air bearing mechanism to drive the 

movable mirror smoothly. 

 

 

(a)  

 

(b) 

Figure 1.5 Grating spectrometers. (a) Coleman Junior II Spectrophotometer (1960); (b) 

Shimadzu IR-27G double beam self-recording spectrophotometers (1965, 130kg) [10] 
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Figure 1.6 FT spectrometer - Shimadzu FTIR-4000 (1984) [13] 

1.3 Miniaturization of the spectrometer 

    The conventional spectrometers were large, expensive and sensitive to the working 

environment, such as temperature, humidity, shock, etc., so they could only be operated 

by professional operators. Therefore, there have been more demands for miniaturized 

portable spectrometers which can be deployed on-site since the end of last century. For 

example, all of the product line inspection equipment, battlefield (radiation, chemical, 

biochemical weapon) detection instruments and PI require the spectrometer to have such 

features as reliable, easy to operate, small volume, low cost and capable to provide 

specific functionalities. With the higher demands on life qualities, human health and food 

safety, PI becomes one of the most important research areas in spectroscopy. In recent 

years, new spectrometers have been developed and deployed as personal blood glucose 

detectors, urine analyzers, water quality analyzers, dangerous gas (CO, formaldehyde, 

etc.) monitors [11], medicine efficacy monitors, etc. It is predictable that miniaturized 

portable infrared spectrometers will be more popular in the following years. 

1.3.1 Miniaturization of grating based spectrometer   

Since the end of last century, the miniaturization of spectrometer has become a popular 

research field. The first miniaturized spectrometer, the Fiber Optic Spectrometer S1000, 

was successfully developed by Dr. Mike Morris, the founder of Ocean Optical, in 1992 

[14]. Its improved model S2000 [15], shown in Figure 1.7a, became the company’s 

leading product. The dimension of the master part (no fiber or analysis computer) is only 

14.3 cm x 10.4 cm x 4 cm (LWH) and its weight is only 200 g, which makes the 

spectrometer able to work outside laboratories. At the beginning of this century, a smaller 
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model USB2000+ [16], shown  in Figure 1.7b,  was developed and, which is only 8.9 cm 

x 6.3 cm x 3.4 cm in LWH and weights 190 g for the master part. However, since it uses 

grating as the diversion system, it can only measure the range of spectrum between UV 

and VIS.  So its applications are only focused on metal inspection, online detecting and 

some inorganic detection applications. 

 

        (a)                                                              (b) 

Figure 1.7 Miniaturized grating based spectrometer. (a) Fiber Optic Spectrometer - S2000 

[15]; (b) USB2000+ (2000) [16] 

1.3.2 Miniaturization of Michelson interferometer based FT spectrometer 

    An infrared spectrometer is needed as the result of the requirements on the 

measurement of the organic substances, e.g. alcohol, CO, etc., which have strong 

absorbance in the mid-infrared region [11]. FTIRs, as the most widely used infrared 

spectrometer, also needs to be miniaturized. Based on its working principle, a beam is 

split into two parts by the beam splitter - one is injected to the fixed mirror and the other 

is injected to the movable mirror - then both are reflected back to the beam splitter to be 

combined. The interference fringes are formed when two parts of the beam are 

superposed and the strengths are detected by the photodetector, then the corresponding 

spectrum is generated after a FT by computer. Therefore, the Michelson interferometer 

based FT spectrometer is composed of light source, beam splitter, fixed mirror, movable 

mirror, photodetector, lens, fibre, etc. Due to the high integration, MEMS technology, 

which integrates electric, mechanics, optical sensors and control circuit into a chip, has 
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been popularly accepted as a solution of miniaturized FT spectrometer and many 

products have been developed as a result. 

At the beginning of this century, one type of the MEMS based miniaturized 

spectrometer integrates all components, except for the laser source, onto a chip. As 

shown in Figure 1.8, a miniaturized FT spectrometer was designed by Christian Solf 

basing on LIGA, a fabrication technology used to create high-aspect-ratio microstructures 

[17]. The actuator of the movable mirror and the frames of the components are fabricated 

on a piece of 11.5 mm x 9.4 mm chip. After the chip is released, all the components, such 

as mirrors, beam splitter, detector and lens, are assembled on it to produce a miniaturized 

FT spectrometer. This system saves much space due to the high integration, but such 

shortcomings as the high cost and disability to adapt to the environment limit its 

development. 

 

Figure 1.8 Miniaturized LIGA based FTIRs (2003) [17] 

 

Figure 1.9 MEMS micromirror based FTIRs [18] 
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(a)  

 

(b)  

Figure 1.10 Structure of the movable mirror system in the conventional actuator. (a) 

Mini-scale linear air bearing [19]; (b) Mini-scale rolling elements linear mechanical 

bearing [20] 

Another solution of the miniaturized FT spectrometer uses MEMS micromirror to 

replace the movable mirror system in the conventional Michelson interferometer, which 

are the largest part including motor, bearing and the mirror, as shown in Figure 1.9. In 

order to avoid the precision being impaired by the friction between the moving block and 

the guide rail, the bearing is made of a linear air bearing and mechanical bearing 

containing rolling elements as shown in Figure 1.10. This structure has made the movable 

mirror system hard to be miniaturized for the following reasons: 1) Large size. The sealed 

moving block and guide rail of the air bearing and the rolling elements of the mechanical 

bearing are complex structures, so there are no doubt that their sizes are large. The 

moving block in this mini-scale mechanical bearing is over ten millimeters in length and 

width and several millimeters in thickness. For example, a mini-scale linear mechanical 

bearing (model: SEBS 5B) from a custom bearing manufacture, Nippon Bearing [20], has 

the dimension of 12mm x 16.9 mm x 4.5mm. By adding the guide rail and motor, the 
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overall length of the movable mirror is several tens millimeters. The dimension of the 

mini-scale air bearing is even larger than the mechanical bearing [21]. 2) High cost. Air 

bearings are usually more expensive than the mechanical bearing. And mechanical 

bearing requires lubricant to be injected to the moving block through a special springe, so 

additional cost is required. 3) Sensitive to work environment. Both types of bearings are 

complex instruments, so they are sensitive to environment, such as temptation, humidity 

and shock.  

1.4 Micromirror 

Micromirrors have been extensively developed, which can generate rotation or 

translation to be used in display [22]-[33], optical switch [34]-[37], adaptive optics [38]-

[44] and FT spectrometers [45]-[54]. In recent years, the translation micromirror based 

FT spectrometer has been widely studied and put into production. MEMS based 

micromirrors have multiple advantages: 1) space saving because of the high integration; 

2) low cost due to the batch production; and 3) ability to work under various 

environment, such as vibration. Because the mass of the moving part in MEMS based 

micromirror is negligible, the impact on the micromirror is relatively small under a large 

acceleration. There are three requirements on the micromirror to be applicable in the 

miniaturized FT spectrometer: 1) large displacement, 2) high surface quality, and 3) 

linear motion. 

1.4.1 Micromirror actuators  

For applications of FT spectrometer, the important performance specifications include 

the quasi-static translation range and the response speed. Larger translation leads to 

higher resolution of the FT spectrometer and higher response speed renders more 

sampling points within the same measurement interval (subsequently more accurate) and 

fast measurement. The translation needs to be in the quasi-static mode because FT 

spectrometer requires the movable mirror to move at constant velocity or in a rapid step 

motion with equal displacement at each step. Otherwise, ‘spectral artifacts’ [55][56] will 

be produced. The variable velocities will lead to the mixture of the original wavelength, 

emitted from the source, with the wavelengths generated by the movable mirror due to 

the variable velocities.  
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Currently, there are mainly three types of MEMS based actuators. Electrostatic, 

electromagnetic and electro thermal actuator based micromirrors have been developed as 

the translation mirror in the Michelson interferometer for FT spectrometer.  

1) Electrostatic actuator  

    This type of actuator based micromirror is the most popular [57]-[63]. Advantages of 

electrostatic actuators include: a) Simple structure. For example, a parallel plate actuator 

can be constructed by two parallel conductive surfaces. b) High dynamic response speed. 

The transition speed depends on the charging or discharging time constant, which is a 

very small for the good conductors. The disadvantages of electrostatic actuators include: 

a) High working voltage. Several hundred volts are required to achieve several tens 

microns transmission for linear motion micromirror, and over a hundred volts are 

required to rotate the rotation mirror a few degrees [64]. b) Short displacement in quasi-

static model. For a pair of parallel plates, one of which is fixed and the other one is 

movable, an electrostatic force F will be generated when a voltage is applied on the plates 

and its magnitude can be calculated as below: 

𝐹 =
1

2

𝜀𝐴𝑉2

𝑑2        (1.1) 

where ε is a dielectric constant, A is the area of each plate, V is voltage and d is the 

distance between two parallel plates. It is clearly seen from equation 1.1 that the 

magnitude of F reduces significantly with the increase of d when V is same. Therefore, 

the electrostatic force F is considered as a short-range force which is most effective when 

d is only several microns [65]. Currently, most micromirrors can achieve quasi-static 

translation of a few tens of micrometers. For example, electrostatic in-plane comb-drive 

micromirror can achieve a translation of 25 μm to 38.5 μm with corresponding spectral 

resolution of 200 cm-1 and 130 cm-1 [66][67], and the electromagnetic actuators driven 

micromirrors can achieve a displacement of 54 μm with the corresponding spectral 

resolution around 100 cm-1 [17]. To achieve large displacement, most electrostatic 

actuators need to work under resonant frequencies. For example, as shown in Figure 1.11, 

it is reported that the micromirrors working at resonant mode can achieve several 

hundred or even over 1000 μm translation [45][68][69]. However, due to the non-quasi-

static movement, compensation and vacuum package are required and consequently they 

are not widely used. 
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Figure 1.11 Electrostatic actuator working at resonant frequency [68] 

2）Thermal actuator 

MEMS based thermal actuator, such as [70]-[76], is based on the thermal expansion 

property of semi-conductor and metal to achieve displacement. For example, the lateral 

driven thermal actuator utilizes the asymmetry of the structure, as shown in Figure 1.12a, 

which is composed of two arms made of the same material with different sizes. Since the 

two arms have different heating powers and thermal expansions, the lateral displacement 

is achieved after current is applied. A bimetallic actuator is composed of two materials 

bonded together in vertical direction, which have the same size but different linear CTE. 

An example of the bimetallic actuator is shown in Figure 1.12b, in which the top layer is 

made of SiO2 and the bottom layer of Al, whose CTEs are 0.35 ppm/K and 25 ppm/K, 

respectively [65]. Therefore, as the temperature increases, Al layer expands more than 

SiO2 layer, so that the actuator bends upward. 

Compared with the electrostatic actuator, the thermal actuator, as the example shown 

in Figure 1.13, has relatively large displacement, i.e., more than 100 μm or even several 

hundred microns [47][71][77]. However, their response speeds are very slow, e.g. several 

seconds to tens of seconds for 10 μm to several tens micrometer translation, due to the 

nature of thermal actuation including the heating and cooling cycle. Their settling time is 
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in the range of seconds to more than 10 seconds. In addition, high power operation is 

required because it uses current to generate ohmic heating. 

   

(a)                                                             (b)  

Figure 1.12 Two types of electro-thermal actuators. (a) Top view of a lateral driven 

thermal actuator; (b) Side view of a bimetallic actuator [65] 

 

Figure 1.13 Thermal actuator based FT spectrometer [47] 
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(a)                                                             (b) 

Figure 1.14 Lorontz force and Magnetostatic force. (a) Wire forced by Lorontz force after 

current appiled; (b) A piece of iron forced in the magnetic field 

3) Magnetic actuator 

The magnetic actuator takes advantage of the magnetic field to generate force or torque 

to drive the micromirror. Lorentz force [78]-[89] and magnetostatic force [90]-[114] 

based magnetic actuators are most common. Lorentz force actuator is based on the 

interaction between the current carrying conductor and the external magnetic field, as 

shown in Figure 1.14a. For a moving charge q, when it enters a magnetic field B with 

velocity v, it is subjected to Lorentz force [65]: 

 𝐹⃗⃗  ⃗ = 𝑞𝑣⃗⃗⃗⃗ × 𝐵⃗       (1.2) 

and its magnitude is [65]: 

 𝐹 = 𝑞𝑣𝐵 𝑠𝑖𝑛 𝜃     (1.3) 

where θ is the angle between v and magnetic field (θ < 180°). The magnitude of Lorentz 

force on a wire with unit length l is [65]: 

𝐹 = 𝐼𝑙𝐵 𝑠𝑖𝑛 𝜃             (1.4) 

where I is the current through the wire and B is the magnetic field.  

    Magnetostatic force can be considered as the interacting force between two magnetic 

poles in the static magnetic field, as shown in Figure 1.14b. When an iron sheet is 

placed in a uniform magnetic field, its magnetization direction is primarily determined 

by the shape anisotropy, which leads to the formation of magnetic poles on two ends of 

the sheet. A concentrated force acting on each monopole can be expressed as [65]: 

𝐹 = 𝑀(𝑤𝑡)𝐻          (1.5) 
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where w and t are the width and thickness of the cross section of the iron sheet, M is its 

magnetization vector and H is the strength of magnetic field.  

The electro-magnetic actuator has a number of advantages: a) Eliminating electrical 

wires. The electro-magnetic actuator works under magnetic field instead of driven by 

voltage or current, therefore no electrical wires is required. b) No threat on human 

safety. Large electric field or high temperature are potential dangers to the operators 

since they could cause dielectric breakdown, burn, scald, etc., while large magnetic field 

has little effect on human. c) Low cost. Using a permanent magnet to provide the 

external magnetic field is a solution with low cost and no power consumption. d) 

Relatively large displacement. The micro scale devices can generate considerable force 

or torque to achieve certain displacement when driven by the electro-magnetic actuator. 

Certainly, the electro-magnetic actuator also has disadvantages: a) The moving layer of 

a magnetostatic micromirror has to be made of ferromagnetic material, such as iron, 

nickel or alloy. b) Relatively large size to achieve enough magnetic field. The chip 

space limits the number of coil turns so that the magnetic field and the magnetic force 

are not large enough.  

4) Piezoelectric actuator 

The piezoelectric actuator is also wildly used for the translation micromirror. By 

comparing with others 3 types of actuators, the piezoelectric actuator has the 

advantages, such as the accurate displacement, large force and high response speed, 

because its displacement is directly achieved by the solid deformation when the current 

is applied [115]. However, the large displacement, e.g. more than a few tens micrometer 

displacement, can only be achieved under the resonant frequency with the deformation 

of 0.1% for the classic piezoelectric materials. For example, a 77 mm long stack 

piezoelectric actuator can only displace about 70 µm under 17 kHz resonant frequency, 

as the Figure 1.15 shows, which is the maximum displacement achieved by Physik 

Instrumente, a leading piezo device manufacturer [116]. Because the relative small 

quasi-static displacement, the piezoelectric actuator working in the quasi-static mode is 

usually used in the fine adjustment system, such as in the control system for the Fabry-

Perot (F-P) spectrometer [117]-[119], but not suitable for FTIRs which requires large 

quasi-static displacement. 
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Figure 1.15 Piezoelectric actuator property [116] 

1.4.2 Surface quality of the micromirror 

High surface quality is important when the micromirror works as an optic device in the 

spectrometer, so its roughness and the radius of curvature are two most critical 

parameters. The incident intensity of a beam is reduced when it is diffused by a mirror 

with poor surface quality, which affects the accuracy of the measurement results. Current 

MEMS technologies, such as LIGA-like [120], SUMMiT-V [121] and bulk 

micromachining technology [122], can provide surface texture with a roughness of 20 nm 

- 40 nm and a curvature radius of 0.68 m - 2.65 m [74][123]. Compared with the 

macromirrors used in the conventional FT spectrometer which have roughness less than 

nanometer scale and the curvature radius about tens of meters, it is impossible to achieve 

by current MEMS technologies. Furthermore, lots of mature commercial MEMS 

fabrication processes, e.g. MUMPs [124], have the advantages such as low cost and 

standard processing, which make them suitable for the fabrication of microactuators with 

large displacement [25][26], but the surface quality is poor because releasing holes on the 

moving layer are required to pass the solution through for releasing purpose.  

1.4.3 Translation of the micromirror without tilting 

Tilt existing during the motion of the translation mirror affects the quality of the 

generated interference pattern. As shown in Figure 1.16, the reflected beams from the 

fixed and the movable mirror cannot combine perfectly if the movable mirror tilts during 

motion. As the result, the resolution of the generated spectrum degrades. This issue does 
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not only exist in the micromirror but also in the conventional movable mirror in 

Michelson interferometer. To overcome the tilting, many techniques have been 

developed. For example, (1) using the air bearing or the rolling elements linear 

mechanical bearing [125], the tilt of the movable mirror can be reduced to 0.008° in the 

conventional Michelson interferometer; (2) using the dynamic compensation system 

[126][127], the position of the movable mirror can be adjusted when various voltages are 

applied on the multiple actuators; (3) using other optical elements instead of the movable 

mirror, such as the corner cube reflectors (CCR) and the cat’s eye mirror [128]-[134]; and 

(4) using the mirror-tilt-insensitive system which is realized by a double-sided plane 

mirror [135]-[137]. These techniques can effectively reduce the tilt and some can be used 

in miniaturized FTS, e.g., two tiny CCRs are used in a highly integrated miniaturized 

FTS [17] and a dual reflective surface based large shock electrothermal micromirror is 

used in a tilt insensitive FTIRs [77]. However, due to the relatively large size of the 

bearing and the complex structure of the optical elements, these techniques are not 

suitable for the miniaturized FTIRs. Using the control system based method, open-loop 

and close-loop control systems are proposed by professor Xie’s group in recent years to 

reduce the size and improve the accuracy of the FTIRs, in which the tilt of micromirror is 

reduced to 0.004° (±0.002°) and 0.003° (±0.0015°) respectively. However, it only works 

for the micromirror driven by multiple actuators [47][70][77]. 

 

Figure 1.16 Tilt exists in conventional Michelson interferometer 
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1.5 Objectives of the thesis 

Objective 1:  

To develop of a translation micromirror to work as the movable mirror for Michelson 

interferometer based FT spectrometer. The micromirror will be able to achieve a large 

quasi-static displacement, e.g., over 100 μm, and high surface quality, e.g. close to the 

surface quality of the conventional movable mirror in a Michelson interferometer. The 

actuator of the micromirror to be developed will be suitable for both simple and mature 

surface micromachining processes. The simulation, fabrication and prototype testing will 

be conducted on the novel actuator to be developed. 

    This micromirror is developed in the following published paper:  

 Y. Xue and S. He, “A translation micromirror with large quasi-static displacement 

and high surface quality,” J. Micromechanics Microengineering, Vol. 27, Issue 1, 

Pages: 1-10, October 2016. 

Objective 2:  

To match the surface quality of macromirrors [138] used in the traditional FTIRs, e.g. 

nanometer scale roughness and over ten meters curvature radius, a bonding technology 

needs to be developed to bond a high surface quality mirror plate with the moving film of 

the translation mircromirror. The bonding technology should not be sensitive to the 

micromachining process, i.e., any process for microactuator fabrication containing the 

ferromagnetic structure layer can be used and bonded with a high surface quality mirror 

plate after released. The requirements on this boding technology are: 1) no plastic 

deformation or damage to the released microactuator; 2) avoid sticking the actuator 

moving part to the substrate due to the adhesive squeezed out from the bonding surfaces. 

    This micromirror is developed in the following published paper:  

 Y. Xue and S. He, “Magnetic field assisted bonding technology for released micro 

actuator and mirror surface”, J. Microsystem Technologies, DOI: 10.1007/s00542-

017-3432-7, 2017. 

Objective 3:  

An improved micromirror is to be developed by using a novel repulsive force based 

electromagnetic actuator. The actuator to be developed will have the same advantages as 
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the attractive force actuator developed in Objective 1 and overcome its limitations, such 

as variation in starting position and low repeatability. The simulation, fabrication and 

prototype testing will also be conducted on the developed improved actuator. 

    This micromirror is developed in the following paper:  

 Y. Xue, H. Zuo and S. He, “A repulsive magnetic force driven translation 

micromirror,” J. Micromechanics Microengineering, in-press. 

Objective 4:  

A compensation system is to be designed to correct the tilt of the translation 

micromirror developed in this thesis, in order to make the translation mirror applicable in 

the miniaturized Michelson interferometer based FTIRs as a movable mirror. The 

compensation system will be able to reduce the tilt angle to an allowable range of the 

FTIRs, so that it can be used in the measurement of substances with wavelength in mid-

infrared region. In addition, the size of the compensation system should be considered in 

order to apply it in the miniaturized FTIRs. The system will be tested in a Michelson 

interferometer and the test results will be analyzed regarding to its compensation 

capability.  

    This compensation system is developed in the following paper:  

 Y. Xue and S. He, “A tilt compensation system for translation micromirror”, 

Advances in Mechanical Engineering, under review.  
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CHAPTER 2 A TRANSLATION MICROMIRROR WITH 

LARGE QUASI-STATIC DISPLACEMENT AND HIGH 

SURFACE QUALITY 

This chapter is based on following published paper: 

Y. Xue and S. He, “A translation micromirror with large quasi-static displacement and 

high surface quality,” J. Micromechanics Microengineering, Vol. 27, Issue 1, Pages: 1-

10, October 2016. 

 

    As per the first objective of the thesis, a large quasi-static displacement with high 

surface quality translation micromirror is presented in this chapter. The micromirror 

consists of a magnetic actuator and a mirror plate, which are fabricated separately using 

two processes and then bonded together. The actuator consists of a moving film which is 

a 20 µm thick nickel film fabricated by MetalMUMPs and a solenoid located underneath 

the moving film. The moving film is designed to curve up through the residual stress 

gradient in the nickel film and a curve-up mechanism which includes four trapezoidal 

plates and anchoring springs. The mirror plate is simply diced from a polished silicon 

wafer with a metal thin film deposited. The mirror plate is bonded onto the central part of 

the moving film. A solenoid attracts the moving film and the mirror plate downward to 

realize translation. A quasi-static displacement of 123 µm is achieved at a driving current 

of 400 mA, with the settling time of 16 ms downward and 50 ms upward. A high mirror 

surface quality is realized, e.g. 15.6 m of curvature radius and 2 nm surface roughness.   

2.1 Principle of the micromirror 

2.1.1 Micromirror structure 

    The micromirror consists of a mirror plate and an electromagnetic actuator as shown in 

Figure 2.1. The actuator and the mirror plate are fabricated separately and bonded 

together afterward. The mirror plate is fabricated by dicing a polished silicon wafer, 

which is coated with 100 nm aluminum. This process is simple and low cost and can 

achieve a high flatness and good surface roughness. The thickness of the mirror plate is 

370 µm. The aperture of the mirror plate is 2 mm x 2 mm. The actuator is fabricated 
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using a mature commercially available process, i.e., MetalMUMPs [139]. An 

electromagnetic actuator is designed with this process to achieve a large translation. The 

actuator includes a moving film and a fixed part. The moving film includes four 

trapezoidal plates and a central ring structure for bonding the mirror plate. As shown in 

Figure 2.1b, the fixed part includes a solenoid and the substrate. In the moving film, four 

trapezoidal plates are connected to a central ring structure through connection springs and 

anchored through anchoring springs; a 25 µm trench is etched in the substrate. The 

moving film is made of 20 µm thick nickel by MetalMUMPs.  

 

(a)     (b) 

Figure 2.1 Concept of the micromirror. (a) Actuator moving film plus substrate; (b) 

Actuator and the mirror plate 

2.1.2 Raise the central ring structure  

    A curve-up mechanism is designed to raise the central ring after release through the 

negative residual stress gradient in the nickel film of the MetalMUMPS. The curve-up 

mechanism includes four trapezoidal plates, anchoring springs and the substrate, as 

shown in Figure 2.2. The central ring structure is raised through the following: (1) Four 

trapezoidal plates support the central ring structure, with the lower edges anchored 

through anchoring springs. The whole structure of the moving film curves up due to the 

negative residual stress gradient in the nickel film, with the central ring structure being 

the highest point and the lower corners of the four trapezoidal plates being the lowest 

points; (2) each trapezoidal plate becomes a convex shape with two lower corners warped 

to move towards the plate center and the substrate. Hence the two lower corners touch the 

substrate surface and their warping movement is stopped by the substrate. Consequently, 
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the remaining part of the trapezoidal plate, along with the central ring structure, curves 

up. 

  

(a)      (b) 

Figure 2.2 Mirrormirror with no mirror plate bonded curves up through the curve-up 

mechanism and negative residual stress gradient in the nickel film. (a) Micromirror 

before release; (b) Micromirror after release 

2.1.3 Driving principle  

    The moving film is attracted downward by the magnetic field generated by the 

solenoid as shown in Figure 2.3a. Because of the large length to thickness ratio of the 

moving film, the shape anisotropy plays an important role in determining the direction of 

the magnetization in the trapezoidal plate, which is in-plane [140]. The magnetic field 

generated by the solenoid is shown in Figure 2.3b, which shows an example of magnetic 

field of the south pole on the top and north pole at the bottom of solenoid. Based on the 

anisotropy theory [141][142], an in-plane magnetization is formed in the trapezoidal 

nickel film with the directions of two forces i.e., FS and FN generated at the top and 

bottom, as shown in Figure 2.3a, which rotate each trapezoidal plate downward about the 

anchoring spring. Under the magnetic field, not only the trapezoidal plate but also the 

central ring structure is magnetized. The magnetization is from the outer face of the 

central ring to the inner face through the connection beams as shown in Figure 2.3c. The 

total magnetic force generated by the ring structure is zero. The deformation of the ring 

structure can be neglected because the connection parts between the inner and outer rings 

have high stiffness and the bonded mirror plate also increases the rigidity of the structure. 
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By controlling the current to the solenoid, the generated magnetic field – and thus the in-

plate magnetization level and the corresponding force (FS, FN) in each trapezoidal plate - 

can be controlled. Hence the rotation of each trapezoidal plate and the subsequent 

translation of the central ring structure along with the mirror plate can be controlled, i.e., 

the higher the current to the solenoid, the larger downward translation of the mirror plate.  

 

(a) 

        

(b)                                                               (c) 

Figure 2.3 Micromirror principle. (a) Moving film in the magnetic field generated by the 

solenoid; (b) Magnetic field generated by the solenoid; (c) Central ring structure under 

the magnetic field 

2.2 FEM simulation 

Using the theoretical model to estimate the approximate value of the micromirror 

displacement is not applicable for this design because some factors cannot be counted, 

such as: 1) the moving film is curved up due to the residual stress, 2) the 20 springs 
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connecting the moving film with other parts have shape deformation, 3) release holes 

exist on the moving film as required by the manufacture process, 4) the metal shell of the 

solenoid has impact on the magnetic field, etc. Therefore, a FEM analysis method is used 

to find more accurate displacement of the micromirror under different currents. 

2.2.1 Curve up of the moving film 

The curve-up of the moving film due to the residual stress gradient and the curve-up 

mechanism is simulated in the CoventorWare® [143] simulation environment. The 

dimensions of the micromirror are shown in Table 2.1. An elastic modulus of 159 GPa 

and an average residual stress gradient of -4.72 MPa/µm [144] are used. After release, the 

lower corners of each trapezoidal plate moves toward the substrate by 1.1 µm, which is 

the thickness of the sacrificial layer (Oxide 2 in MetalMUMPs) till touching the substrate 

surface. The force (Fsub) between the substrate and each lower corner of the trapezoidal 

plate after release is approximated as follows: 1) Simulate the deformation of the moving 

film due to residual stress gradient without the substrate by adding an upward force Fsub 

to each lower corner of the trapezoidal plates; 2) Find the force Fsub through a few 

iterations till the lower corners of each trapezoidal plate are at the substrate surface 

height, i.e., 1.1 µm below the moving film’s unreleased position. The total force of 1.525 

mN is obtained. The simulated deformation is shown in Figure 2.2b. The central ring 

structure is raised by 168 µm from its unreleased position. A trench of 25 µm is opened 

underneath the central ring structure in the MetalMUMPs process. 

2.2.2 Translation of the mirror plate 

An iteration method is used to simulate the displacement of the moving film under the 

magnetic field generated by the solenoid using Ansys® Multiphysics® [145] and 

CoventorWare®. The Magneto-Static simulation module of Ansys® Multiphysics 

software is used to simulate the magnetic force acting on each element of the moving 

film in the magnetic field. The force obtained from the Magneto-Static module is 

imported into the CoventorWare® MemMech module to simulate the moving film 

deformation, as described in Appendix A. The deformation is caused not only by the 

magnetic force, but also the residual stress gradient and the weight of the mirror plate. As 

described in the residual stress gradient simulation, the upward force Fsub is found after 
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iteration till the lower corners of each trapezoidal plate are at the substrate surface height. 

Due to the symmetric structure, only a quarter of the moving film and a quarter of the 

solenoid are used in the simulation and the following variables are used, as shown in 

Figure 2.4.  

    F1st_iteration: Magnetic force acting on each element of the moving film obtained in the 

1st iteration of simulation in Magneto-Static module with the moving film shape of the 

original deformation, i.e., Def_original (defined below).  

    F2nd_iteration: Magnetic force on each element of the moving film obtained in the 2nd 

iteration of simulation in Magneto-Static module with the moving film shape obtained in 

the 1st iteration simulation in CoventorWare® MemMech module, i.e., Def1st_iteration 

(defined below). 

    F3rd_iteration: Magnetic force on each element of the moving film obtained in the 3rd 

iteration of simulation in Magneto-Static module with the moving film shape obtained in 

the 2nd iteration simulation in CoventorWare® MemMech module, i.e., Def2nd_iteration 

(defined below). 

    Def_original: Deformation of the moving film after release due to residual stress gradient 

in the absence of any magnetic force.  

    Def1st_iteration: Deformation obtained in the 1st iteration of simulation in MemMech 

module when applying the residual stress gradient, weight of the mirror plate and the 

force of F1st_iteration on the moving film. 

    Def2nd_iteration: Deformation obtained in the 2nd iteration of simulation in MemMech 

module when applying the residual stress gradient, weight of the mirror plate and the 

force of F2nd_iteration on the moving film. 

    The iteration of simulation is to obtain the values of variables following the order (as 

shown in Figure 2.4): F1st_iteration →Def1st_iteration→F2nd_iteration→Def2nd_iteration →F3rd_iteration

→Def3rd_iteration … The iteration continues until the deformation is stabilized. In this 

chapter the deformation is considered as “stabilized” when the variation of deformation is 

about 3%. The simulated translations at various currents are shown in Figure 2.10a. The 

maximum translation is 112.4 µm at 400 mA. 
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(a) 

 

(b) 

Figure 2.4 Combining simulation of magnetic field and mechanical deformation. (a) 

Magnetic field simulation to obtain the force on the moving film; (b) Simulation of the 

moving film deformation under the residual stress gradient, mirror plate weight and the 

magnetic force obtained in (a) 

2.3. Experiments 

2.3.1 Prototype  

The micromirror is fabricated using the following processes. The moving film is 

fabricated through MetalMUMPs. The mirror plate is fabricated by slicing 370 µm thick 

polished silicon wafer coated with 100 nm aluminum on one side. Figure 2.5a - Figure 

2.5c show the moving film and the mirror plate with the dimensions listed in Table 2.1. 
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The surface quality of the mirror plate is measured using a Zygo 3D profiler [146], the 

surface roughness and radius of curvature are 2 nm and 15.6 m respectively, as shown in 

Figure 2.6. The average reflectance of the micromirror is around 95% as measured with a 

635 nm wavelength red laser, as shown in Figure 2.7. 

Table 2.1 Dimensions of the micromirror’s moving part 

 Part name Dimension Part name Dimension 

Mirror plate  1.9 mm x 1.9 mm 
Moving film 

thickness 
20 µm 

Mirror plate thickness 370 µm Central ring 2 mm (diameter) 

Upper edge of 

trapezoidal plate 
3 mm Connection spring 0.9 mm (L) x 0.8mm (W) 

Lower edge of 

trapezoidal plate 
6 mm Anchor spring 0.8 mm (L) x 0.9mm (W) 

Height of trapezoidal 

plate 
1.5 mm   

 

    A solenoid is designed and integrated with the moving film and mirror plate as shown 

in Figure 2.5d. The dimensions of the assembled translation micromirror are 15 mm in 

diameter and 5.6 mm in height. The solenoid has parameters listed in Table 2.2 and can 

attract the moving film and the mirror plate down by more than 120 µm. However, the 

price of manufacturing this solenoid is very high due to the low quantity and customized 

design (no bobbin, small and short core). Instead of using this self-designed solenoid, a 

commercial solenoid (E-66-38 from Magnetic Sensor System) is used to drive the 

translation micromirror. Its height is much higher than the self-designed solenoid even 

both can meet the requirement to drive micromirror with the same amount of translation. 

An assembled part is shown in Figure 2.5e, which has a 1 mm deep square shape blind 

hole opened on top of the part to hold the actuator and a 2 mm deep circular blind hole 

drilled on the other side to accommodate the solenoid. The holder is designed to ensure 

the center of the actuator is on the same line with the central axis of the solenoid.  
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(a) 

  

(b) 

     

(c)     (d)     (e) 

Figure 2.5 Prototype of the translation micromirror. (a) Moving film (nickel film); (b) 

Moving film bonded with the mirror plate; (c) Mirror plate & moving film chip; (d) 

Assembled micromirror with self-designed solenoid; (e) Assembled micromirror with 

commercial solenoid 
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(a) 

 

(b) 

Figure 2.6 Surface quality of mirror plate. (a) Roughness; (b) Curvature 

 

Figure 2.7 The reflectance of the mirror plate (input power 1.03W) 
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    The bonding process is critical. It is very challenging to bond the released 

microactuator with the mirror plate without causing any plastic deformation or damage to 

the released microactuator. A novel bonding technology - “Magnetic field force assisted 

bonding technology” [147] - has been developed and will be introduced in Chapter 3, 

which applies non-touching magnetic field force, instead of conventional mechanical 

force, on the moving part of the released actuator to bring it in contact with the mirror 

plate. In addition, the bonding pressure is applied through pulling force, instead of 

compression force as in conventional bonding techniques, so as to avoid any plastic 

deformation or damage to the released microactuator. 

Table 2.2 Dimensions of the custom and commercial solenoid 

2.3.2 The moving film’s curve-up  

    The moving film of the prototype curves up and subsequently the central ring structure 

is raised due to the residual stress gradient in the nickel film and the curve-up 

mechanism, as predicted in the section of 2.1.2. The lower corners of each trapezoid plate 

touch the substrate surface and the trapezoid plate warps to form a convex shape as 

shown in Figure 2.8. The average value of the central ring deformation due to the residual 

stress gradient is around 165 µm basing on the measurement results of several prototypes, 

which is close to the simulation result (168 µm) in section 2.2.1.      

 
Solenoid 

Height 

Core 

diameter 

Coil 

Height 

Coil 

diameter 
MMF 

Magnetic 

wire # 
Turns Resistor Power 

Self-

designed 

Solenoid 

4.5 mm 15 mm 
4.5 

mm 

4 mm 

(inner)/ 

15 mm 

(outer)  

 150 

AT 
AWG34 730  13.56Ω 0.6 W 

Commercial 

Solenoid 
16.8 mm 

3.85 

mm 

10 

mm 

5  mm 

(inner)/ 

8.5 mm 

(outer) 

158 

AT 
AWG34 400 7.43Ω 1.2 W 
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(a)  

  

 (b) 

Figure 2.8 Prototypes of the moving film and the mirror plate. (a) Curve-up mechanism; 

(b) Curve-up mechanism with mirror plate 
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2.3.3 Quasi-static translation 

    The assembled micromirror is measured for its static and dynamic performance using 

the Zygo 3D profiler and a PSD based dynamic translation measurement setup as shown 

in Figure 2.9 and Figure 2.11 respectively. In order to protect the micromirror and enable 

the mounting of it on a stage for dynamic measurement, a mounting holder and a 

protection cover are added to the micromirror assembly for measurement as shown in 

Figure 2.9a. 

    Both the measured and simulated results are shown in Figure 2.10a. The maximum 

translation is 123 µm at 400 mA. The discrepancy between the measurement and 

simulation at 400 mA is 7%. Possible reasons for the discrepancy are: (1) The shape of 

the moving film in the force simulation iteration is manually created based on the 

movement of the central ring obtained in the deformation simulation iteration. Thus, the 

shapes of trapezoidal plates and springs in the force simulation are approximations to the 

real deformation. (2) In the deformation simulation, the force on each individual element 

of the trapezoidal plate is not directly used. Instead, each trapezoidal plate is divided into 

five areas along its height and all elements in the same area are treated to have the same 

magnetic force to simulate the deformation.  

    The initial tilting of the moving part of the actuator caused by the fabrication process is 

insignificant, i.e., less than the noise caused by the microactuator’s surface. But the tilting 

angle of the mirror plate is 0.1° - 0.24°, based on measurement on several prototypes with 

the trench bottom surface as reference after bonding, even when there is no plastic 

deformation to the moving structure of the actuator caused by the bonding through 

experimentally measuring 40 points on the moving structure [147]. However, the height 

of the micromirror decreases by around 10 µm after several movements when current is 

applied and becomes stable after 10 hours vibration test. A possible reason for the height 

decrease is because the low corners of the trapezoidal plate are moved laterally in 

operation. This static tilting of the mirror plate is caused by the non-uniform thickness of 

the adhesive. However, the static tilting is automatically eliminated when aligning the 

optics and can be significantly reduced if spinning coating is used to apply the adhesive.  

       



33 

 

          

(a)                                   (b) 

Figure 2.9 Static translation measurement. (a) Protection cover & mounting holder; (b) 

Static performance measured using Zygo profiler 

 

(a) 

 

 (b)  

Figure 2.10 Static performance of the micromirror. (a) Translations of experiment and 

simulation; (b) Tilting angle of the micromirror 
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2.3.4 Dynamic Response Measurement 

    The dynamic performance is measured on a PSD based setup, which includes a laser, a 

PSD, and rotation stage, as shown in Figure 2.11. A laser beam spots on the mirror plate 

and is reflected to the PSD surface. When the micromirror translates, the laser spot moves 

on the PSD surface. The distance of movement of the laser spot on the PSD surface can 

be measured in the real-time mode and then the translation of the micromirror can be 

obtained dynamically as shown in Figure 2.12a. Since the micromirror translates with a 

certain amount of tilting, this also causes movement of the laser spot on PSD. In order to 

find out the displacement of the laser spot on PSD caused purely by the micromirror’s 

translation, the following method is used. Step 1: apply the current with a square wave 

and rotate the micromirror by rotating the stage till the maximum displacement along the 

y-axis on PSD, at which the laser spot movement on PSD caused by tilting constructively 

superposes with the movement by translation of the micromirror. The tilting axis is 

parallel to the X-axis of PSD surface as shown in Figure 2.12b; step 2: based on the 

position the micromirror attained in step 1, rotate the micromirror by 90° so that the 

tilting axis becomes perpendicular to the X-axis of PSD surface, so that the tilting of the 

micromirror does not cause any laser spot movement along PSD Y-axis. Subsequently, 

the laser spot displacement along PSD Y-axis is purely caused by the translation of the 

micromirror.  

 

Figure 2.11  Dynamic measurement setup 
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(a)                                                       (b) 

Figure 2.12 Concept of dynamic translation measurement. (a) Laser spot movement on 

PSD surface caused by micromirror translation; (b) Laser spot movement on PSD surface 

caused constructively by the translation and tilting of the micromirror 

    In the measurement, the X-axis of PSD surface is parallel to the mirror plate and the 

calibration of translation versus the PSD output voltage is calculated. Using above 

method, the translation of the micromirror is measured to be 135 µm at 400 mA, which is 

only 10% different from the Zygo 3D profiler’s measurement result. However, the Zygo 

machine cannot measure the dynamic performance of the micromirror. The measured 

settling time of the micromirror (90% of the final value for the maximum driving current 

400 mA), as shown in Figure 2.13, is 16 ms (micromirror moving downward after current 

is applied) and 50 ms (micromirror moving upward after the current is removed) 

respectively.  

    The damping caused by the squeeze film effect is significant when the mirror moves to 

the lower position considering the mirror size of 1.9 mm × 1.9 mm and the gap is 20 µm 

during the falling period. The damping reduces the oscillation time and that is why the 

settling time for falling is 16 ms in Figure 2.13a while the settling time for rising is 50 ms 

in Figure 2.13b, when the gap is large and the squeeze film caused damping is not so 

significant. The oscillation in the transient period in the falling period looks larger than 

that in the rising period. From the curve in Figure 2.13a, the mirror plate has impossible 

oscillation beyond the trench bottom from the oscillation magnitude. A possible reason is 

that the tilting direction in the transient period is not completely aligned with the tilting 

direction when the mirror settles down, due to the magnetic field generated by the 
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charged solenoid. However, the dynamic performance measurement setup and its 

operations cannot eliminate the tilting after the mirror settles down. Any tilting 

component unaligned with the tilting direction settling down would cause laser spot 

displacement on the PSD sensing surface. 

There is no deformation or damage before and after bonding. It is noticed that a few 

hours of dynamic driving (1 Hz) of the micromirror after bonding is needed to stabilize 

the structure, i.e. the micromirror moves down by about 10 – 20 µm after a few hours of 

dynamic driving and then stabilizes. This could be because the contacting supports at the 

lower corners of each trapezoidal plate become smooth after a few hours’ dynamic 

movement, leading to possible slight lateral movement of the lower corners of the 

trapezoidal plates, which has significant effect on the central ring height curved up by the 

residual stress gradient. More research on this is under investigation.  

2.4 Summary 

    A micromirror with large translation and high surface quality is presented. The 

mechanism has the actuation part and the mirror plate fabricated separately to achieve the 

large translation and high surface quality. Electromagnetic driving is used to realize the 

large translation with high response speed.  A curve-up mechanism is designed to raise 

the mirror plate up using fabrication induced residual stress gradient. The micromirror is 

modeled, prototype is fabricated and tested. Experiment results show the micromirror 

achieves 123 µm translation, 2 nm mirror surface roughness and 15.6 m radius of 

curvature of the mirror surface, and settling time of 16 ms for downward and 50 ms for 

upward movement.  
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(a) 

   

                                        (b)  

Figure 2.13 Settling time of the micromirror. (a) Settling time of micromirror downward; 

(b) Settling time of micromirror upward   
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CHAPTER 3 MAGNETIC FIELD ASSISTED BONDING 

TECHNOLOGY FOR RELEASED MICRO ACTUATOR AND 

MIRROR SURFACE 

This chapter is based on the following published paper: 

Y. Xue and S. He, “Magnetic field assisted bonding technology for released micro 

actuator and mirror surface”, J. Microsystem Technologies, DOI: 10.1007/s00542-017-

3432-7, 2017. 

    A magnetic field pulling-force assisted bonding technology is reported in this chapter 

according to Objective 2, which is used to bond a mirror plate with a released 

microactuator using adhesive. This bonding technology is not sensitive to the 

micromachining process, i.e., any process for microactuator fabrication containing the 

ferromagnetic structure layer can be used and bonded with a high surface quality mirror 

plate after released. The conventional wafer bonding technology bonds unreleased 

actuator with a mirror plate but it is limited to the process compatible with the wafer 

bonding with a releasing step suitable for wafer bonding. Consequently not all processes 

(such as those mature and commercially available, and those being able to generate large 

displacement) can be used to fabricate micromirrors. The bonding technology proposed 

in this chapter applies non-touching magnetic field pulling-force, instead of conventional 

compression mechanical force through touching, to bring the microactutor and a mirror 

plate in contact for bonding such as to avoid: 1) any plastic deformation or damage to the 

released microactuator; and 2) the risk of sticking the actuator moving part to the 

substrate due to the adhesive squeezed out from the bonding surfaces. The bonding 

method is introduced and the critical parameters of the bonding method, i.e., distance 

between the magnet and the actuator is determined through simulations. A bonding 

mechanism is built and two different designs are bonded. Bonding results are measured, 

which verify the bonding method. The bonding is characterized to have a strength of 

withstanding vibration for a few hours in frequency 20 Hz – 200 Hz with 2g – 5g 

acceleration and surviving in the temperature of -30 °C to 80 °C. After bonding a mirror 

plate with 15.6 m of the curvature radius and 2 nm of the roughness, the bonded 

micromirror is tested to have a quasi-static displacement of 120 µm. 



39 

 

3.1 Working principle 

The initial position of the mirror plate and the released microactuator are shown in the 

left of Figure 3.1. Conventionally the mechanical compression force through touching is 

used to bring the mirror plate in touch with the moving part of the actuator shown in the 

top right of Figure 3.1. The bonding pressure between bonding surfaces is compression, 

under which the space between the moving part of the microactuator and substrate is 

reduced to a few microns or zero. Such that any small amount of adhesive squeezed out 

from the bonding surfaces will stick the moving part of the actuator to the substrate and 

cause failure. Due to the imperfections in the mirror plate and microactutor, the bonding 

mechanism and the motion of bringing the bonding surfaces, undesired lateral force is 

very often induced, which would damage the released microactuator.  

Using the magnetic field force assisted bonding technology, as shown in the bottom 

right of Figure 3.1, the moving film is attracted downward in the magnetic field generated 

by the magnet. In the magnetic field shown in the enlarged view in Figure 3.1, an in-

plane magnetization is formed in the nickel film with the directions of two forces i.e., FN 

and FS generated at the two ends of each plate, which rotate the plates downward about 

the anchoring spring. Subsequently the space between the substrate and moving part of 

the actuator is increased. Such that even a small amount of adhesive squeezed out from 

the bonding surfaces will not bond the actuator moving part to the substrate since they are 

not in contact. Furthermore, the magnetic bonding force is uniformly distributed to the 

whole moving part of the actuator, the undesired lateral force component will not be 

induced even two bonding surfaces are not perfectly parallel. The magnetic pulling-force 

as the bonding force  is “soft”, i.e., it does increase for any lateral obstruction, which is 

unavoidable due to imperfection in the fabrication of the mirror plate, microactuator and  

bonding mechanism. While in conventional bonding, the bonding force is executed 

through external mechanical touch by a probe, which is “hard”, i.e., it increases a lot for 

any lateral obstruction, which could cause damage to the released microactuator.  

3.2 Design and Simulation 

3.2.1 Bonding mechanism 

The bonding mechanism includes a piece of glass to support the mirror plate and the 

magnet is moved close to the moving part by a lab jack, as shown in Figure 3.2. The 
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mirror plate is placed face-down and the chip holder holds the released microactuator 

above the mirror plate with a gasket placed between the chip holder and the glass. The 

chip holder, gasket and actuator are assembled within the alignment structure and fixed 

on a 3-axis stage. Therefore, the central ring of the moving part of the released 

microactuator and the mirror plate can be aligned laterally by the stage through a video 

camera’ monitoring, as shown in Figure 3.2a. After they are aligned, the video camera is 

replaced by a lab stage with a magnet on it, which raises the magnet to attract the moving 

part of the miroactuator down and in touch with the mirror plate, as shown in Figure 3.2b. 

And the zoom in image of inside of the alignment structure is shown in Figure 3.2c. The 

dimensions of the bonding mechanism are listed in Table 3.1. 

 

Figure 3.1 Released miroactuator and mirror plate before bonding (left); Conventional 

bonding mechanical using compression force (top right); and Novel bonding mechanism 

using magnetic field pulling-force (bottom right) 
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(a) 

 

(b) 

 

(c) 

Figure 3.2 The bonding mechanisms. (a) Bonding mechanism with the video camera 

under the mirror plate; (b) Bonding mechanism with a stage and magnet replacing the 

video camera; (c) Zoom in image of the alignment structure 
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Table 3.1 Dimensions of the bonding mechanism 

Part name Dimension (mm) 

Alignment structure 

(External/ Internal) 
50 (L) x 50 (W) x 10 (H) 25.4 (L) x 25.4 (W) x 10 (H) 

Chip Holder 

(External/ Internal) 
25.4 (L) x 25.4 (W) x 5 (H) 10 (L) x 10 (W) x 5 (H) 

Gasket 

(External/Internal) 

25.4 (L) x 25.4 (W) x 0.55 

(H) 
Ø 10 

Mirror Plate 

(P1/P2) 
1.9 (L) x 1.9 (W) x 0.35 (H) 1.9 (L) x 1.9 (W) x 0.12 (H) 

Glass Thickness: 5mm, length/width > 50mm 

 

 

(a)                                  (b)  

Figure 3.3 Microactuators for bonding. (a) Design 1; (b) Design 2 
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Table 3.2 Dimensions of the microactuators 

Part name Microactuator of design 1 Microactuator of design 2 

Upper edge of plate 3 mm 6 mm 

Lower edge of plate 6 mm 6 mm 

Height of plate 1.5 mm 1.5 mm 

Actuator moving part 

thickness 

20 µm 20 µm 

Central ring 2 mm (diameter) 2.4 mm (diameter) 

Connection spring 0.9 mm (L) x 0.8mm (W) 0.8 mm (L) x 1 mm (W) 

Anchor spring 0.8 mm (L) x 0.9mm (W) 0.8 mm (L) x 1.5 mm (W) 

3.2.2 Simulation of distance between magnet and moving part of microactuator 

Two microacutators, i.e., design 1 and design 2, as shown in Figure 3.3, are to be 

bonded with mirror plates to verify the bonding technology proposed in this chapter. 

Design 1 is described in Chapter 2 and [90]. Design 2 is a 1-axis rotation actuator. Like 

design 1, the moving part of design 2 is curved up by the residual stress gradient in the 

nickel film and contacts with the substrate through the lower corners of the plates (and/or 

points on the anchoring springs in some prototypes since both the lower corners of the 

plates and anchoring spring are very close/touching the substrate). Design 2 has much 

lower stiffness than that of design 1. Table 3.2 lists the dimensions of design 1 and design 

2. 

Basing on the working principle of the bonding technology, the moving part of the 

microactuator needs to touch the mirror plate under the magnetic field pulling-force 

without causing any plastic deformation. The following parameters are selected to ensure 

the above criteria are met: A) Permanent magnet parameters including its size and 

magnetic strength; B) The distance (D0) between the central ring surface of the 

microactuator’s moving part (named as Sactuator_ring here after) and mirror plate when no 

magnetic force; and C) The distance (T) between the magnet top surface to Sacturtor_ringe. 

Sacturtor_ringe, D0 and T are marked in Figure 3.1. These parameters are chosen as follows. 

A) Determine permanent magnet  
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 The permanent magnet is chosen to be smaller than the microactuator chip, e.g., 7 mm 

x 7 mm x 5 mm with coercive force of 9.25E5 A/m and residual induction of 1.192 Tesla. 

B) Determine D0 

The D0 has a wide range as long as it will not cause the maximum stress in the moving 

part beyond the yield strength. According to a large number of simulations on Design 1 

and Design 2, the range of approximately > 0 µm ~ 700 µm can be used for both designs 

to ensure enough movement of Sacturtor_ringe with the maximum stress well below the limit. 

The final value of D0 for design 1 is chosen to be 200 µm and 280 µm for design 2, 

according to the above range and available copper gasket and height adjusting parts.        

C) Determine T 

After the magnet parameters and D0 are chosen, the T is determined to meet the 

following two criteria: 1) The moving displacement (Dmoving) of the surface of Sacturtor_ringe 

under the permanent magnet, assuming no mirror plate blocks the movement, is larger 

than D0; and 2) The maximum stress in the moving part of the actuator is less than the 

yield strength. The following sub-steps are followed to determine T.  

Simulations are performed using SolidWorks® [148], Ansys Multiphysics® [145] and 

CoventorWare® when the variable D0 and parameter of magnet are determined. 

C_1) The shape and positon of the moving part of the microactuator after releasing due 

to residual stress gradient is obtained by simulations using the software of CoventorWare 

and similar method of [90] with the nickel elastic modulus of 159 GPa and 

an average residual stress gradient of -4.72 MPa/µm [144].  

C_2) A model of the moving part of the microactuator is created in SolidWorks basing 

on the results obtained in C_1 with the permanent magnet in distance T chosen within the 

range of 3 mm ~ 30mm which is well wide enough to cover the possible values of T. The 

model is imported into the Magneto-Static simulation module of Ansys Multiphysics to 

simulate the magnetic force acting on the moving part of the microactuator in the 

magnetic field. Figure 3.4a shows the distribution of magnetics flux density in design 1 

and design 2 with T equal to 6 mm and 10 mm respectively. The T values in Figure 3.4a 

are selected after a few simulations with T varying in its range. 

C_3) The obtained magnetic force is imported to CoverntorWare MemMech module to 

simulate the deformation of the moving part of the microactuator.  
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(a)  

 

(b) 

Figure 3.4 Magnetic and deformation simulations for design 1 and design 2. (a) 

Distribution of magnetic field in design 1 and design 2; (b) Displacement (Dactuator_ring) of 

design 1 and design 2 

Design 1 

Design 2 

Design 1 

Design 2 
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To obtain accurate T value, a few iterations are needed, as used in Chapter 2 and [90]. 

The iterations normally would lead to < 20% change of the value in comparison to the 

value before iteration. However the T is determined in such way that the two above 

criteria are met with a very large safety margin (> 70%), no time consuming iteration is 

needed.  

 

(a)  

 

(b)  

Figure 3.5 Stress in designs 1 and 2 when displacement is D0. (a) Maximum Von Mises 

stress of 107 MPa in design 1; (b) Maximum Von Mises stress of 115 MPa in design 2 

Using above method the T and Dmoving for design 1 are 6 mm and 300 μm, for design 2 

are 10 mm and 700 μm respectively, as shown in Figure 3.4b. Dmoving is the displacement 

assuming no mirror plate blocks the moving part of the microactuator. In the bonding 

process the displacement of the ring of the microactuator is D0 considering the mirror 

plate blocking the movement. In order to find out the maximum stress in the moving part 
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with the displacement of D0, a force on the central ring in the upward direction is applied 

to limit the downward translation of the ring to D0 and find out the maximum stress in 

CoventorWare simulations. The results are shown in Figure 3.5, the maximum Von Mises 

stress is 107 MPa in design 1 and 115 MPa in design 2, both of which are smaller than 

the yield strength 400 MPa [149] with a safety margin of > 70%.  

3.3 Experiment 

3.3.1 Prototypes of actuators of design 1 and design 2 

The prototypes of the microactuators of design 1 and design 2 are fabricated using 

MetalMUMPs. The mirror plates are fabricated by simply dicing a polished silicon wafer 

with 100 nm aluminum coated. A Zygo 3D profiler machine is used to measure the height 

of the moving part and the surface quality of the mirror plate. Because the microactuator 

(20 µm nickel plus 0.5 µm gold on its top) fabricated using MetalMUMPs has poor 

surface roughness, the measured surface is noisy. If low magnification lens is used, the 

whole actuator can be covered in one scan, but the result cannot be accurately extracted, 

as shown in Figure 3.6a. When the high amplification lens is used only a small area can 

be scanned, as shown in Figure 3.6b. Therefore points on the actuator surface are 

measured separately to construct cross section profile along line AB in Figure 3.6a with 

the same reference surface, which is the trench bottom. It is found the measured value 

could vary as high as ±1 μm for multiple mountings of the same chip when the 

measurement height is in the range of several hundred micrometers, even the optical 3D 

profiler is of high resolution. This might be because: 1) The mounting of the 

microactuator chip on the stage is not perfectly and consistently perpendicular to the lens; 

and 2) The rough surface of the actuator makes the height extraction inaccurate if the 

actuator’s surface (not the bonded mirror plate) is measured.       
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(a) . 

 

(b)  

Figure 3.6 Measuerment under 3D optical profiler. (a) Measurement using low 

magnification lens; (b) Measurement using high magnification lens 

3.3.2 Bonding process  

    The bonding mechanism is shown in Figure 3.7 and bonding process is described as 

follows. 

1. The adhesive (Loctite 312 [150]) is mixed with the activator (LOC736 [151]) at room 

temperature and applied to the backside of the mirror plate, as shown in Figure 3.8a. 

The ratio of adhesive to activator is about 2 with the waiting time of > 2 hours after 

the mixing. A piece of thin plastic film can be used to adjust the gap between the 

moving part of the microactutor and the mirror plate.  
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2. The released microactuator is positioned on an aluminum cylinder using a small piece 

of double sided tape (2~3 mm2), as shown in Figure 3.8b. It is then put in the 

alignment structure with the chip holder and gasket through operating the cylinder as 

shown in Figure 3.8c, both of which are fastened by 4 screws. Since the 

microactuator chip is constrained laterally and downwardly, a slight twist of the 

cylinder will separate the cylinder from the microactuator chip.       

3. After the aluminum cylinder is removed, the alignment structure is fixed on the 3-axis 

stage with the actuator as shown in Figure 3.8d. The central ring of the moving part of 

the microactuator and the mirror plate are aligned by moving the stage holding the 

mirror plate with the video camera’s monitoring through the glass. 

4. A lab jack replaces the video camera and adjusts the height of the permanent magnet 

to control the gap between the magnet and the microactuator to the value simulated in 

section 3.2.2, as shown in Figure 3.8e.  In order to avoid the adhesive squeezed out of 

the bonding surface from flowing to the glass surface, the magnet is removed a few 

seconds after the mirror plate and the moving part of the microactutor touch.  

 

Figure 3.7 Assembled bonding mechanism 
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                                            (a)                        (b)                   (c) 

 

(d) 

 

(e)     (f) 

Figure 3.8 Bonding process. (a) Adhesive is applied to the backside of the mirror plate; 

(b) The microactuator is positioned on the aluminum cylinder; (c) The microactutor is put 

in the chip holder and fixed on the alignment structure; (d) The central ring of the moving 

part and the mirror plate are laterally aligned to ensure the mirror plate on the center of 

the ring by the 3-axis stage and monitored by a video camera; (e) The permanent magnet 

is raised up by a lab jack to pull the moving part of the microactuator down to touch the 

mirror plate; (f) After curing the adhesive, the microactuator with the mirror plate bonded 

is taken out by the aluminum cylinder 

Video camera monitor Zoom in image of 

video camera monitor 
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5. The 3-axis stage is raised up to lift the mirror plate from the glass a few minutes (let 

the adhesive and the two bonding surfaces thoroughly touch) after the magnet is 

removed.  

6. The microactuator bonded with the mirror plate is kept on the chip holder with the 

mirror plate facing down for 12 hours to cure the adhesive. 

7. After the adhesive is completely cured, the micoractuator with the mirror plate 

bonded is taken out by the aluminum cylinder as shown in Figure 3.8f. 

3.3.3 Bonding results 

The design 2 is bonded with a 1.9 mm x 1.9 mm x 0.12 mm mirror plate following the 

above bonding procedure and using the above bonding mechanism. Design 1 is bonded 

with a 1.9 mm x 1.9 mm x 0.35 mm mirror plate using the same bonding method and 

similar mechanism, in which the video camera for lateral alignment is not used. Instead, 

grid lines drawn on the PTFE block are used for lateral alignment to try the lower cost 

mechanism. It is proved that the video camera lateral alignment method is more 

convenient with higher alignment accuracy. Figure 3.9 is the SEM image of design 1 

bonded with the mirror plate. The section profiles along line AB (in Figure 3.6a) before 

and after bonding are shown in Figure 3.10. Figure 3.10 shows the profile along line AB 

after bonding matches the shape of the profile along the same line AB except that it is 

slightly lower, which is caused by the gravity of the mirror plate. In order to find out the 

downward displacement caused by the mirror plate, the following experiment is 

conducted. A mirror plate is dropped onto the bonded mirror plate from the place of 1 

mm above. This method does not require any external touch to the released microactuator 

except for the mirror’s gravity, which does not induce any plastic deformation to the 

miroactuaror. Of course no lateral alignment to ensure the mirror plate is in the center of 

the bonded mirror plate. This method cannot be used for bonding because: 1) No lateral 

alignment to ensure the mirror plate in the center of the ring; and 2) The adhesive will 

leak from the hole (needed for releasing process) of the ring to stick the ring to the 

substrate or the trench bottom if this dropping method is used for bonding. Measurements 

show the mirror plate causes the central part of the released microactuaror to move 

downward by ~ 2 µm. 40 points on the moving part of the microactutor are measured 

before and after the bonding, which are marked as red dots in Figure 3.11a. Their heights 
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with the reference of the trench bottom under the moving part are measured and the 

change before and after the bonding are shown Figure 3.11b. It shows that the 4 points on 

the connection spring are down by ~ 1.7 µm after bonding due to the mirror plate gravity, 

which is very close to the move-down value due to the mirror plate’s gravity (~2 µm). 

The discrepancy is well within the measurement variation due to different mountings.  

 

Figure 3.9 Design 1 with mirror plate bonded 

 

Figure 3.10 Cross section profiles along lines AB (as shown in Figure 3.6) before and 

after bonding 
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(a)  

 

(b)  

Figure 3.11 Measurement result of design 1 after bonding. (a) Points measured on design 

1; (b) Height change after bonding 

It should be noted that the mirror plate’s orientation is not required since the 

orientation does not affect the application of translation micromirror. The lateral 

alignment in the bonding procedure is to ensure the mirror plate is on the center of the 

ring of the microactuator.  As mentioned in [90], the height and the vertical translation 

(under solenoid driving) of the moving part of the microactuators varies with time (in 
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days) or after vibrating due to the contacting support of the trapezoidal plate lower 

corners or/and anchoring springs to the substrate, i.e., the  smoothness of contacting 

changes with time and vibration when driven by solenoids. This is more pronounced with 

design 2 since its stiffness is lower than that of design 1. The effect of the contact points 

is under investigation.    

The following steps are used to bond design 2 using the method and bonding 

mechanism developed in this chapter.   

Step_1). The microactuator of design 2 is vibrated driven by a solenoid (1 Hz) with an 

amplitude of ~ ±100 µm in both upward and downward directions for one hour to smooth 

the contact points between the lower corners of the plate (plus some points of the 

anchoring springs) and the substrate.  

Step_2). A mirror plate is dropped on the central ring which is ~1mm above the ring. 

Heights of points along the line AB (Figure 3.12) are measured with the trench surface 

under the ring as the reference. 

Step_3). The mirror plate is bonded to the microactuator following the bonding method 

using the bonding mechanism described in sections 3.1 and 3.2.  

Step_4). The microactuator with bonding is measured again along the line AB. The 

measured results are compared with the measurements before bonding as shown in Figure 

3.13.    

Measurements of the moving part of the microactutor are conducted before and after 

dropping the mirror plate on the ring to ensure no plastic deformation is caused by the 

mirror plate dropping.    

Many small areas are scanned by high magnification lens to construct cross section 

profile along line AB (shown in Figure 3.12). Figure 3.13 shows the profile along AB 

does not change before and after bonding. The micormirror developed in Chapter 2 is 

bonded using the bonding technology presented in this chapter which achieves a surface 

quality of 15 m in radius of curvature and 2 nm roughness.    
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Figure 3.12 Mirror plate bonded on design 2 

 

Figure 3.13 Cross section profiles (lines AB in Figure 3.12) of design 2 before and after 

bonding 
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3.4 Bonding characterization  

3.4.1 Temperature test 

Two different types of high-temperature tests have been used to demonstrate that the 

bonding can work under high temperature. A laser test, as shown in Figure 3.15a, is used 

to verify the micromirror can reflect the high power laser. In this test, the power of the 

laser beam is continuously increased from a power adjustable laser transmitter, which 

increases the temperature continuously on the mirror plate, as shown in Figure 3.14. The 

bonding layer should have the same temperature as the mirror plate since enough time ( ~ 

5 minutes) is given to let the mirror plate surface temperature stabilize for each laser 

power, A cooled infrared camera (DirectIndustry FLIR SR5000) is used to measure the 

temperature. The laser power increases from 0.4 w to 1.4 w and the temperature is raised 

from 42.55 °C to 96.56 °C. The tests stop at approximate 100 °C. During the laser 

temperature experiment, the thickness of the bonding layer cannot be measured because 

the setup cannot be put under the 3D optical profiler. The experiment can only show the 

bonding survives temperature of 100 °C.      

 

Figure 3.14 Temperature raised by increasing the power of the laser beam 

The following test is able to measure the bonding layer at high temperature. As shown 

in Figure 3.15b, a heating chip is used to generate a high-temperature environment and 

the temperature on the bonded structure is monitored by a temperature detector which is 

glued on the backside of the chip using the thermal glue (EPO-TEK 353ND) [152]. The 

structure is kept in the high temperature for a few hours and heated to 80ᵒC, then the 

thickness of the bonding layer is measured using the 3D optical profile. The distances 
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between multiple locations on the nickel film and the mirror surface do not change, 

which means the adhesive between them does not deform. This test verifies the 

micromirror and the bonding can work under temperature as high as 80 °C. 

 

(a) 

 

(b)  

Figure 3.15  Test platforms. (a) High power laser test; (b) Heating test 

For the low-temperature test, the bonded structure is placed in a freezer (-30 °C) for 

one hour and then moved to the room temperature to measure the thickness of the 

bonding layer, i.e., the distance between the nickel film and the mirror surface, which is 

not changed. In this section, the no change in bonding layer thickness is based on that the 

bonding layer thickness change is measured to be within ±0.3 µm, which is the variation 
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for multiple measurements since each height measurement has to made a reference plane 

as the starting point on the 3D optical profiler, i.e., remove the fringing lines as much as 

possible based on the user’s eyes.   

3.4.2 Strength & impact test 

 

                     (a)                (b)    

 

(c) 

Figure 3.16 (a) Setup for strength test using the shaker; (b) Setup for impact test; (c) 

Result of impact test 

In order to test the strength of the bonded structure, a shaker is employed to generate 

various frequencies (20 Hz – 200 Hz) with difference accelerations (2g – 5g) for several 

hours as shown in Figure 3.16a. There is no change in the bonding layer’s thickness 

before and after the shaking test. That means the bonding layer does not become 

delaminated or loose.      
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Considering the impact test may damage the moving film, it is performed at last. Since 

the bonded structure is already glued with a piece of aluminum sheet in the temperature 

test, the aluminum sheet is screwed on an aluminum block which is fixed by a vice for 

the impact test, as shown in Figure 3.16b. The acceleration is measured by an 

acceleration detector after the hammer pounds on the other side of the block. The peak 

acceleration is around 50 g, as shown in Figure 3.16c. By multiplying with the weight of 

mirror plate 3.3 mg, the force on the adhesive can be calculated to be 1.6 mN. After the 

impact, the bonding layer thickness is measured to be unchanged.   

3.4.3 Performance of the bonded micromirror 

 

(a)  

 

(b)  

Figure 3.17 Displacement and tilting angle of the micromirror under various currents. (a) 

Displacement of micromirror; (b) Tilting angle of micromirror 
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After the mirror plate is successfully bonded with the actuator, the static performance 

of the micromirror in design 1 is measured using the Zygo 3D optical profiler as shown in 

Figure 3.17a. The maximum displacement is 120 µm which is measured at 400 mA, 

which is similar to that in [25] but not exactly the same due to two different prototypes. 

Tilt during the micromirror movement is around 0.1°, as shown in Figure 3.17b.  

3.5 Summary 

A novel bonding technology is presented in this chapter, which enables bonding of a 

high surface quality mirror plate to any released microactuator containing the 

ferromagnetic layer, to achieve a large displacement and high surface quality. The novel 

bonding technology uses the magnetic field pulling-force to bring the moving part of the 

released actuator in contact with a mirror plate. Plastic deformation or damage to the 

released microactuator is avoided and the risk of sticking the actuator moving part to the 

substrate due to the squeezed out adhesive is eliminated. Prototypes of two designs are 

fabricated and successfully bonded using the bonding process proposed in this chapter, 

which experimentally verifies the bonding method. Experiments were conducted to 

characterize the bonding layer, i.e, withstanding vibration in frequency 20 Hz – 200 Hz 

with 2g – 5g acceleration, surviving temperature range of -30 °C ~ 80 °C. The bonded 

translation micromirror achieved 15.6 m curvature radius and 2 nm roughness with 120 

μm quasi-static displacement.    
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CHAPTER 4 A REPULSIVE MAGNETIC FORCE DRIVEN 

TRANSLATION MICROMIRROR 

This chapter is based on the following paper: 

Y. Xue, H. Zuo and S. He, “A repulsive magnetic force driven translation micromirror,” 

J. Micromechanics Microengineering, in-press. 

This chapter presents a repulsive magnetic force driven micromirror with large 

displacement and high surface quality, which meets the third objective of this thesis. The 

micromirror well solves the limitation of the previous design, i.e., large variation in 

translation starting position and low repeatability, caused by the touching points between 

the moving film and substrate before and in operation. The new design utilizes a novel 

driving mechanism, i.e., permanent magnet ring above and electromagnet underneath the 

moving film, to lift the moving film from touching the substrate and generate repulsive 

magnetic force (instead of attractive force in the previous design) to push the moving film 

up and away from the substrate for translation. Due to the touching, the previous design 

has to pre-oscillate for 20-30 minutes at 1 Hz before usage (after resting for a few hours) 

to reduce the starting position variation from ~15 µm to 3~4 µm. Even after the pre-

oscillation, the repeatability is still low, which is 14.2 % because of the touching in 

operation. In the novel design presented in this chapter, the touching between the moving 

film and the substrate is completely eliminated before and in operation. As a result, the 

starting position of the translating mirror is constant each time without any pre-oscillation 

and the repeatability is < 1%. In addition, even the residual stress gradient based 

clamped-clamped microactuator is time stable according to our tests in past few years, it 

is reported in [21] that the residual stress is not stable through thermal cycles, while this 

design does not need the residual stress gradient to curve up the moving film. The 

maximum displacement of 144 µm can be achieved when 140 mA current is applied on 

the electromagnet. As an application, the micromirror is used as the movable mirror in a 

Michelson interferometer to measure the wavelength of a laser beam. The result shows a 

measurement error of 2.19% for a 532 nm laser beam. 
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4.1 Micromirror design 

       

(a)                                                                      

 

 

  (b) 

Figure 4.1 Concept of the micromirror. (a) Moving film of the micromirror; (b) The fixed 

and moving part of the micromirror 

The micromirror includes a moving part and a fixed part. The moving part contains the 

moving film fabricated by MetalMUMPs [139] and a mirror plate fabricated by dicing a 

polished silicon wafer with a thin metal coating layer, as shown in Figure 4.1a. These two 

parts are fabricated separately and bonded together by a non-touching bonding 

technology developed in [147]. The fixed part includes a ring shape permanent magnet 

above the moving part and an electromagnet under it, as shown in Figure 4.1b. After 

release, the moving film curves up due to the residual stress gradient in the nickel thin 
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film. The lower corners of each trapezoidal plate touch the substrate before assembling 

the permanent magnet, as shown in Figure 4.2. After assembling the permanent magnet 

ring above the moving film, the lower corners of trapezoidal plates are lifted up to 

separate from the substrate as shown in Figure 4.3a. After the current is applied to the 

electromagnet, the repulsive electromagnetic force is generated on the trapezoidal plates 

to push them to move upward and away from the substrate as shown in Figure 4.3b. Thus 

no contact occurs before and in operation such as to eliminate the problem of large 

variation in the micromirror starting position before the operation and low repeatability in 

operation caused by contacting points as in the previous design [90]. The magnetic lines 

in Figure 4.3 indicate the direction of the magnetic field with its density not to scale of 

the magnetic field strength. 

 

Figure 4.2 Lower corners of each trapezoidal plate touching on the substrate before the 

permanent magnet is placed 

The following explains how the repulsive magnetic force is generated. Since the 

surface dimension of each trapezoidal plate is much greater than the thickness 

(millimeters vs 20 µm), the high shape anisotropy keeps the magnetization in-plane when 

an external magnetic field is applied. For example, if the permanent magnet ring has the 

magnetic north pole on the top surface and the south pole on the bottom, without 

applying current to the electromagnet the north and south poles are formed on the upper 

and lower edges of each trapezoidal plate respectively, as shown in Figure 4.3a. In order 

to move the moving film upward, the magnetic poles on the trapezoidal plate upper edge 

and the top surface of electromagnet core need to be the same, which makes them repel 

each other. To achieve this purpose, two conditions need to be met: 1) Counterclockwise 

(in this prototype) current has to be applied to the electromagnet to form a magnetic north 

pole on the top surface of the core, as shown in Figure 4.3b; and 2) Dimension of the core 

needs to be larger than the moving film to ensure that the magnetization is directed 
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towards the upper edge from the lower edge of each trapezoidal plate. Thus the upper 

edge of each trapezoidal film is the north pole; otherwise, the magnetization is opposite 

[140] and the moving film moves downward as explained in Appendix B. In this 

example, the dimension of the moving film is 8 mm x 8 mm excluding anchor and the 

diameter of the electromagnet core is 10 mm. The magnetization in the nickel film needs 

to be controlled below the saturation level. 

  

(a)  

 

(b)  

Figure 4.3 Working princinple of mivromirror. (a) Moving part pre-lifted by the 

permanent magnet; (b) Moving part moves upward (current applied) 
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On the other hand, the magnitude of the magnetization in the designed nickel film is 

about 0.4 - 0.5T at 140 mA current, which is less than the saturation magnetization of the 

nickel-iron film ranging from 1.1 T (Ni80%Fe20%) to 0.7 T (Ni95%Fe5%) [140]. So by 

controlling the driving current, the generated magnetic field can be controlled and then 

the in-plate magnetization level in each trapezoidal plate can be controlled. Therefore the 

translation of the central ring structure along with the mirror plate can be controlled as 

well, i.e., the higher current to the electromagnet, the larger upward translation of the 

mirror plate. In addition, the deformation of the magnetized central ring structure can be 

neglected, because the total magnetic force generated on it is zero.  

4.2 FEM simulation 

    FEM software of Ansys® Multiphysics and CoventorWare® is used to simulate the 

displacement of the micromirror. The dimensions of the micromirror are shown in Table 

4.1. The deformation of the moving film caused by residual stress gradient, permanent 

magnet and electromagnet are simulated in this section. The residual stress gradient 

introduced initial curve-up is not necessary since this design does not rely on the residual 

stress gradient to curve up the moving film. It uses a permanent magnet ring above the 

moving film to lift the moving film up. However, it needs to be considered and simulated 

since MetalMUMPS is used for prototyping which brings residual stress in the fabrication 

process. The residual stress gradient caused displacement of the moving film is 168 µm 

as simulated in [90], which is the displacement of the central ring from its unreleased 

position. 

The Ansys Magneto-Static module is used to simulate the magnetic force acting on the 

moving film generated by the permanent magnet and the electromagnet. Due to the 

symmetric structure, only a quarter of the micromirror is modeled in the simulation, as 

shown in Figure 4.4. Iterations are used to obtain the magnetic force on each element of 

the moving film and the corresponding deformation as follows. In the 1st iteration, the 

magnetic forces (F1st) is obtained in Ansys based on the original deformation (Deforiginal) 

caused by the residual stress gradient in the absence of any magnetic force, then the 

deformation (Def1st) is obtained from ConventorWare by applying the residual stress and 

the magnetic force (F1st) on the model of Deforiginal. In the 2nd iteration, a new 

deformation (Def2nd) is obtained by applying the new magnetic force (F2nd) obtained 
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based on the model of deformation (Def1st). The iteration continues until the deformation 

is stabilized when the variation is about 2%. The simulated displacements at various 

currents are shown in Figure 4.9 in section 4.3.2.2. 

Table 4.1 Dimensions of the micromirror 

Part name Dimension Part name Dimension 

Mirror plate  2 mm x 2 mm Moving film thickness 20 µm 

Mirror plate 

thickness 
120 µm Central ring 2 mm (diameter) 

Upper edge of 

trapezoidal plate 
3 mm Connection spring 0.9 mm(L) x 0.8 mm(W) 

Lower edge of 

trapezoidal plate 
6 mm Anchor spring 0.8 mm(L) x 0.9 mm(W) 

Height of trapezoidal 

plate 
1.5 mm Electromagnet  

31.8 mm(D) x 12.7 

mm(H) 

Core of electromagnet 10 mm (D) x 11 mm (H) 

Ring shape permanent magnet 
7.5 mm (Internal) x 5 mm (Outside) x 1 mm 

(Thickness) 

 

 

Figure 4.4 3-D model of a quarter of the micromirror 

    In order to verify that the maximum stress in the micromirror’s moving part is less than 

the yield strength, the moving part is simulated using CoventorWare. The simulation result 
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shows a translation of 710 µm can be achieved with the maximum stress smaller than the 

yield strength which is 400 MPa [94], as shown in Figure 4.5. 

 

Figure 4.5 Stress simulation using CoventorWare 

4.3 Experiments 

4.3.1 Prototype  

    The chip of the moving part presented in this chapter is in a wire bonded package 

CQFP 120 as shown in Figure 4.6. The wire bonding is for the Lorentz-force 

experiments, which is not used in the chapter. Two parts are designed to assemble the 

moving part, the ring shape permanent magnet and the electromagnet (E-05-125-34 from 

Magnetic Sensor System) together as a micromirror as shown in Figure 4.6.  The 

electromagnet holder has a 1 mm deep square hole opened on the top to hold the 

packaged moving part and a 4 mm deep circular hole on the other side to accommodate 

the electromagnet. The permanent magnet (PM) holder is designed to hold the ring shape 

permanent magnet 4 mm above the trench of the moving part which is limited by the 
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working distance of the lens of the optical profiler. Four holes surrounding the permanent 

magnet, as shown in Figure 4.6b, as windows are used to observe the trapezoidal plate. 

      

                            (a)                                                        (b)  

Figure 4.6 Micromirror before and after assembly. (a) Micromirror before the assembly; 

(b) Assembled micromirror 

4.3.2 Performance   

The performance of the assembled micromirror is measured by a Zygo 3D profiler, 

including the initial curve-up of the moving part by the residual stress gradient, the pre-

lift height by the permanent magnet and the upward translation when a current is applied 

to the electromagnet.  

4.3.2.1 Deformation/displacement of moving film before applying current  

The moving film curved up due to the residual stress gradient is observed using a SEM 

as shown in Figure 4.7a. The lower corners of each trapezoidal plate touch the substrate 

surface. Each trapezoidal plate is warped to form a convex shape as shown in Figure 4.7b 

and explained in [90]. Figure 4.8a shows the contact since the distance between the 

substrate and the top surface of the corner is about 20 µm which is almost the nominate 

thickness of the nickel layer of the MetalMUMPs process. The nominate thickness of 

nickel film in MetalMUMPs is 20 µm which varies with different fabrication runs, as 

well as various locations on the same silicon wafer depending on the local structure. The 

average height of the initial curve-up of the moving film in this experiment is 160 µm 

which is 4.7% different from the simulation. When the mirror plate is bonded on the 

central ring of the moving film using the bonding technology developed in [147], no 

plastic deformation or damage due to the bonding process is found. After the micromirror 
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is assembled, the moving part pre-lifted by the permanent magnet ring is measured. 

Based on the measurement result, all the corners of the trapezoidal plates are separated 

from the substrate under the magnetic field generated by the ring shape permanent 

magnet, as shown in Figure 4.8a, which shows about 70 µm lifted up from the substrate. 

A 120 µm thick mirror plate is used in this design. Some scratches are observed on the 

mirror surface due to the flaw during fabrication. It has a radius of curvature of 9.2 m and 

surface roughness of 12 nm. 

 

(a)  

 

(b)  

Figure 4.7 SEM images show the corners touching on the substrate before assembly. (a) 

Prototype of the moving part before assembly; (b) Trapezoid plate lower corners touching 

on the substrate 
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(a)  

 

(b)  

 

(c)  

Figure 4.8 The lower corners of trapezoidal plate are separated from substrate in the 

permanent magnet and repulsive magnetic force translation micromirror. (a) The lower 

corner of trapezoidal plate touching on the substrate before the permanent magnet and the 

electromagnet assembled; (b) The lower corner of trapezoidal plate separated from the 

substrate after assembling the permanent magnet before applying current through the 

electromagnet; (c) The lower corner of trapezoidal plate moves upward after current is 

applied to the electromagnet (This figure shows the example of applying low current) 
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(a)  

 
(b)  

Figure 4.9 Micromirror translation in static model. (a) Translations in experiment and 

simulation; (b) Tilting angle of the micromirror 

4.3.2.2 Translation under current 

The translations of the micromirror subjected to various currents applied to 

electromagnets are measured and compared with the simulated results as shown in Figure 

4.9a. The maximum translation is 144 µm at 140 mA experimentally. The simulation 

result of the displacement at 140 mA is 129 µm. The discrepancy comes from the 

approximation of the moving film shape and the force distribution used in the magnetic 
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force and deformation simulation. In operation, the lower corners of trapezoidal plate are 

further lifted from the substrate than before operation due to the repulsive magnetic force 

used, as shown in Figure 4.7b. The repeatability is significantly improved by separating 

the lower corners of trapezoidal plate from the substrate, which is < 1% while the 

previous design’s repeatability is 14.22% due to the touching in operation. In addition, 

the mirror’s starting position is consistent each time whereas the previous design needs to 

have the pre-oscillation for 20 – 30 minutes before each usage to reduce the starting 

position variation (from 15 µm to 3~4 µm) because of the touching between the moving 

film and substrate before operation.  

The tilting of the micromirror is measured as shown in Figure 4.9b and the maximum 

tilting is 0.3° at 140 mA. The driving circuit is shown in Figure 4.10. The micromirror 

requires a maximum >100 mA driving current which cannot be supplied directly from a 

signal generator. A current amplifier is developed to drive the micromirror which can 

deliver up to 750 mA current with high input impedance. The high current amplifier 

circuit can work standalone with onboard potentiometer to adjust the voltage of 0 - 2.5V 

or interface with computer to receive control signal.   

 

Figure 4.10 Driving circuit for micromirror [153] 
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(a) 

   

(b)  

Figure 4.11 Fringes patterns appeared when the micromirror is at different displacement. 

(a) Michelson interferometer with designed movable micromirror; (b) Straight fringes 

patterns on the screen when the moveable micromirror travels 7.2 µm (the middle one) 

and 29.5 µm (the right one) from the original position (the left one) 

4.3.2.3 Application: wavelength measurement  

The micromirror is used as a movable mirror to construct a Michelson interferometer 

to measure the wavelength of a laser beam. As shown in Figure 4.11a, the reflected and 

transmitted beams are redirected by the fixed and the movable mirrors to the output 

where they are superposed to form the interference pattern (fringes). Therefore, the 

following relationship holds:  

       δ =2∆= n·λ                                                            (4.1) 

or                                                    δ = (n+1/2λ)                                                          (4.2) 
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for constructive and destructive interferences [19], where δ is OPD, ∆ is the displacement 

of the movable mirror, n is the number of fringes which is an integer and λ is the 

wavelength of light. The wavelength can be calculated based on the displacement of the 

movable mirror and the number of fringes obtained. The result is affected by two factors: 

1) Integerization error, only integer number of fringes are counted. Fractional number of 

fringes is approximated up or down to an integer number of fringes. This error can be 

reduced by increasing the displacement of the movable mirror; 2) The tilting associated 

with the translation of the micromirror limits the maximum displacement of the 

micromirror to be used in the measurement, beyond which the fringe pattern becomes 

blurred. As shown in Figure 4.11b, fringes are counted using the straight patterns which 

become wider when the micromirror moves with more tilting [154]. In this prototype, the 

translation is limited to 30 µm.  A measurement error of 2.19% is obtained for a 532 nm 

wavelength laser beam. In addition, tilt not only changes the width of the fringes but also 

rotates them depending on the tilting axis of the micromirror. The tilts can be 

significantly reduced through a correcting micromirror, which will be presented in the 

next chapter. In comparison to the traditional movable mirror used in the Michelson 

interferometer, the micromirror presented here is simpler and more compact, and has 

lower cost since it does not have bearings and motors used in traditional movable mirror. 

Table 4.2 Measurement result for 532 nm wavelength laser beam 

Number of 

fringes n 

Mirror displacement ∆d 

(um) 

Calculated wavelength λ 

(nm) 

Total error 

(%) 

26 7.23 556.2 4.54 

54 14.68 543.7 2.19 

108 29.51 546.5 2.72 

4.4 Summary 

A novel translation micromirror has been developed to eliminate the big variation in 

starting position of micromirror as well as to improve the low repeatability (from 14.2% 

to <1%) associated with previous translation micromirror. In the new design, the moving 

film is lifted up using a permanent magnet ring above the moving film to avoid touching 

the substrate before operation and an underneath electromagnet to generate the repulsive 
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force to push the moving film up and away from the substrate in operation. In addition, 

the residual stress gradient is not required to curve up the structure in this design. The 

micromirror translates up to 144 µm at 140 mA. As an application of this design, the 

micromirror is used as a moveable mirror in a Michelson interferometer to measure the 

wavelength of a laser beam. A measurement error of 2.19% for a 532 nm laser beam is 

achieved.   
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CHAPTER 5 A TILT COMPENSATION SYSTEM FOR 

TRANSLATION MICROMIRROR  

This chapter is based on the following paper which is under review: 

Y. Xue and S. He, “A tilt compensation system for translation micromirror”, Advances in 

Mechanical Engineering. 

A novel tilt compensation system is presented in this chapter to correct the tilt during 

the motion of the translation micromirror, so that it can work as the movable mirror in the 

Michelson interferometer based miniaturized FTIRs. This compensation system is not 

only capable to compensate for the specific micromirror tested in this chapter, but also 

applicable to any fixed tilting axis translation mircomirror. To realize the purpose, three 

requirements on the setup of the compensation system are identified, e.g. the beam 

incident angle and the relative locations of the translation mirror, the correcting mirror 

and the reflecting mirror. The compensation system including a translation micromirror is 

tested in a Michelson interferometer in the experiment. The result shows the tilt of the 

translation micromirror can be reduced to 0.026° after compensation, so that it can be 

used as a movable mirror in the miniaturized FTIRs to measure the substances, such as 

SO, PO and NO molecules, with wavelength between 13.6 µm and 25 µm, which equals 

to half of the mid-infrared region. The dimension of the packaged compensation system, 

including the translation micromirror, a correcting micromirror, a reflecting micromirror 

and the driven circuits, is 7 cm x 4 cm x 3.7 cm, which is acceptable for a miniaturized 

FTIRs. 

5.1 Tilt compensation system design 

5.1.1 Tilt compensation conditions 

The developed compensation system includes the translation mirror M1, a correcting 

micromirror M2 and a reflecting mirror M3. When a beam split by the beam splitter 

reaches M1, it is reflected to M2 and then M3. If M1 tilts during the motion, the 

correcting mirror M2 rotates a correspondent angle to compensate the tilt. With the 

compensation, the beam is reflected by M3 to the beam splitter through M2 and M1 to 
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combine with the beam reflected from the fixed mirror to form the interference pattern. In 

order to achieve this objective, the system must meet the following conditions: 1) The 

reflected beam from M2 needs to be injected vertically to M3. Otherwise, the beam 

reflected from M3 cannot return to M2 along the incoming path. 2) The rotating axis of 

M2 must be parallel to the tilting axis of M1. 3) M2 needs to rotate the same angle with 

the tilt of M1 to keep the angle between them consistent, as shown in Figure 5.1a. Only 

when all three conditions are met, the beam can fully return to the beam splitter along the 

incident path, so that the impact on the interference pattern from the tilt of M1 can be 

eliminated. Figure 5.1b shows a setup in which M3 is perpendicular to the fixed mirror 

and M2 is parallel to M1. Under this condition that the fixed mirror is parallel to the 

image of the movable mirror, the circular fringes are generated which is similar in the 

traditional Michelson interferometer, as shown in Figure 5.2a [155]. Otherwise, straight 

fringes are generated when the movable mirror is at an angle with the fixed mirror, as 

shown in Figure 5.2b. 

5.1.2 System setup 

The components of the compenstaion system need to be set up accoridng to the three 

conditions to achieve the compensation purpose. At the first step, M3 needs to be 

perpendicular to the reflected beam from M2 before the current is applied, which can be 

easily achieved by adjusting M3 until the beam spots reflected from M1 and M3 

completely overlap on M2. 

The second step is to parallelize the axes of M1 and M2, before which the tilting axis 

of M1 needs to be found out. A method is developed to find out this axis by observing the 

trajectory on a PSD which is set up vertically on the table, as shown in Figure 5.3. If the 

tilting axis is not parallel to the Z-axis, the trajectory on the PSD is not horizontal to the 

X-axis, as shown in Figure 5.3a. Rotating M1 along Y-axis until its trajectory is 

horizontal, as shown in Figure 5.3b, then the trajectory on PSD is caused by the 

constructive superpose of the tilt and the translation of M1 and the tilting axis is parallel 

to the Z-axis which is perpendicular to the table.  
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(a)  

 
(b)  

Figure 5.1 The tilt compensation system. (a) When M3 angled with the fixed mirror; (b) 

when M3 is perpendicular to the fixed mirror. 
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(a)       (b) 

Figure 5.2 Different shapes of interference fringes generated by a Michelson 

interferometer.  a) Circular fringes; b) Straight fringes [155] 

 

(a) 

    

(b) 

Figure 5.3 Determination of tilting axis. a) Micromirror tavels on the Y-axis with tilt 

along a rotation axis other than the Z-axis; b) with tilting along the Z-axis 

Z  

Y  
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And the third step is to keep the angle between M1 and M2 consistent when M1 tilts 

during the motion. Before the current is applied, an initial angle θ between the reflecting 

beams from the fixed mirror and M3 can be obtained basing on the interference fringe 

width using the equation below [156]: 

sin 𝜃 =
2𝜆

∆X
       (5.1) 

where λ is the wavelength of the beam and ∆X is the width of the interference fringe. 

When the current is applied on M1, the tilt of M1 leads to the misalignment of two 

beams, then the width of the interference fringes changes. Therefore, a current needs to 

be applied on M2 to correct the tilt and a new angle θ’ is obtained. Ideally, the fringes 

width after compensation should be infinitely close to the initial fringe width and, 

correspondingly, the compensated angle θ’ is close to the initial angle θ. Then the 

compensation capacity of the system can be determined by the difference ∆θ between θ 

and θ’. In order to find θ’, a trial-and-error method is used to find the current applied on 

M2 to compensate the tilt of M1. The detailed steps are as following: 1) An interference 

pattern is obtained as a reference after setting up all the mirrors before the current is 

applied; 2) M1 displaces with the tilt after a static current is applied, which leads to the 

interference pattern change; 3) Multiple interference patterns are generated by applying a 

series of currents on M2, then one pattern similar to the reference is chosen and the 

corresponded current is recorded. This process is repeated until all the compensation 

currents on M2 are found for each critical displacement of M1 to complete the 

calibration. A linear interpolation method can be used to estimate the current on M2 to 

compensate the tilt of M1 at other displacements. A table is generated to record each 

displacement of M1 and the correspondent current pairs on M1 and M2. Then the 

calibration process and the equipment, such as the PSD and the stages, are no longer 

required. The data in the table can be input to the open-loop control directly in the real 

operation.  
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Figure 5.4 Packaged tilt compensation system with a re-designed assembly part for 

repulsive magnetic force translation micromirror 

5.1.3 Size consideration 

The size of the compensation system is important for the miniaturized interferometer. 

As shown in Figure 5.4, the packaged compensation system, which includes the 

assembled repulsive force translation micromirror [153], a 1D rotation micromirror, a 

reflecting mirror, and the driven circuits, has a size of 7 cm (length) x 3.7 cm (width) x 4 

cm (height), in which the rotation and the reflecting mirrors are both 5 mm x 5mm. Since 

the tilt angle of most translation micromirrors is small, e.g. < ±2°, a micromirror with a 

single axis and small rotation angle can satisfy. This type of rotation micromirror is 

commercially available, such as [157]-[159], which can provide the rotation angle ±6° - 

±30° in static and dynamic mode and the high surface quality (< 10 nm surface roughness 
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and > 5m curvature). Though using the compensation system increases the size, the 

overall size is still more advantageous over the conventional interferometer. In addition, 

the miniaturized interferometer has relatively simple structure and low cost due to batch 

production. 

5.2  Experiments 

5.2.1 Platform setup 

Michelson interferometer with the tilt compensation system is setup as shown in Figure 

5.5a, which includes a laser (5mW, 532nm), a beam splitter, a fixed mirror, and the tilt 

compensation system. The repulsive force micromirror does not have the touching issue, 

so the problem existing with the attractive force translation micromirror is avoided [90], 

such as the variation of the starting position and low repeatability. However, the 

prototype of the repulsive force micromirror in [153] is not suitable for the tilt 

compensation system, e.g., the ring shape permanent magnet is far from the mirror plate, 

so the angle between the incident and reflecting beam is too small and the optical path is 

affected. Therefore the attractive force translation micromirror is used as M1 in the 

experiment. Since the purpose of this chapter is to develop a method of tilt compensation 

for the translation micromirror, the attractive force micromirror can be used in the 

experiment for the purpose. Figure 5.5b shows the components and their setup in the 

compensation system. M1 travels under the magnetic field generated by the 

electromagnet underneath it, as shown in Figure 5.5c. M2 is driven by the Lorentz force 

applied on the FPCB [160] [161] underneath the mirror plate. The Lorentz force is 

generated by two permanent magnets on the side when the current passes through the 

magnetic field, as shown in Figure 5.5d. M1 is placed on a rotation stage, as shown in 

Figure 5.5, both of which are then mounted on a 2D linear stage, so M1 can move in the 

XY plane. M2 is mounted with its rotating axis perpendicular to the table on a 1D linear 

stage [162] to move in the vertical direction. Therefore, the relative position between M1 

and M2 can be adjusted to make the tilting axis of M1 parallel with the rotation axis of 

M2 and the beam can be reflected by M1 to reach M2. The laser, the fixed mirror and M3 

are mounted on the tip and tilt adjustment stages to ensure the reflected beams can 

combine at the beam splitter. All the parts including the beam splitter and the concave 

lens are assembled on a steel breadboard to ensure the stability of the system. In order to 



83 

 

ensure the reflected beam from M2 injects vertically to M3, M3 is adjusted so that the 

reflected beam from it overlaps with the incident beam on M2. Since multiple stages are 

used to adjust the positions of the mirrors in the calibration stage, the size of the 

experiment setup is large, but the real package will be much smaller after the calibration 

is completed and the stage are removed.   

 

Figure 5.5 Michelson interferometer with a tilt compensation system; (a) Top view of the 

experimental platform; (b) Detailed view of tilt compensiton system; (c) Detailed view of 

the movable mirror M1; (d) Detailed view of the 1D rotation mirror M2. 
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(a) 

         

(b)  

Figure 5.6 Determine the tilting axis using the PSD and the oscilloscope. (a) Experiment 

setup; (b) The minimum voltage (<10 mV) is observed when M1 rotates 72° and the 

displacement is around 100 µm 

5.2.2 Determine the tilting axis  

As introduced in Section 5.1.2, the tilting axis of M1 can be found using an 

oscilloscope to monitor the change of the trajectory on the PSD, as shown in Figure 5.6. 

Figure 5.6a shows M1 is on a rotation stage [163] which rotates along Y-axis and M2 and 

a PSD are placed vertically on the table. When a laser is injected to the PSD after 

reflected by the mirrors, M1 is rotated until the minimum voltage is found in the 

M1 

Rotation stage 

M2 

PSD 

1D linear stage 

2D linear stage 

Z 

Y 
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oscilloscope channel in the vertical direction of the PSD. For example, 10 mV voltages is 

observed on the oscilloscope (the blue line in Figure 5.6b) when M1 travels about 100 

µm. This is the minimum voltage found on the oscilloscope after M1 rotates 360° along 

the Y-axis, which means the tilting axis of M1 is approximately perpendicular to the table 

at this position.  

      

(a)     (b)     (c)  

   

(d)     (e)     (f) 

Figure 5.7 Interference pattern on the screen. a) 1st reference fringes; b) Spots misaligned 

under 30 µm displacement without compensation; c) Interference pattern when M1 

travels 30 µm with compensation; d) 2nd reference fringes;  e) Only the spot from the 

fixed mirror is shown on the screen due to no compensation; f) Interference pattern when 

M1 travels over 100 µm with compensation 

5.2.3 Tilt compensation by M2 

After all components are assembled according to the conditions, the interference 

pattern generated by the reflected beams from the fixed mirror and M3 is shown on the 

12.86 mm 12.83 mm 

12.96 mm 12.97 mm 
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screen, where a 2 mm grid paper is pasted for measurement purpose, as shown in Figure 

5.7. A reference pattern is measured, as an example shown in Figure 5.7a, in which 4 

fringes are on the screen at the starting position when no current is applied on M1, and 

then the pattern is imported to the computer. Two lines are drawn manually along the 

edges between two adjacent dark or bright stripes and the distance between them is 

measured. The edges are currently identified by eyes but the distance can be measured 

more accurately by using the computer aided grayscale mapping solution. After the 

distance between the lines is measured, the fringe width can be calculated by scaling with 

the grids.  

A current is applied on M1 after the reference pattern is generated. For example, after 

M1 displaces 30 µm, the pattern on the screen is misaligned due to tilt, as shown in 

Figure 5.7b. To compensate it, a trial-and-error method is used to find the required 

current on M2. A series of currents with 1 mA incremental every 10 milliseconds are 

applied. Among the generated interference patterns under different currents, the pattern 

most similar to the reference is identified and the correspondent current is recorded. For 

example, when M1 travels 30 µm, the most similar pattern is found when 15 mA current 

is applied on M2, as shown in Figure 5.7c.  

Because the limitation of the attractive force micromirror leads to 3 ~ 4 µm starting 

position variation on M1 even after 30 minutes pre-oscillation, the pattern cannot return 

to the starting position completely. Therefore, the initial interference pattern needs to be 

measured again as the new reference for each independent experiment. For example, as 

shown in Figure 5.7d-f, when M1 travels 100 µm, the new reference is in Figure 5.7d and 

45 mA current is found on M2 as shown in Figure 5.7f.  By comparing with the previous 

reference in Figure 5.7a, the fringe width changes 0.1 mm. 12 equal incremented currents 

are applied on M1 until the rated current is reached, then the correspondent currents on 

M2 are obtained following the process and recorded. 
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Figure 5.8 Interference firinge change due to the tilt of M1 

 

(a)  

 

(b)  

Figure 5.9 Fringe width on the same interference pattern. (a) Tolerable error range (14 

mm ± 1mm); (b) Out of the tolerable range because the line is in the mid of the dark (left) 

or bright (right) stripe 

5.3 Data analyses 

5.3.1 Error of the fringe width 

To verify equation 5.1 can be used to obtain the tilt angle and find the error between 

the caculation and measuramnet reuslt, an example is used as shown in Figure 5.8. The 

initial fringe width is 16 mm and the angle θ is 0.13°. When 67 mA current is applied on 

16 mm  9 mm  
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the translation mirormirror, the fringe width changes to 9 mm and the corresponding 

angle θ’ is 0.235°. So the difference between these two angles, which is the tilt, is 0.105° 

that is very close to the 0.1° measurment result using Zygo optical profile machine under 

the same current. However, the error in current compensation system is mainly caused by 

the inaccurate fringe width measurement on the screen. Because the edges are identified 

by eyes and the margins between fringes are not clear on the interference pattern, the 

fringe width varies at each measurement. As shown in Figure 5.9, five different fringe 

widths are measured on the same interference pattern. Only 12 mm and 16 mm, as shown 

in Figure 5.9b, can be easily excluded. The range from 13 mm to 15 mm, as shown in 

Figure 5.9a, could be identified as the fringe width which results a measurement error of 

± 1 mm, so the calculated angle θ is in a range, e.g., 0.08° ~ 0.13° instead of 0.105°. This 

result is not accurate, but veirifies that the angle before and after compensation can be 

obtained using equation 5.1. Due to the measurement error, the maximal difference 

between the range of θ and θ’ is considered as ∆θ. For example, θmax is calculated using 

equation 5.1 when the fringe width in the reference is 13.86 mm (12.86+1) and θ’min is 

11.83 mm (12.83-1) after compensation, ∆θ is 0.026°. As shown in Figure 5.10, ∆θ is 

calculated at 12 different points, among which 0.026° is the maximum value and 

considered as the capability of the compensation system. 

 

Figure 5.10 Angle difference ∆θ 
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5.3.2 Interference pattern shifts caused by the variation of the titling axis 

The tilting axis of the attractive translation microminor actually has a variation around 

3° basing on previous measurement result, which indicates that the tilting axis can incline 

up to ±1.5°. The impact of the tilting axis variation on the compensation result needs to 

be analyzed, as shown in Figure 5.11. For a beam reflected from M1, it is injected on the 

beam splitter at A if no tilt exists so that it can fully combine with the reflected beam 

from the fixed mirror on the beam splitter. When M1 tilts angle φ along the Z-axis, the 

spot on the beam splitter is moved to A’.  And the spot moves to B’ if the M1 tips an 

angle ω out of the X-Y plane. Under this situation, the spot moves to B instead of A using 

the compensation system. The location variation of the beam spots on the beam splitter 

has the relationship below:  

𝑥 = tan𝜑 ∙ 𝑙                                                     (5.2) 

𝑉𝑠 = tan𝜔 ∙ 𝑥                                                    (5.3) 

𝐻𝑠 = 𝑥 ∙ (1 − cos𝜔)             (5.4) 

where l is the distance between M1 and A, x is the distance between A and A’,  Vs and Hs 

are the shear of the interference pattern on the vertical and horizontal direction of the 

screen, respectively. For the attractive force actuator [6], ω is 3°, φ is 0.24° at its 

maximum displacement. The distance l between M1 and the beam splitter is 25 mm in 

this setup. Basing on equation 5.2 – 5.4, x can be calculated to be 130.9 µm, Vs is 6.86 

µm and Hs is only 0.1794 µm which is much smaller than Vs. In addition, the vertical 

shear will only impact the interference pattern when it is close to the diameter of the light 

source because one beam becomes above the other and the interference cannot happen 

[164]. Therefore, the change of the tilting axis can be ignored. 
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                                   (a)                                                         (b) 

Figure 5.11 Tilt analysis. (a) Top view of the compensation system; (b) Side view of the 

interference pattern on the screen 

5.3.3 Application 

In a Michelson interferometer based FTIRs, the maximum tilt β of the movable mirror 

without degrading the resolution of the interferometer needs to satisfy the following 

relationship [165]: 

β <  
𝜆

20𝐷
        (5) 

where D is the diameter of the beam and λ is the wavelength, as shown in Figure 5.12. 

Since D is a constant once the light source is chosen, β is proportional to the wavelength. 

For example, to measure a sample in the mid-infrared region (λ: 2.5 µm - 25 µm), the tilt 

angle β must be less than 0.005° – 0.05° when D is 1.5 mm. Therefore, the attractive 

translation micromirror with the developed compensation system can be used in a 

miniaturized FTIRs to detect substances in the infrared region above 13.6 µm (wavefront 

735 cm-1), such as SO, PO and NO [166] as per Figure 5.13. 
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Figure 5.12 The movable mirror tilts β with displacement 

 

Figure 5.13 Spectral Range [166] 
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 5.4 Summary 

    A novel tilt compensation method is introduced in this chapter, which is designed to 

reduce the tilt of the translation micromirror during its motion to make it work as a 

movable mirror in the miniaturized Michelson interferometer based FTIRs. To correct the 

tilt and ensure the resolution of the spectrum generated by the FTIRs, three conditions of 

the compensation system are proposed: 1) The reflected beam from the correcting mirror 

needs to vertically inject to the reflecting mirror; 2) The rotating axis of correcting mirror 

must be parallel to the tilting axis of translation mirror; and 3) The magnitude and 

direction of the corrected angle generated by correcting mirror needs to be same as the tilt 

angle of the translation mirror. A method is developed to determine the tilting axis of the 

translation mirror and a trial-and-error method is introduced to find out the current on the 

correcting mirror for compensation. In the experiment, an attractive force actuator 

introduced in [6], a 1D Lorenz force magnetic rotation mirror and a reflecting mirror 

compose the compensation system and its performance in a Michelson interferometer is 

tested. It proves that the designed compensation system can correct the tilt to 0.026°, so it 

is capable to measure substances with wavelength between 13.6 µm and 25 µm, such as 

SO, PO and NO, which equals to half of the mid-infrared region. 
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions and contributions 

    An electromagnetic actuator based translation micromirror has been successfully 

developed in this thesis to be used in a miniaturized FTIRs. The cost and size of the 

micromirror is significantly reduced by compared with the movable mirror in the 

conventional FTIRs. The contributions of the thesis are in following three aspects: 

(1) Developed a novel translation micromirror for the miniaturized FTIRs. 

Two types of novel electromagnetic actuator based translation micromirrors, which 

have large displacement and high surface quality, are developed and presented in this 

thesis (Chapter 2 & 4). The actuators and mirror plates are fabricated separately using 

two processes and then bonded together. Therefore, the micromirrors can not only make 

large displacement of 123 µm and 144 µm by the attractive and repulsive magnetic force 

microactuator, respectively, but also have the high mirror surface quality, e.g., more than 

15 meters curvature radius and 2 nm roughness. Due to the relative fast settling time, e.g., 

16 ms downward and 50 ms upward for the attractive force actuator, and the capability to 

work in the quasi-static mode, they are more suitable to be used as the movable mirror in 

the FTIRs by compared with the electrothermal and electrostatic actuator based 

mircromirrors. Furthermore, the touching between the moving film and the substrate is 

completely eliminated by the repulsive force actuator before and in operation, therefore 

the starting position is constant each time and the repeatability is < 1%. Because the 

micromirrors benefit from the MEMS fabrication technology, both their sizes and costs 

can be significantly reduced. For example, using the developed micromirror, the size of 

the movable mirror system can be reduced to around 100 cm3 from 4500 cm3 in the 

conventional FTIRs and the estimated cost can be reduced to $100 from $10,000.  

(2) Developed a novel non-touching bonding technology for released microactuator. 

In order to bond a high surface quality mirror plate with a released microactuator, a 

novel magnetic field pulling-force assisted bonding technology is developed and 

introduced in Chapter 3. This novel bonding technology utilizes non-touching magnetic 

field pulling-force, instead of the conventional compression mechanical force through 

touching, to bring the released microactuator and a mirror plate in contact for bonding 

such as to avoid: 1) any plastic deformation or damage to the released microactuator and 
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2) the risk of sticking the actuator moving part to the substrate due to the adhesive 

squeezed out from the bonding surfaces. Furthermore, this bonding technology is not 

sensitive to the micromachining process, i.e., any process for microactuator fabrication 

containing the ferromagnetic structure layer can be used and bonded with a high surface 

quality mirror plate after released.  

(3) Developed a tilt compensation system to correct the tilt during the motion of the 

translation micromirror. 

Tilt exists not only in the micromirror but also in the conventional movable mirror in 

Michelson interferometer based FTIRs. Therefore, a novel tilt compensation method is 

proposed and presented in Chapter 5. This compensation system uses a correcting 

micromirror to correct the tilt of the translation micromirror and reflects the corrected 

beam to the beam splitter by a high surface quality flat mirror. This system is not only 

capable of compensating for the specific micromirrors, such as the developed 

micromirrors in this thesis, but also applicable to any translation mircomirror with a fixed 

tilting axis. Using current experiment setup and the fringe edge identification method, the 

tilt of the translation micromirror can be reduced to 0.026° from 0.24° after 

compensation, which makes the FTIRs able to measure substances in half of the mid-

infrared region, e.g., the wavelength between 13.6 µm and 25 µm.   

6.2 Future work 

(1) Improve current compensation system 

The experiment result in Chapter 5 shows the compensation system has the capacity to 

correct the tilt and can be used in the Michelson interferometer to measure infrared region 

above 13.6 µm. This result does not reflect the actual compensation capability of this 

system because of the measurement error and the equipment limitations. To further 

develop the potentiality of this compensation system, more precise results can be 

obtained through following: a) Use the repulsive force translation micromirror to replace 

the attractive force micromirror. As discussed in section 5.2.3, the starting position of the 

interference pattern varies 3 ~ 4 µm even after 20 – 30 minutes pre-oscillation caused by 

the touching between the substrate and the moving film of the attractive force translation 

micromirror, so the reference pattern has to be measured for each independent 
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experiment. In the repulsive force translation micromirror, there is no touching issue, so 

one reference pattern can be used to obtain a set of continuous measurements from the 

original position to the maximum displacement of the translation micromirror, which 

makes the current applied on the correcting mirror more accurate. In addition, the 

repeatability can also be improved by using the repulsive force actuator. However, 

challenges exist to use the repulsive force translation micromirror in the compensation 

system. A ring shaped permanent magnet is above the mirror plate, so the incident beam 

has to pass through the hole on the ring to reach the correcting mirror surface and it is 

same for the reflected beam from the mirror. Current ring shaped permanent magnet has a 

small inner diameter and it is rather far from the mirror plate, so the angle between the 

incident and the reflected beam is too small such that the reflected beam cannot reach the 

surface of the correcting mirror. Therefore, to overcome this problem, the structure of the 

repulsive magnetic force actuator, e.g. the shape of the permanent magnet and its distance 

to the mirror plate, needs to be re-designed so that the angle between the incident and the 

reflected beam becomes larger. b) Use a rotation micromirror with higher resolution to 

improve the compensation capability. When the resolution of the rotation mirror is 

higher, the fringe width after compensation can be closer to the reference width. c) Use 

the grayscale mapping tool on computers to identify the fringe edges automatically. As 

analyzed in section 5.3, the error in current compensation system is mainly caused by the 

inaccurate fringe width measurement on the screen using human eyes. If this process can 

be done using a computer assisted tool, the measurement result will be much more 

accurate. 

(2) Perform the dynamic test of the response speed for the repulsive magnetic force 

actuator 

    The dynamic performance of the repulsive force micromirror needs to be tested, as the 

response speed tested for the attractive force micromirror in Chapter 2.  Current main 

challenge for the dynamic test is caused by the distance between the ring shaped magnet 

and the mirror plate, which causes the angle between the incident beam and the reflected 

beam too small then the space above the actuator is not enough to accommodate the PSD 

and the laser source. To solve this problem, the solutions include: 1) Change the diameter 

of the ring shaped permanent magnet and re-design the assembly parts to reduce the 
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distance between the ring shaped magnet and the mirror plate; 2) Use a unpackaged PSD 

and a smaller laser source so that they can be placed in the limited space above the 

micromirror. Once the challenge is resolved, the dynamic performance of the repulsive 

force micromirror can be obtained using the similar test method in Chapter 2 for the 

attractive force micromirror. 
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APPENDICES 

Appendix A Simulation of the moving film deformation 

 

(a) 

 

 

(b) 

Figure A.1 Deformation of moving part simulated in “Static Structure” model. (a) Forces 

applied on 7 areas; (b) Deformation of moving part 

    The forces obtained on each element are exported to Excel and divided according to 

the 7 areas on a quarter of the moving film, as shown in Figure A.1a - the springs and the 

central ring structure are 2 areas, and the trapezoidal plate is equally divided into 5 areas 

along the height. As shown in Figure A.1b, the forces on the elements within the same 
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area are summed up and a force is applied on the correspondent area in CoventorWare® 

MemMech module to simulate the deformation of the moving film, which is caused not 

only by the magnetic force, but also by the residual stress gradient and the weight of the 

mirror plate. Finally, the central ring is raised to 368 µm under the magnetic force 

generated by the ring shape permanent magnet without applying a current on the 

electromagnet.  

Appendix B Moving film moves downward when the electromagnet has a small core  

 

(a) 

 

(b) 

Figure A.2 Moving part moves downward when the electromagnet core is smaller than 

the moving part. (a) North pole formed on the core top surface; (b) South pole formed on 

the core top surface. 
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An electromagnet with the small core leads to the trapezoidal plate be attracted down 

towards the core, no matter what the direction of the current is. For example, when the 

current is applied counterclockwise as shown in Figure A.2a, the direction of the in-plane 

magnetization is directed to the lower edge of the plate because the angle γ between the 

external magnetic field H and the in-plane magnetization M is larger than 90°. As the 

result, the magnetic pole on the upper edge of the plate is switched to south which is 

attracted towards the core due to the different magnetic pole on the top surface of the 

core. In contrast, a clockwise current applied on the electromagnet leads to a magnetic 

south pole be formed on the top surface of the core and γ is smaller than 90°, as shown in 

Figure A.2b. In this case, the in-plane magnetization is directed to the upper edge, where 

the magnetic north pole is formed. As the result, the moving film moves downward to the 

electromagnet due to the different magnetic poles between them. 

Appendix C PSD based displacement measurement 

   A displacement measurement process and the setup are developed as illustrated in 

Figure A.3. The mirror plate of the micromirror is on the X-Y plane where the X-axis is 

parallel to the table (X-Z plane) and the Y-axis is perpendicular to it. A laser beam 

parallel to the table is injected to the mirror plate and a PSD detects the trajectory of the 

reflected beam. The output of the PSD is connected to a digital phosphor oscilloscope, 

which shows the voltage change of the output on both X and Y axis. Basing on the 

display on the oscilloscope, the x and y positions of the reflected dot on the PSD can be 

determined. By comparing the measured moving distance of the reflected dot on the PSD 

with the calibration data, the translation of the micromirror when driving the actuator can 

be calculated. The calibration data is obtained by recording the moving distance of the 

reflected laser dot on the PSD when manually translating the micromirror, which sits on a 

fine translation stage with moving direction perpendicular to the mirror plate surface 

(along Z-axis).        

    During a pure translation, the mirror moves along the Z-axis and the trajectory on the 

PSD is always parallel to the table (X-axis), as shown in Figure A.3b. Once the 

micromirror translates with the tilt, the trajectory is in an angle with the X-axis as 

illustrated in Figure A.3c unless the rotation axis is parallel to Y. In order to obtain the 
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actual translation displacement of the mirror, the following steps are performed to 

distinguish the translation from the rotation.  

           

                 (a)                                                       (b) 

 

(c) 

 

(d) 

Figure A.3 Concept of the displacement measurement. (a) Micromirror translates along 

the Z-axis (2D); (b) Micromirror translates along the Z-axis (3D); (c) Micromirror in an 

angle with the X-axis (3D); (d) 2D schematic diagram of accurate examination platform. 
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1. Rotating the mircomirror around the Z-axis until the trajectory of the reflection beam 

is parallel to the X-axis. Now the rotating axis is perpendicular to the table and 

parallel to the Y-axis. The displacements caused by both translation and rotation are 

on the same line (X-axis). 

2. Rotating the micromirror 90° around the Z-axis, then its rotation axis is parallel to the 

table (X-axis). At this time, the translational displacement is still parallel to the X-

axis while the displacement caused by rotation is turned to Y direction. So the 

translation and the rotation are distinguished in X-axis and Y-axis, respectively.  

Using the above method, the translation displacement can be found. However, it is 

quite possible that the laser dot is not injected on the rotation axis of the mirror. In this 

case, the length of the trajectory of the reflected beam on the PSD varies with the location 

of the incident point on the mirror. To avoid the error caused by it, the micromirror is 

rotated 180° after the translation displacement is found at step 2. A second translation 

displacement can be derived following the same method. By taking a median of these 2 

displacements, the error caused by the incident point is eliminated and then the actual 

translation displacement can be obtained.  

    Using above method, an approximate displacement and the tilting angle can be 

obtained. To further reduce the errors and get the accurate displacement and the tilting 

angle, the PSD is moved along a straight line as shown in Figure A.3d. When the 

micromirror is located at any position between P1 and P2, the trajectory of the reflected 

beam on PSD should be identical if it makes pure transition. When the mirror rotates with 

an angle θ, the trajectory of the reflected beam varies when the mirror’s position changes. 

In this situation, the translation displacement and the tilting angle can be obtained using 

the equations below: 

𝑇1 = 𝐷1 tan 𝜃 + t                                                                 (A.1) 

𝑇2 = (𝐷1 + 𝐷2) tan 𝜃 + t                                                        (A.2) 

    Similarly, to avoid the errors caused by the position of the incident beam, the values 

are measured and calculated again after the micromirror is rotated 180° and the equations 

are: 
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𝑇3 = 𝐷1 tan(−θ) + t                                                            (A.3) 

𝑇4 = (𝐷1 + 𝐷2) tan(−θ) + t                                                   (A.4) 

where Tx is the trajectory of the reflected beam on the PSD, Dx is the distance between the 

micromirror and the PSD (Dx >> Tx), θ is the tilting angle, and t is the displacement 

caused by pure translation. 
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