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Optical coherence tomography (OCT) can provide subsurface cross-sectional 

information of tissue samples with high resolutions of 1-15 µm. Microelectromechanical 

system (MEMS) mirrors are small and can perform fast optical scans; they are suitable 

for realizing lateral optical scans in OCT systems. In this thesis, MEMS technology is 

applied to enable endoscopic OCT imaging. Two generations of MEMS mirrors have 

been used. The MEMS mirrors are 2 mm x 2 mm and 1.7 mm x 1.55 mm respectively in 

size. Four generations of MEMS-OCT endoscopic probes have been developed; the 

diameters of the probes are reduced from 5 mm in the first generation down to 2.5 mm 

in the fourth generation. The effects of the positions of the optical components and the 

protective tubing on OCT imaging performance have been studied through simulation 

and verified experimentally. In vivo imaging experiments were done on mouse tongue, 

mouse ear and injected tumor; layered structures of mouse tongue and ear, and 

accurate shape of tumor regions were clearly detected.  

The same MEMS-OCT system has also been used to measure localized refractive 

index of acute rat brain tissue slices; regions including cerebral cortex, thalamus, corpus 

callosum, hippocampus and putamen were measured; refractive index in the corpus 
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callosum was found to be ~ 4% higher than the RIs in other regions. Changes in 

refractive index with tissue deformation were also measured in the cerebral cortex and 

corpus callosum under uniform compression (20-80% strain). For 80% strain, measured 

RIs increased nonlinearly by up to 70% and 90% in the cerebral cortex and corpus 

callosum respectively. Further, two types of functional OCT have been realized: 

polarization sensitive (PS) OCT and Doppler OCT. PS OCT has been successfully 

applied on canine meniscus, and tissue birefringence were detected and represented by 

their Stokes parameters shown by 2D and 3D images. Rat blood vessels were identified 

by Doppler OCT. In addition, MEMS based OCT combined with photoacoustic imaging 

was demonstrated.  

This is the first detailed study on applying MEMS technology to realize endoscopic 

OCT imaging. This work opens up many promising opportunities in early cancer 

detection and real-time imaging guided surgery.  
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CHAPTER 1 
INTRODUCTION 

Cancer has been one of the fatal diseases in the United States. Nearly one in four 

deaths are caused by cancer in the U.S. American Cancer Society (ACS) predicts that 

there will be 1,638,910 cancer cases in the year 2012, and among them, 577,190 

cancer patients are not expected to live [1]. Reducing cancer death rate has become a 

global research focus. Early detection and improved treatment have proven to be 

effective, as cancer survival rate increased from 49% to 67% over the past 30 years [1].  

The development of biomedical optical imaging modalities, especially optical 

coherence tomography (OCT) has been a major contribution to early cancer detection; 

as it can provide in vivo non-invasive 3D ultrahigh resolution images that allows us to 

see cancer or precancerous lesions that were not visible to traditional imaging 

techniques, including X-ray, computer tomography (CT) scan, ultrasound and magnetic 

resonance imaging (MRI) [2]. 

Endoscopic imaging is very important, because most cancers occur in internal 

organs; yet it is difficult, because fast 2D lateral scan needs to be realized in small 

endoscopes that must be able to fit into narrow lumens whose diameters typically are 

only a few millimeters. Micro-electro-mechanical system (MEMS) technology is an 

enabling technology that makes devices and systems on the scale of micrometers [3]-

[5].Development of MEMS mirrors has shown great potential for their application as 

endoscopic optical scanners. This chapter discusses the research motivation, and 

remaining challenges to the existing solutions, then our solution will be proposed, 

followed by an outline of this thesis.  
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Traditional Cancer Detection Methods and Their Limitations 

Surgical biopsy has been the conventional cancer detection method, which suffers 

from several drawbacks: first, biopsy is an invasive procedure; tissue samples need to 

be cut off from questionable areas of diseased organs from human body for pathological 

examinations; second, biopsy results may not be reliable, due to the fact that the testing 

samples are randomly selected from the target region; third, the diagnostic cycle is long, 

which is caused by time-consuming ex vivo experiments to be conducted. Biomedical 

imaging techniques are promising alternatives to biopsy; the imaging procedures are 

non-invasive and the diagnosis cycles are shorter. Two key factors for early cancer 

detections are: first, the imaging modalities should be able to detect precancerous 

lesions, whose sizes are normally around 5 to 10 µm; and second, the imaging depth 

should be able to cover the epithelial layer, where most early cancerous morphological 

changes occur [6], [7]. Conventional bio-imaging techniques that are already widely 

used in clinical diagnoses include X-ray, computer tomography (CT) scan, ultrasound 

and magnetic resonance imaging (MRI).  Among these methods, CT scan and MRI are 

the most popular modalities for tumor imaging. However, they are not suitable for early 

cancer detection due to their low resolution, which is on the order of 100 µm. Biomedical 

optical imaging modalities, which can realize ultrahigh resolution imaging (around 10 

µm) are therefore desirable for this task.  

Biomedical Optical Imaging 

Confocal laser scanning microscopy (CLSM), nonlinear optical microscopy 

(NLOM) and optical coherence tomography (OCT) are among the most popular 

biomedical imaging techniques; all three of them are capable of providing ultrahigh 
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resolution 2D and 3D cross-sectional tissue images. This section discusses the 

principles of these imaging techniques. 

Confocal Laser Scanning Microscopy 

CLSM has been widely used for tissue imaging and neuron imaging due to its high 

resolution compared to traditional microscopy [8]. Clinical applications in evaluating eye 

and bone diseases have also been reported [9], [10]. Ultra high depth resolution of less 

than 1 µm in CLSM can be achieved by employing pinholes to reject out-of-focus light, 

as shown in Figure 1-1. Only optical signal from the focal plane can reach the detector; 

therefore, optical sectioning can be achieved. Imaging depth of CLSM can reach up to 

100 µm, which is limited by the scattering effect [8]. 3D image can be reconstructed by 

combining depth scan and 2D lateral scan [11]. Depth scan is generated by displacing 

the pinhole through various axial positions to change the focal planes; while lateral scan 

moves the pinhole in lateral directions to cover desired scanning area. 3D images can 

be constructed using pixel–by –pixel signal collection. 

 

Figure 1-1. Confocal imaging system schmatic 
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Nonlinear Optical Microscopy 

NLOM uses higher order light-matter interaction to generate optical signals. Based 

on nonlinear processes that can occur during light-tissue interaction, there are several 

types of NLOM. The most researched ones include two photon–excited fluorescence 

laser-scanning microscopy (2PLSM) [12], [13], second harmonic generation (SHG) [14]-

[16] and coherent anti-Stokes Raman scattering (CARS) [17], [18]. NLOM is less 

sensitive to scattering, so it can be used to generate larger imaging depth up to 1mm. 

Compared to linear light-tissue interaction, the chances of nonlinear interaction is 

very low, and only when the incident light is focused in both time domain and spatial 

domain, can enough fluorescence optical signal be collected for image reconstruction. 

High spatial resolution can therefore be achieved without the usage of a pinhole [13]. 

Objective lens can be used to focus light spatially, while femtosecond pulsed lasers are 

required to focus the optical energy in time domain. 3D capability has also been 

demonstrated for NLOM.  

 

Figure 1-2. A simplified schematic for TPEF and SHG imaging set-up 
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Optical Coherence Tomography 

OCT employs an interferometer structure, and relies on coherence gating to reject 

signal back scattered from sample outside the coherence length [2]. OCT system uses 

a broadband light source at the near infrared range. This wavelength has relatively large 

penetration depth for tissues; depending on the tissue type, about 1 to 3 mm imaging 

depth could be achieved. Broadband light source can also effectively reduce the 

coherence length; therefore, axial resolution can be as high as 1 to 15 µm. Depth scan 

of OCT is realized by moving the reference arm back and forth, when combed with 2D 

lateral scan on the sample arm, 3D imaging can be generated.  

 

Figure 1-3. OCT system schematic 

As discussed above, all three biomedical optical imaging modalities have the 

ability to distinguish precancerous lesions from healthy lesions, and to obtain 3D 

images. Yet, only OCT has imaging depth large enough to cover the epithelial layer, 

therefore, it is most suitable for noninvasive early cancer detection. In addition, OCT 

uses relatively lower incident optical power compared to CLSM and nonlinear imaging 

systems, which makes it safer for human tissues imaging.  
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Limitation in OCT Imaging for Endoscopic Application 

OCT, since its introduction in the early 1990s, has been employed extensively in 

dermatology and ophthalmology [2], [19]-[25]. It has also been used for imaging internal 

organs such as the GI tracks, bladders, and esophagus [26]-[30], [33]-[36]. As 

mentioned before, endoscopic tissue imaging is very important, yet it is one of the most 

challenging part of OCT imaging. Numerous attempts have been made to tackle this 

problem. Rotating a fiber micro-prism module at the proximal end [30], and swinging a 

distal fiber tip by a galvanometric plate [33] are two earlier ones. These methods are 

simple, but relatively slow. In order to increase lateral scanning speed, one method is to 

excite a cantilever fiber to its resonance by a piezoelectric tube [35]. The drawback of 

this method is the loss of coupling efficiency due to the fiber tip vibration. To solve this 

problem, one way proposed is to use a pair of GRIN lens with proper cut angle at the 

ends, transverse scanning is achieved by rotating the two lenses at matching speeds 

[36]. Yet, further miniaturization is difficult for this design, because two motors are 

needed for rotation. In this work, we propose a solution, which integrates MEMS 

scanners with OCT to achieve fast lateral scans in small endoscopic probes.   

Introduction to MEMS Technology 

Micro-electro-mechanical systems (MEMS) technology makes mechanical or 

electro-mechanical devices, structures or systems using techniques of microfabrication. 

MEMS devices are small and their sizes range from tens of microns to a few 

millimeters. MEMS sensors and actuators have been widely used in many products. For 

example, MEMS accelerometers can sense changes in velocity, and have been used in 

automotives for airbag deployment to improve drivers’ safety. The same accelerometers 

can be adapted to sense the tilting of cell phones, tablets, etc. in order to correct the 
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screen display directions. MEMS gyroscopes can sense the change in tilting angles; 

many GPS incorporate MEMS gyroscopes and sometimes accelerometers to improve 

their performances. One of the most popular applications of MEMS actuators are optical 

scanners. There are two types of optical scanners: digital and analog. Digital 

micromirrors can be set to two states: on and off. Texas Instrument’s Digital Micromirror 

Devices (DMDs) are digital micromirrors, and they are the core of the Digital Light 

Processing (DLP) technology [37]. Now about half of the world’s projectors are using 

the DLP chips. Analog micromirrors are more flexible, they can steer light continuously 

over a certain range. Applications including barcode scanning, virtual retinal display and 

projection display have been reported [38]-[40].  

 

Figure 1-4. Existing MEMS devices. A) Draper tuning fork gyroscope [41], B) TI DMD 
mirrors[37].  

The successful application of MEMS technology in other fields has demonstrated 

some great features of MEMS devices, which are desirable for biomedical applications. 

First, MEMS is small. MEMS mirrors can be only a few millimeters in diameter, which 

makes it ideal for working as a scanning engine in endoscopic biomedical imaging 

probes. Second, MEMS is fast. MEMS scan engines can work at hundreds of Hertz or 

A B 
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even up to thousands of Hertz during scanning, therefore, real time imaging can be 

possible. Third, the cost of MEMS is low. MEMS devices can be mass produced, since 

it borrowed fabrication process from the mature semiconductor industry; consequently, 

the cost for each device is low. In addition, MEMS has the advantages of low power 

consumption and ease of integration. As a result, MEMS mirrors would be the favorable 

choice for OCT scan engines. 

MEMS Based Endoscopic OCT Imaging 

Endoscopic Probes Overview 

Endoscopes are tube-like biomedical instruments that are used to look inside 

human body or to perform certain surgical procedures. Depending on the body parts 

being examined, the types and sizes of endoscopes have different requirements. To 

look at body parts that are more easily accessible, for example, one’s ear, nose or 

throat, a rigid probe would be more suitable; while to look at organs deeper inside the 

body, such as the GI tracks, a flexible probe may be required.  

A flexible endoscope normally has three sections: the control section, the 

connector section and the insertion tube [43], [44]. The control section is the part held 

by the doctor, it normally has angulation controls knobs, valves for suction or air/water, 

and the instrument port. Electrical connection of the probe is located at the connection 

section; it also has a light guide, an air pipe, a suction port and a safety connecter 

mount. The insertion tube is the part that actually goes inside the human body. It 

normally has illumination lens, an air/water vent, an instrument channel for suction or 

biopsy, and an objective lens for imaging.  The diameter of the insertion tube normally 

ranges from 2.8 mm to 13.7 mm. OCT endoscopic probes could be designed to be fitted 
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in an insertion tube of the commercially available endoscopes as described, or it could 

be inserted into human biopsy channel directly for OCT imaging.  

  

Figure 1-5. Commercially available endoscopes [42][43]. A) rigid probe, B) flexible 
probe, C) control section of flexible probe, D) connection section of flexible 
probe, and E) distal end of the insertion tube. 

MEMS OCT Endoscopic Probes Overview 

The first MEMS based OCT endoscope was introduced by Y. Pan et al. employing 

a one-dimensional (1D) electrothermally-actuated MEMS mirror [45]. Two-dimensional 

(2D) porcine bladder cross-sectional images were demonstrated. After that, various 

forms of MEMS mirrors have been developed as the scanning engine in endoscopic 

probes for OCT systems.  

Figure 1-6 illustrates the concept of MEMS-based front-view and side-view OCT 

probes, in which MEMS mirrors are placed at the distal ends of the probes, and their 

angular rotation directs the light and generates lateral scans on the sample. Several 

features are highly desirable for this application. Firstly, the footprint of the MEMS 
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device must be small to fit into small endoscopes; secondly, the mirror aperture must be 

large and flat for easy optical alignment and high optical resolution; thirdly, the mirror 

must be able to scan large angles to realize large imaging area; fourthly, the driving 

voltage must be low to ensure safe use inside human body; and finally, linear control of 

the scan should be easily implemented to simplify signal processing and image 

interpretation. Single-crystal-silicon (SCS) or silicon-on-insulator (SOI) substrate can 

provide large, flat and robust device microstructures; thus they are predominantly used 

for making MEMS mirrors for endoscopic applications. There are four actuation 

mechanisms employed for generating the scanning motion for MEMS mirrors: 

electrostatic, electromagnetic, piezoelectric and eletrothermal actuations. All four 

mechanisms have been successfully used for OCT endoscopes, and will be reviewed in 

the following sections.  

 

Figure 1-6. MEMS probe schematic. A) front view probe, B) side view probe. 

Electrostatic MEMS Endoscopes 

Electrostatic actuation has been one of the most popular choices for MEMS 

mirrors. Electrostatic actuation is based on electrostatic force which exists between 

electrically charged particles. The first MEMS mirror based on this principle was 

demonstrated by Petersen in 1980 [46]. By employing a parallel-plate structure, the 

maximum rational angle of the micromirror reached ±2º at resonance and 300V driving 

A B 
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voltage. This parallel-plate structure has been adopted by many other researchers and 

rotation angles as large as ±8º have been achieved with lower driving voltages in the 

range of 40V to 200V, but the reported mirror aperture diameters are normally smaller 

than 500µm [47]-[54]. What limits this structure from realizing larger scan angle is the 

pull-in effect. To overcome this problem, vertical comb drive actuation structures were 

employed [55]-[60]. The vertical or angular displacement of the comb drives is 

converted into mirror tilting through a torsional beam which supports the mirror plate. 

Mirror aperture size as large as 1.5 mm × 1.5 mm has been reported based on this 

structure [56]. Both 1D and 2D micromirrors have been realized using this structure, and 

the mechanical deflection angle has reached ±5.5º at only 16 V resonance [56] and 

±6.2º at 55 V resonance [57]. For 2D mirrors, two gimbals are used to support the mirror 

plate in orthogonal directions. To further increase scan angles, Milanovic et al. proposed 

a new gimbal-less SOI-based micromirror [58], the static optical deflection for both axes 

have increased to ~ ±10° with ~150 V driving voltage. 

A series of endoscopic OCT probes employing electrostatic micromirrors have 

been reported by Jung and McCormick [61], [62]. Figure 1-7 A shows the SEMs of two 

of the MEMS mirrors they reported. The one on the left has a 1 mm × 1 mm mirror 

aperture size on a 2.8 mm × 3.3 mm footprint, while the one on the right has a mirror 

aperture diameter of 800 µm. The devices employed 2D gimbal-less vertical comb 

structures. The mirror plate and actuators were fabricated separately and then bonded 

together. Optical scanning angles of the mirrors can reach 20° at resonance when a 100 

V driving voltage is applied. Resonant frequencies as high as 2.4 kHz and 1.9 kHz on 

two axes have been reported. Electrical connection was done through wire bonding, 
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and injection mold was used for probe body. The diameters of the endoscopic probes 

range from 3.9 mm to 5.0 mm.  3D in vivo OCT images of healthy rabbit rectal tissues 

have been obtained at 8 frames/sec. The image volume size is 1 × 1 ×1.4 mm3, and the 

resolution of the image is 20 × 20 × 10 µm3. Important tissue structures can be clearly 

seen here.  

 

Figure 1-7. Electrostatic MEMS OCT from UC-Irvine. A) SEMs of two MEMS mirrors, B) 
Electrical connection through wire-bonding, C-E) packaged MEMS probe, F) 
3D image of rabbit rectal tissue. 

Aguirre et al. from MIT have also reported an electrostatic MEMS mirror based 

endoscopic OCT probe [63]. In their paper, they demonstrated a gimbaled 2D MEMS 

mirror design based on angular vertical comb actuators, which allows larger scan 

angles compared to other vertical comb drives with the same dimensions. The mirror 

has a circular aperture, whose diameter is 1 mm and the device footprint is 3 × 3 mm2, 

as shown in Figure 1-8 A. Mechanical scan angles of ±6°have been achieved on both 

axes at more than 100 V. They reported a side-view probe with an aluminum holder 

housing the MEMS mirror. The probe has a diameter of about 5 mm. The optical 
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components packaged inside the probe include a fiber, a GRIN lens and a small 

achromatic lens (Figure 1-8 B). Incorporated in a spectral domain OCT, the probe scans 

at 4 frames/sec over the range of 1.8 mm × 1.0 mm × 1.3 mm. 3D hamster cheek pouch 

images have been obtained to demonstrate the capability of the probe. 

 

Figure 1-8. Electrostatic MEMS OCT from MIT. A) SEMs of the MEMS mirror, B) design 
and packaging of the probe, and C) 3D image of hamster cheek pouch. 

As is shown in Figure 1-7 B, the probe size is limited by the footprint of the MEMS 

mirror. For electrostatic mirrors, much space of the device is taken by the comb drive 

actuators. This results in a small ratio of the mirror aperture size to the device footprint 

size, or small fill-factor for electrostatic mirrors, which may limit further miniaturization of 

endoscopic probes. High resonant frequencies make them ideal for fast scanning 

applications, but working at resonance can cause non-linear scan. High driving voltage 

required may also be a concern for endoscopic applications.  

Electromagnetic MEMS Endoscopes 

To further increase the scanning range and lower the driving voltage, 

electromagnetic mirrors are explored for endoscopic OCT applications. Electromagnetic 

actuation is based on Lorentz force; larger driving force can be realized with lower 

driving voltage. By controlling the current flowing direction, both repulsive and attractive 

driving force can be realized [64]. The magnetic field for electromagnetic actuation is 

normally generated by permalloy [64]-[66] or active electric coils [64], [67]-[68]. A 1D 
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micromirror with over 60° deflection angles has been reported by Miller et al. [64]. A 2D 

micromirror with a mirror plate as large as 3.5 mm × 3.5 mm has been demonstrated. 

Working at its resonance at 2 kHz, with 20 mA driving current, the mirror scan angle 

could reach ±1.51°, and the movable frame can scan ±5.71° [69]. Yang et al. proposed 

a coil-less design, in which the optical scan angle can reach 20° with a 2 mm × 2 mm 

mirror plate when the mirror was operated at an input power of 9 mW [70].  

Kim et al. demonstrated a 2D electromagnetic MEMS mirror based endoscopic 

OCT probe [71]. A gimbaled 2D mirror design was employed. A permanent magnet was 

glued to the backside of the mirror plate, and wire-wound coils were placed inside the 

probe body for each scan direction. The mirror plate was 0.6 mm × 0.8 mm and the 

device footprint was 2.4 mm × 2.9 mm, as shown in Figure 1-9. About ±30° optical scan 

angle was obtained with ±1.2 V and ±4 V driving voltages for the inner and outer axis, 

corresponding to 50 mA and 100 mA current respectively. A probe with a 2.8 mm 

diameter and 12 mm length has been demonstrated with SD-OCT.  3D images of finger 

tips were obtained at 18.5 frames/sec. ±2.8 V and ±0.8 V voltages were applied on the 

inner and outer axis, covering 1.5 mm × 1 mm lateral scan range, and consuming 150 

mW power in total. 

Watanabe et al. have recently demonstrated another electromagnetic MEMS OCT 

probe [72]. The fabricated mirror module is shown in Figure 1-10. The mirror plate size 

is 1.8 × 1.8 mm2, and the device chip is as large as 10 × 10 × 0.2 mm3 due to the large 

electrical coil required. The entire device was placed on a 15 mm × 15 mm × 1 mm 

PCB, which was fixed on the holder with a magnet inside. The MEMS mirror was used 

in a Fourier domain OCT and 3D human finger images were obtained. 
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Figure 1-9. Electromagnetic MEMS OCT reported by Kim et al. [71]. A) SEMs of the 
MEMS mirror, B) design and packaging of the probe, and C) 3D image of 
fingertip. 

 

Figure 1-10. Electromagnetic MEMS OCT from Yamagata Research Institute of 
Technology, Japan. [72] A) MEMS mirror module, B) MEMS probe in OCT 
system, and C) 3D image of human fingertip. 
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One of the drawbacks of electromagnetic mirrors for endoscopic application is its 

high power consumption. The other drawbacks lie in the fact that external magnets are 

required for actuation, which not only greatly complicates the packaging process, but 

also constraints the further miniaturization of the probes. Electromagnetic interference is 

also a concern.   

Piezoelectric MEMS Endoscopes 

Piezoelectric actuation has also attracted some attention. It takes advantage of the 

piezoelectric effect, and realizes bending motion by applying electric field across a 

piezoelectric material such as lead zirconate titanate (PZT). The advantages of 

piezoelectric actuation include fast response, large bandwidth and low power 

consumption. Piezoelectric actuators are usually composed of metal/PZT/metal 

sandwich [73]-[76] or double layered PZT materials [77]. Scanning angles as large as 

40° have been reported, using voltages up to 13V [78].  

A piezoelectric MEMS based OCT probe has also been reported [79]. 

Piezoelectric MEMS mirrors with aperture sizes of 600 µm × 840 µm and 840 µm × 

1600 µm have been fabricated. Mechanical scan angles up to ±7° and resonant 

frequency up to 1 kHz were measured for the mirrors.  A prove-of-concept probe design 

is shown in Figure 1-11 B. The 600 µm × 840 µm mirror was used in a FD-OCT system 

to demonstrate its imaging capability, and a 2D image (Figure 1-11 C) of an IR card was 

obtained.  

However, the mirrors are only one dimensional and two mirrors scanning at 

orthogonal directions are required for 3D imaging. In addition, the large initial tilt angle 

will complicate optical alignment and probe packaging. Furthermore, for piezoelectric 
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MEMS mirrors to be used for in vivo OCT imaging applications, one also needs to 

overcome the charge leakage problems and hysteresis effect. 

 

Figure 1-11. Piezoelectric MEMS OCT reported by Gilchrist et al. [79] A) SEM of MEMS 
mirror, B) 3D MEMS probe design, and C) 2D image of IR card. 

Electrothermal MEMS Endoscopes 

Eletrothermal actuation is studied to further increase the scanning range at low 

driving voltage. Electrothermal actuation can be realized by using bimorph beams. A 

bimorph beam is formed by two layers of materials with different thermal expansion 

coefficients. The bending motion of the beam is induced by the expansion difference of 

the two materials in response to temperature change. The actuation force typically is 

larger than that of electrostatic or electromagnetic actuation. Electrothermal 

micromirrors also have almost linear response between the scan angle and applied 

voltage, and other advantages, such as simple structure design, and easy fabrication. 

One of the most important features of electrothermal mirrors is their high fill factor. For 

the same mirror aperture size, the device can be smaller, which is crucial for making 

smaller endoscopic probes. Different materials have been explored for fabricating 

bimorph beams [80]-[87], including silicon (Si), various metals, such as aluminum (Al), 

polymers, and dielectrics. The most popular choice is Al and SiO2. It was first 

demonstrated by Bühler et al. in 1995 [81]. Then Jain et al. demonstrated 2D 
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micromirrors based on Al/SiO2 bimorph beams and polysilicon as the heating material 

with rotation angle up to 40°on a 1 × 1 mm2 mirror plate at 15 V [88]. 

Electrothermal actuation was the first of the four actuation mechanisms to be used 

in endoscopic OCT imaging [45], [89]. Xie et al. reported a 1D SCS MEMS mirror. The 

mirror aperture size was 1 mm × 1 mm, and 17° rotation angle and 165 Hz resonance 

frequency were measured. A forward-looking probe was demonstrated and applied for 

in vivo imaging of porcine urinary bladders. 5 frames/sec imaging speed was achieved 

with 2.9 mm × 2.8 mm imaging area. Yet, due to the mesh actuator design, a 10° scan 

discontinuity was observed. Later in 2003, the actuator design was improved by 

replacing it with a paralleled actuator beam structure, resulting in continuous angular 

scanning with the scan angle increased to 37° [90]. 2D ex vivo imaging of a rabbit 

bladder, as shown in Figure 1-12 E, was obtained to demonstrate the probe capability.  

 

Figure 1-12. Electrothermal MEMS OCT reported by Pan et al. A) SEM of 1D MEMS 
mirror, B) Meshed actuator structure, C) parallel beam structure, D)OCT 
system with forward looking endoscopic probe design, and E) 2D OCT image 
of rabbit bladder. 
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Figure 1-13. Electrothermal MEMS OCT reported by Xu et al. A) two-axis electrothermal 
MEMS mirror, B) probe design and assembly demonstration, and C) 2D and 
3D OCT image of an IR card. 

More recently, Xu et al. also reported an electrothermal actuation based MEMS 

OCT probe [91]-[94]. They have demonstrated a series of MEMS mirrors with both 

straight and curled shaped electrothermal bimorph actuators formed by Aluminum and 

Silicon. The largest mechanical deflection reported was 17° at an operation voltage of 

~1.3V [91]. The device has a 500 µm diameter mirror aperture on top of a 1.5 mm × 1.5 

mm chip. The mirror showed good linearity between driving voltage and scan angle 

after the initial critical voltage, and the 3 dB cutoff frequency was 46 Hz. The probe 

assembly was based on silicon optical bench (SiOB) methodology for self-alignment of 

the optical components, and the electrical connection from the MEMS mirror to the 

copper wires on the substrate was made using solder balls. The probe was then 

inserted into a transparent housing. The diameter of the probe was less than 4 mm, and 

the rigid length was about 25 mm. The probe was used in a swept source OCT system 

at a frame rate of 21.5 frames/sec for 3D imaging; and the imaging results of an IR card 

were shown in Figure 1-13C. 

An improved design based on Xu's report was later reported by Mu et al. [95]. The 

mirror scanning angle was 11° at less than 2 V driving voltage, and the mirror plate was 

increased to 1 mm in diameter. The probe diameter shrank to 3mm, and a similar SiOB 
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assembly process was adopted. 2D images of mouse muscle and skin were 

successfully demonstrated.    

Of the four actuation mechanisms, electrostatic actuation has fast response and 

lowest power consumption, but it requires large driving voltage, which may not be safe 

for imaging human internal organs. Electromagnetic actuation can realize large scan 

angle, at low driving voltage, but the permanent magnet required poses difficulties for 

further probe miniaturization. Piezoelectric MEMS mirrors can also be fast and consume 

low power, but it must overcome the large initial tilting issues, the hysteresis effect and 

charge leakage problem for OCT imaging applications. Electrothermal actuation can 

scan large angles at low driving voltages, and it also has the largest fill-factor compared 

to all three other types of MEMS mirrors. Thermal response is relatively slow, but it is 

capable to achieve real time imaging. Overall, electrothermal MEMS mirrors are the 

better choice for endoscopic OCT scanners. 

Research Goals 

This research explores the applications of OCT technique using MEMS scanners. 

One major task is to develop endoscopic OCT probes based on electrothermal MEMS 

mirrors for tissue imaging, and prove its ability for early cancer detection. The other one 

is to employ OCT for localized brain tissue refractive index (RI) measurement. This 

study could help to correct optical image distortion caused by heterogeneous tissue 

structures or distorted tissue image caused by disease or surgical loads. Another 

research goal is to realize functional OCT, including polarization sensitive OCT and 

Doppler OCT to improve image contrast for birefrigent tissues and blood vessels. Lastly, 

to develop MEMS based endoscopic probes that are suitable for both OCT imaging and 

photoacoustic imaging; photoacoustic imaging can achieve higher imaging depth at a 
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cost of lower resolution, by combining the advantages of the two imaging modalities, 

one imaging session would yield more information for diagnosis.   

Thesis Outline 

There are seven chapters in this thesis. Chapter 1 introduces the current imaging 

techniques and their limitations in the application of early cancer detection; a solution 

based on MEMS technology, specifically eletrothermal MEMS mirrors as the scanning 

engine has been proposed. Background and literature reviews are also given in this 

chapter. Chapter 2 focuses on introducing OCT principles, including both time domain 

and frequency domain systems. Functional OCT: Doppler OCT and polarization 

sensitive OCT will also be introduced. Chapter 3 first introduces electrothermal 

actuation mechanism, and then goes on to introduce four generations of MEMS mirrors 

developed at BML, including two generations employed in this work. Chapter 4 presents 

endoscopic MEMS OCT imaging. Four generations of probe designs and their assembly 

processes will be introduced; imaging results obtained with assembled probes will be 

presented to demonstrate the probe capabilities. And the optical qualities of the probes 

will be analyzed. Chapter 5 discusses OCT's application in measuring localized 

refractive index in brain tissue slices using MEMS mirror for lateral scans. RIs measured 

in five different regions and how RIs change in grey matter and white matter under 

compression will be reported. Chapter 6 covers functional OCT. PS OCT and Doppler 

OCT results will be presented in this chapter. Chapter 7 discusses combining OCT with 

photoacoustic imaging. Preliminary results will be presented. And lastly, in Chapter 8, a 

summary will be given, and future work will be listed.  
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CHAPTER 2 
OPTICAL COHERENCE TOMOGRAPHY 

OCT was first introduced in the early 90s at MIT [2]. Due to its high resolution, and 

relatively large penetration depth, OCT has become the ideal imaging modality for non-

invasive early cancer detection. Over the years, OCT has evolved from time domain to 

frequency domain, resulting in much faster systems; Functional OCT has also been 

developed. Doppler OCT helps to image the cardiovascular system with better contrast; 

while PS OCT targets regions with birefringent properties. In this chapter, the principle 

of low coherence interferometry will be introduced first. Then time domain and 

frequency domain OCT implementations and their difference will be discussed. For time 

domain OCT, different depth scanning mechanisms will be reviewed. Finally, functional 

OCT principles will be presented.  

Low Coherence Interferometry 

The core of OCT system is a low coherence interferometer. The most popular 

configuration of OCT system is a Michelson interferometer, which is shown in Figure 2-1 

A. Michelson interferometer is a kind of division-of-amplitude interferometer. The input 

light is divided into two arms at the same point in space by a beam splitter and travels 

through different paths from that point on. Reflective mirrors are placed at each end of 

the arms, and input signals are reflected by the mirrors at the ends and travels back to 

recombine at the beam splitter. When two beams of light have the same frequency, 

same vibration direction, and a certain phase difference, interference pattern can be 

observed at the photodetector. Simple math can help prove this statement. The electric 

fields of two beams of input light can be expressed as 

)cos( 111111   trkAE


 (2-1) 
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)cos( 222222   trkAE


 (2-2) 

In the equations, A


is the field amplitude vector; 


2
k  is wave number;  is the 

frequency; and  represent the initial phase of the electrical field. When the two beams 

combine at one spatial point, the intensity of the combined signal can be expressed as 
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)()()( 21212211   trkrk is the phase difference of the two signals. 1I  

and 2I  are the individual intensities of the two input signals, and 12I  is the interference 

term. One prerequisite for the interference term to exist is that the two beams have 

parallel amplitude portion, or else the two amplitude vectors are perpendicular to each 

other, which will result in 0cos2121  AAAA


. The other requirements for obtaining 

a stable interference pattern are: first, the phase difference should not change with time, 

meaning 21   ; and second, the initial phase difference 21    should be fixed. Since 

the two beams from Michelson interferometer are from the same light source, these 

requirements can be satisfied; as a result, stable interference pattern can be observed 

at the photodetector. 

When the input light source is of single wavelength  , we could obtain 



2
21  kk , then the question could be simplified if we consider using a 50/50 beam 

splitter, the two beams will have the same amplitude 21 AA  , and the same 

intensity 021 III  . As a result, the interference signal can be expressed as 
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)
4

cos1(2 0 rII 



. r is the optical path difference between the two arms, and the 

term 4  is obtained here, because the light goes through the optical paths two times.  

 

Figure 2-1. Michelson interferometry. A) Michelson Interferometer setup, B) Interference 

pattern of wavelength  . 

The interference pattern of monochrome light source is shown in Figure 2-1B. It is 

a cosine wave with a period of 
2


. Theoretically, the interference length is unlimited. But 

in reality, all light sources have their own bandwidths, expressed as  . Different 

wavelengths will have different interference periods, and each interference pattern will 

add up to result in a final interference pattern with a limited interference length, as 

shown in Figure 2-2. 

 

Figure 2-2. Gaussian distribution broadband light source interference pattern. 

For a light source with a Gaussian spectrum, the intensity of the interference 

pattern also has Gaussian distribution. In this case, the coherence length can be 

expressed in the following form:
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lengths of the two arms are matched to within the coherence length, can interference 

pattern be generated. It is clear from the equation that the coherence length is inversely 

proportional to the bandwidth of the light source. By employing broadband light source, 

the coherence length can be effective reduced. And this is the principle based on which, 

ultrahigh axial resolution of OCT system could be realized. 

Time Domain OCT System 

In a time domain OCT system, depending on the functions of the arms, one of 

them is chosen to be the reference arm, while the other one is the sample arm. A 

movable reflective mirror, whose position can be controlled precisely, is placed at the 

end of the reference arm; while a sample of interest is placed at the end of the sample 

arm. The biological samples can be deemed as a series of tissue layers, the 

backscattered light from each layer contains information of that specific depth. The 

reference mirror scans through each depth, and only the signals from the depths that 

match with the reference arm optical path length to within the coherence length will be 

collected, while the other signals are rejected by coherence gating.   

 

Figure 2-3. OCT sample signal. 
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Superluminescent Diodes (SLDs) are usually employed by time domain OCT, 

because they can offer high brightness, and low coherence length [96]. Commercially 

available SLDs at the near infrared range has bandwidth from 45 nm to 110 nm, with 

emitting power over 10 mW, resulting in axial resolution as small as 7 µm in air [97]. 

Efforts have also been made to combine multiple SLDs to form a light source with 

broader bandwidth [98]. One SLD light source combining two SLDs has already been 

commercialized by Thorlab, the bandwidth reached 200 nm, with center wavelength of 

1300 nm, axial resolution as high as about 3.7 µm in air can be obtained [99].  

Depth scanning, also called A-Scan, is performed by moving the reference mirror 

back and forth over a desired imaging range. In early OCT systems, a linearly 

translating galvanometer is used for depth scan [2]. This method is simple and 

straightforward, but its low speed prevented it from being used in real time imaging 

applications. To increase the scanning speed, Tearney et al. proposed a fiber stretching 

based optical delay line, which is realized by employing piezoelectric actuation [100]. 

Although high scanning speed is obtained, this method has some disadvantages. First, 

it requires high driving voltage; second, non-linear translation occurs due to hysteresis 

effect; third, there is polarization mode dispersion, which will decrease the image 

resolution. In these two methods, the movement of the reference mirrors will induce a 

carrier frequency for the interference signal. This is desirable for a better signal to noise 

ratio, since the transmission of the signal can avoid the base band where flicker noise 

dominants. Later, a grating based rapid scanning optical delay line (RSOD) is 

introduced [101]-[108]. This method is based on the technique of femtosecond Fourier 

transform pulse shaping. The input light is optically Fourier transformed and modulated 
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in frequency domain. Early attempt for pulse shaping employed a symmetric 

configuration; phase modulation is realized by a liquid-crystal phase modulator, shown 

in Figure 2-4 A [103]. Later, by employing a double pass mirror, a more compact RSOD 

design is introduced [106], [107], shown in Figure 2-4 B [107]. Linear phase modulation 

is realized by rotating a scanning mirror at very fast speed. Scanning rate of 6 m/s and a 

repetition rate of 2 kHz were realized. This method can be used to control group delay 

and phase delay separately, and also is able to achieve high scanning speed, high 

repetition linear scanning. This method could be used for systems that requires no 

dispersion. On the other hand, by changing the position of the grating, certain 

dispersion could be introduced into the system, which could be used to cancel out the 

dispersion in sample arm.  

 

Figure 2-4. RSOD configurations. A) symmetric pulse shaping configuration, B) folded 
RSOD design employing double pass mirror [106]. 
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Figure 2-5. Examples of applications of time domain OCT system. A) OCT imaging of 
rabbit esophagus in vivo. (m: mucosa, sm: submucosa, im: the inner 
muscular layer, om: the outer muscular layer, s: serosa, a: adipose and 
vascular supportive tissues [104], B) OCT imaging of rabbit bladder. (U: 
urothelium, LP: lamina propria, M: muscularis, F: attached fatty tissue)[106]. 

Frequency Domain OCT 

To further increase depth scanning speed, Fourier domain OCT (FD-OCT) system 

was introduced [109]. In FD-OCT, no mechanical depth scan is required, instead, the 

spectrum of the interference signal is obtained, and the depth information can be 

calculated via inverse Fourier transform. FD-OCT can be implemented in two ways. 

One way is to use a diffraction grating to generate the spectrum of the interference 

signal spatially, and the signal is detected by a spectrometer. Using this implementation, 

the depth scan is finished during the time for one exposure of spectrum. The other 

method uses an ultra-fast sweeping light source to temporally disperse the signal; one 

photo detector is needed to capture the signal. Depth scan of this implementation is 

done during one wavelength sweeping period. Swept laser sources that have scanning 

frequency of up to 20 KHz over a tuning range of 120 nm full width has been reported 

[110]. Applied in OCT system, one depth scan can be done in 250 µs, greatly increased 

the imaging speed. FD-OCT has been reported to have good signal to noise ratios; 

sensitivity of around 90 dB have been achieved [111], [112]. Many research groups 
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have successfully demonstrated FD-OCT, images of human retina, fingertip, etc. have 

been obtained [112]-[114].  

 

Figure 2-6. Example application of FD-OCT system: tomographic scan of the entire left 
circumflex coronary artery obtained with frequency domain OCT system 
(C7xR, LightLab, Watford, USA). A) longitudinal view of 54 mm of the artery 
at the pullback rate of 20 mm/s, B-E) multiple cross sectional images 
selectively obtained at different levels of the native left circumflex artery [116]. 

Principle of Frequency Domain OCT 

FD-OCT is based on spectral interferometry technique [117]-[119]. It employs the 

same system configuration as TD-OCT; the difference is that the reference arm is fixed 

in this case, with an optical path length difference with the sample arm.  

Consider the sample arm only, when incident with a plane monochromatic wave, 

whose electric field can be expressed as )exp( tirkiAE iii 


 , based on the Fourier 

diffraction theorem, in far field, the electric field of the detected back-scattered light can 

be related to the Fourier transform of the scattering potential of the object )(rF
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In this equation, .C is a constant, sk


is the wave vectors of the scattered light, 

is kkK


 is the scattering factor. When assuming the scattering potential F


 is constant 

over x and y direction, the equation can be simplified in the z direction, a new constant 

.1C could be used to include the integral over x  and y  directions, while D is the 

distance from the sample surface to the photodetector 

   )()exp(.1)exp()( zFFTtiDikCtiDikkAkE ssssss  
 (2-5) 

   )(zFFTkA ss 
 (2-6) 

As is shown here, the scattering potential can be obtained by inverse Fourier 

transform of amplitude of the electrical field. Yet, the amplitude of the signal cannot be 

directly detected; instead, the power of the back scattered light can be measured 

through photodetector. The inverse Fourier transform of the interference power results 

in the autocorrelation of the scattering potential.  

    )(][)]([ 211 zFACFkAFTkIFT sssS  

 
(2-7) 

In an OCT system, when the reference mirror is placed in front of the sample with 

a distance L , and the sample thickness is T, shown in Figure 2-7. The strong reflection 

at the reference mirror can be expressed as  rzzR  , where R stands for the 

reflectivity of the reference mirror. The scattering potential from an OCT system, is 
 

 rS zzRzFzF  )()(
 (2-8) 
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The inverse Fourier transform of the power of interference signal yields the auto-

correlation of )(zF , the system scattering potential.  

)()()()()( * zRzzRFzzRFzACFzACF rSrSFsF   (2-9) 

 

Figure 2-7. FD-OCT signal detection schematic. 

)(zACFF  is consist of four terms, the third term of the above equation is the true 

reconstruction of the object structure, centered at rzz  . In order for the 

)( zzF rS  term to not overlap with the other terms, the distance of from the reference 

mirror to the sample surface L should be greater than the sample thickness T. As a 

result, depth information of the sample can be obtained through inverse Fourier 

transform of the power signal.  

Configurations of FD-OCT 

In order to perform Fourier transform, the relationship between signal intensity I 

and wave number k should be obtained. As was mentioned in the beginning of section: 

Principle of Frequency Domain OCT, two frequency domain OCT configurations have 

been proposed for this purpose.  
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One FD OCT configuration is shown in Figure 2-8 A. In this configuration, a 

broadband light source is employed as in the time domain setup. After the reference 

and sample signals recombine at the beam splitter, the signal is incident on a dispersive 

grating. The signals of different frequencies are then spatially separated, and the signal 

detection is realized by using a spectrometer.  

 

Figure 2-8. FD-OCT configurations. A) spectral domain OCT, B). SS-OCT. 

The other configuration is shown in Figure 2-8 B. This setup employs a frequency 

sweeping light source, which sweeps the signal frequency over a broad band. 

Therefore, this configuration is usually referred to as swept source OCT (SS-OCT). Only 

one photodetector is needed for this configuration. The wavelength of input light change 

linearly with time and the interference signal is collected during one sweeping period.  
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SNR Advantage of FD-OCT 

Without having to mechanically scan the reference arm, the speed advantage of 

FD-OCT is obvious; the other advantage of FD-OCT over TD-OCT is better signal to 

noise ratio (SNR) [120], [121]. In time domain system, the interference part of the signal 

has electrical power defined as ][/2 2222 AEPPeS samplerefsignal  , in which   is the 

quantum efficiency, e is the electron charge, and  /hcE  is the photon energy. This 

reference and sample arm signal power can be expressed by their power spectral 

density.  

  dSP samplerefsampleref )(,,  
(2-10) 

An assumption can be made here: the reference spectral density )(refS is the 

same as the light source spectral density )(S ; while the sample spectral 

density )(sampleS is an attenuation of )(S , which can be noted as )(S . As a result, 

the signal power can be written as 


2222 /])([2  EdSeSsignal  

(2-11) 

There are three main noise sources in the OCT system, they are thermal noise, 

shot noise and relative intensity noise. The noise spectrum is expressed in the following 

equation.  
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(2-12) 

In this equation, k  is Boltzmann’s constant, T is the temperature in degrees 

Kelvin, fbR
 
is the value of the transimpedance amplifier feedback resistor, and coh is the 
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coherence time of the source, which is
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. Under shot noise 

limited condition, the second term of the noise is dominant, and the SNR in time domain 

can be expressed as in equation (2-13) , in which  and 0 are the source spectral 

bandwidth and center frequency. BW is the signal passband, which is normally two 

times the carrier frequency spectrum.  
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When this signal is spatially separated onto two detectors, each detector obtains 

half the original bandwidth, the signal power is the coherent summation of the signal 

over the spectrometer, while the noise power is the incoherent summation of the two. 

The new SNR is 
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(2-14) 

As we can see here, SNR increased by a factor of 2. The above analysis can be 

extended to N detectors, which is the case for FD-OCT. The exact value of SNR 

increased depends on the source's spectral density and spectral bandwidth per 

detector.  

Functional OCT 

Another branch of OCT system is functional OCT. We focus on two types of 

functional OCTs: Doppler OCT and polarization sensitive OCT (PS OCT). They extend 

OCT's ability from obtaining micro-scale intensity images of subsurface structures to 

imaging velocity or birefringence.  
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Doppler OCT 

Doppler effect describes the phenomenon that when there is relative movement 

between the source and the observer, the frequency received by the observer is 

different from the source frequency, and the change in frequency is related to the 

velocities of the source and the observer. In standard OCT imaging, the signal collected 

by the photodetector is modulated by a carrier frequency. According to Doppler effect, if 

the imaged sample has a relative velocity to the incident light, the detected carrier 

frequency would change, and by detecting the changed carrier frequency, velocity of the 

sample could be obtained. This is the principle of Doppler OCT. Doppler OCT is 

normally used to identify blood vessels. As is shown in Figure 2-9, when the target 

blood vessel is place at  (  90 ) to the incident beam with blood flow velocity of sV , a 

relative velocity of cossV could be generated, and blood vessels could be detected.   

 

Figure 2-9. Doppler OCT sample beam. 

One way to calculate the Doppler shift frequency is based on short time Fourier 

transform (STFT) algorithm [125]. Interference signal intensity received at the 

photodetector is a function of time. Different time  corresponds to different depth 

through reference mirror scanning velocity, depth rvZ  . Interference signal 

))(2cos()()( tfftAtI Dr   . The spectrogram of a signal )(tS can be estimated by 
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computing the squared magnitude of the STFT of the signal )(tS , as shown 

here:  
2

),(ˆ),(ˆ fISTFTfImspectrogra ii   . i  represents the i'th time window ),(  ii . 

Each time window has a pixel size of  vl . The spectrogram is an estimation of the 

power spectrum of the time domain signal. And
 
is an estimation of the power 

intensity at frequency during the i'th time window. For structural OCT image, intensity 

is obtained by calculating the spectrogram at carrier frequency rf , and the number is 

mapped back to its depth location through its time window. In order to obtain Doppler 

images, real carrier frequency is needed for each time window. And Drc fff   is 

obtained by calculating the centroid of the measured power spectrum.  

 
m

miODTmiODT

m

mc ffff ),(ˆ/),(ˆ 
 

(2-15) 

This STFT method is effective. Yet its limitation lies in the fact that the minimum 

detectable Doppler frequency shift is inversely proportional to pixel window time [126], 

[127]. This introduces tradeoff between detection sensitivity and imaging speed, as well 

as spatial resolution.  

To overcome this problem, a phase resolved signal processing method is 

proposed [128]. As shown in Figure 2-10, this algorithm compares the phase change in 

consecutive A-lines to compute the carrier frequency:   Tf KKD /1  . Hilbert 

transform is used to obtain phase information. The detected interference signal is 

  )cos()( ttAt  , Hilbert transform can be applied to obtain the complex signal as 

shown in equation (2-16).  
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Figure 2-10. Consecutive A-Line scans in Doppler OCT 

Doppler frequency shift is determined by the average of n numbers of A-lines 

frequency shifts, each one is expressed in the following equation, j is the number of A-

line, and T is the time between each A-line.  
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Polarization Sensitive OCT 

Certain tissues such as retina, meniscus, tendons etc. have birefringence 

property. When such types of tissues are injured, this property will be damaged or lost. 

By detecting the polarization states of reflected light, birefringence information of the 

sample can be obtained. PSOCT has been reported to be used for measuring the 

sample reflectivity, phase retardation, Stokes parameters, Muller and Jones matrix, 

birefringent axis orientation and diattenuation [129]-[138]. 

Most of early works are based on the setup proposed by Hee et al. [129], system 

schematic is shown in Figure 2-11. Input light from the light source is linearly polarized 

by going through a polarizer. Horizontally polarized light can be described 

Axial scanning 

Lateral scanning 
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as 
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1
0EE using Jones Matrix, in which   tikAE exp)(00  . This linearly polarized 

light is then split into reference arm and sample arm by a 50/50 beam splitter, written 

as 
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00 EER  separately. A quarter-wave plate, with its fast 

axis 22.5° to the X-axis is inserted in the reference arm. Light goes through it twice as it 

is reflected from the reference mirror, the slow axis has a phase delay of 180° 

compared to the fast axis, and the output light from the reference arm is linearly 

polarized with 45° to the X-axis, )2exp(
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 . rl is the travel distance from 

the beam splitter to the reference mirror. The amplitude of X-axis and Y-axis are equal 

from the reference arm. In the sample arm, a quarter-wave plate with its fast axis 45° to 

the X-axis is used, circularly polarized light is incident upon the sample, the Jones 

Matrix for the quarter wave plate is 
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sample has an angle  to the X-axis, and the phase retardation between the fast and 

slow axis is . The Jones Matrix of the sample can be expressed as  
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Using Jones Matrix, the light coming back from the sample can be expressed as  
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In this equation,  dRS is the sample's reflectivity, sl is the sample path length, 

which equals 0l , the distance from the beam splitter to the sample surface, plus d , the 

depth into the sample; as shown in this equation dlls  0 . 

 

Figure 2-11. Free space PSOCT system setup. 

The two beams of light recombine at the beam splitter, and are divided by the 

polarization beam splitter (PBS2) into two orthogonal polarization states. The 

interference signals of each polarization state are detected by two photodetectors 

separately. The horizontal and vertical signals at the photodetectors are shown in the 

following equations.  
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The current detected at the photodectors are shown in equation (2-23) and 

equation (2-24).  is the detector sensitivity, which is assumed to be the same for both 
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detectors; and l is the path lengths difference between reference and sample 

arms sr lll  . 
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The cross-correlation part of the signal is the interference signal,  
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Assuming the light source has a Gaussian power distribution, )(kS is the spectral 

density, and  is the FWHM, 
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The signal at this point is demodulated at the carrier frequency to eliminate 

the  lk 02cos  term,  
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, and by eliminating the constant term 
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The reflectivity of the tissue can then be calculated from
22

)( VHSr SSdR  , and 

the phase retardation is 
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S
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As is shown in equation (2-27) and equation (2-28), the birefringence axis 

orientation is only related to horizontal polarization. So to obtain  , we need to obtain 

the phase difference between vertical and horizontal polarization. This information can 

be obtained by signal processing introduced in Section: Doppler OCT. Using Hilbert 

transform,  22 0  lkH  
and lkV  02

 
can be obtained, and 

 
2

180 VH 



  can 

be calculated.  
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Time Domain OCT System in BML 

A time domain OCT system is employed in BML. The schematic of the system is 

shown in Figure 2-12. The employed broadband light source (DenseLight, DL-BX9-

CS3159A) has a minimum power of 15 mW, its center wavelength is 1310 nm, and its 

FWHM (full width half maximum) is 75 nm, resulting in a 10 µm axial resolution in air. 

The input light is divided into the reference arm and the sample arm by a beam splitter. 

Depth scanning at the reference arm is realized by a rapid scanning optical delay line 

(RSOD), the scanning range is 0 to 1.6mm depth. The RSOD employs a galvanometer 

scanning at 1 kHz. We use a 500 kHz carrier frequency for the OCT signal, and it is 

generated by the small misalignment between the galvanometer center axis and the 

optical axis. MEMS based probes are used in the sample arm to perform 2D transverse 

scanning, which will be introduced in detail in Chapter 3. The OCT signal is detected by 

a balanced photodetector, acquired by a DAQ card (NI PCI-5122), and processed by a 

computer. The frame rate of our system is 2.5 frames/sec, and the sensitivity is 74 dB. 

 

Figure 2-12. OCT system schematic. 

Here, a detailed description of the RSOD will be presented. The grating based 

RSOD employs a blazed diffraction grating, an imaging lens, a scanning mirror and a 
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double pass mirror. The RSOD configuration is shown in Figure 2-13. This design is 

based on optical Fourier transform. When diffraction grating is placed at the front focal 

plane, the Fourier transform of the optical signal can be obtained at the imaging focal 

plane. One of Fourier transforms' properties is that a linear phase ramp in the frequency 

domain corresponds to a delay in the time domain. The phase change can be induced 

by tilting the scanning mirror. In this case, the signal is modulated in its Fourier domain, 

and then transformed back to time domain to realize depth scanning.  

 

Figure 2-13. RSOD configuration 

 

Figure 2-14. Ray trace of RSOD with no center misalignment. A) Green light 
representing center wavelength, B) Blue light representing an additional 
wavelength. 

A B 
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The scanning depth can be calculated through optical ray trace. The broadband 

incident light is dispersed by the blazed grating and its spectrum is imaged on the 

scanning mirror. The initial position of the grating, lens and scanning mirror are parallel 

to each other. The incident angle of the light beam to the grating is  , the diffraction 

angle is . The blazed grating equation is    mp  sinsin , p is the grating constant, 

which equals to mm
300

1
 in our system, m is the diffraction order, normally 1m . Take 

the green light as the center wavelength 0  for example, as shown in Figure 2-14 A. The 

RSOD is designed to give 0  a 0 diffraction angle, which means 00  , so we obtain 

0sin  p . In our system, nm13100  , so 







 14.23arcsin 0

p


 . When the scanning 

mirror has a tilting angle of , its optical path lengths change compare to 0  tilting one 

way can be expressed by the following equation 
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p
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(2-33) 

Due to the double pass design and the direction in the graph, the actual scanning 

range is 
p

f04
 . In our system, the scanning depth is designed to be 1.6 mm, so the 

tilting angle of the galvanometer should be  97.0017.0 rad . Now consider 

dispersion, when there is a second wavelength   as shown in Figure 2-14 B. Its 

scanning range can be expressed as 


f
p

f
4

4 0  . We can obtain   0sinp , 

based on the grating equation. When  is small, 
p





 0 and its scanning range can 

be expressed as 
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The phase change induced is 
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. At this point, we can see 

that by tilting the scanning mirror, phase change induced is in linear proportion to light 

frequency. Delay in time domain is expressed by group delay, which is defined 

as
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So by employing the grating based RSOD, dispersion can be eliminated, and a 

constant group delay linear to scanning angle is generated throughout the spectrum, 

which is
0

16





p

f
 . When there is a misalignment between the center of the scanning 

mirror and its axis of rotation, a carrier frequency can be generated. For a source with a 

symmetric spectral distribution, carrier frequency is defined by the temporal rate of 

phase change at the center wavelength.  When the misalignment is x , carrier frequency 

in RSOD can be expressed as 
scan

carrier
t

x
f

14




 . This parameter is linear to 

misalignment x . In our system, carrier frequency is designed to be 500 kHz, and the 

galvanometer scanning frequency is 1 kHz, so the period of the galvanometer is 1 ms, 

and mstscan 5.0 , the misalignment mmx 8.4 . When the system is perfectly aligned, that 

is 0x , there will be no carrier frequency, no matter what the scanning angle is. 

Therefore, the phase delay and group delay can be separated, and controlled 

individually. Spectrum of the carrier frequency induced by this method can be obtained 
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by calculating the derivative of carrier frequency with respect to wavelength, as in 
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df
Bandwidth . The bandwidth is about 28 kHz in our system. In 

signal processing, filter bandwidth is normally 2 to 2.5 times of this bandwidth to avoid 

the loss of signal, while keeping the system sensitivity.  

Summary 

In this chapter, the principle of OCT system has been introduced. OCT imaging 

could be conducted in both time domain and frequency domain. Different depth 

scanning mechanisms for time domain OCT system have been reviewed. Two types of 

frequency domain OCT system configurations have been introduced. The differences 

between time domain and frequency domain OCT have also been discussed. Two types 

of functional OCT have been presented in this chapter. The principle of Doppler OCT 

was introduced along with two different algorithms for extracting Doppler information. 

For PS OCT, its principle and background were presented. Finally, the configuration 

and performance of the time domain OCT system employed in this study was 

introduced in detail.   
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CHAPTER 3 
ELECTROTHERMALLY ACTUATED MEMS MIRRORS 

A series of MEMS mirrors based on electrothermal actuation mechanism have 

been developed in BML aiming to be applied in endoscopic OCT imaging applications. 

This chapter first introduces the principle of electrothermal actuation, and then goes on 

to introduce four generations of BML electrothermal MEMS mirrors; their designs and 

characteristics will be presented.  

Electrothermal Actuation 

As mentioned briefly in Chapter 1, electrothermal actuation is based on bending 

motion of bimorph beams. Bimorph beams are cantilever beams that are composed of 

two different kinds of materials. Due to the difference in thermal expansion coefficients 

in the two materials, when heated, the bimorph beam will bend. And that is the basic 

principle of electrothermal actuation. Joule heating effect describes the phenomenon 

that heat is generated when current goes through a resister; it is normally the source to 

provide heat to bend the bimorph beams.  

Figure 3-1 depicts the basic geometrical relationships between the substrate, the 

bimorph beams, and the rigid frame of one actuator. The materials chosen for bimorph 

beams are Al and SiO2, and Pt is chosen as the heating material. After the beam 

structure is released, the residue stress will cause the bimorph beam to curl up, the 

initial tilting angle can be calculated by



L

 , as shown in Figure 3-1, l  is the length of 

the bimorph,  is the tilting angle, and  is the radius of curvature of the beam. When 

applied with voltage, the actuator will be heated up due to Joule heating effect, Al has a 

bigger thermal expansion coefficient than SiO2, which will cause the bimorph beam to 



 

63 

bend downwards. The scanning angle is proportional to the power, so it can be 

controlled through controlling driving voltage for the actuator.  

 

 

Figure 3-1. Eletrothermal bimorph structure. 

1st and 2nd Generations Electrothermal MEMS Mirrors 

Several actuator or MEMS mirror designs based on this structure have been 

proposed, including both 1D and 2D mirrors. The MEMS mirror shown in Figure 3-2 A 

has 1D scanning capability, it employed a series of bimorph beams, and the solid frame 

is sputtered with Al as the mirror surface. To add a second scanning dimension, another 

set of bimorph beams are added to the frame in the direction that is perpendicular to the 

first set, as is shown in Figure 3-2 B [139]. 2D scanning can be realized by controlling 

the 2 sets of bimorphs separately. For this design, the inner axis can scan up to 40° at 

15 Vdc, and the outer axis can scan 25° at 17 Vdc. These mirrors belong to the 1st 

generation mirror design.  

Al                 Si                   SiO2                          Pt  

    on actuation 
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Figure 3-2. 1st generation MEMS mirrors. A) 1D MEMS mirror, B) 2D MEMS mirror. 

Despite the large scanning angle achieved by the 1st generation mirrors, the 

drawback is obvious too. The center of the mirror plate shifts as the mirror rotates, 

making optical alignment difficult and can cause artifacts in the imaging results. To 

solve this problem, the 2nd generation mirror design was proposed by adding a set of 

compensating bimorph beams to the frame on the same axis as the mirror anchor, as 

shown in Figure 3-3. By matching the driving voltages for the two sets of bimorph 

beams, mirror plate center shift can be eliminated. However, only piston motion can be 

realized, therefore, it is not suitable for OCT application, which requires 2D scanning 

capability. To add another scan dimension in order to realize tip-tilt motion, another set 

of bimorph can be added on the perpendicular axis, similar to the previous design. Yet 

the resulting structure is too complex, and the fill factor is very small, only around 5%. 

The other disadvantage that makes this design not practical is that due to the variation 

in fabrication process, the resistance values of actuators vary; each mirror has its own 

driving voltage ratio which needs to be measured individually through experiment. A 

more practical 2D MEMS mirror design suitable for OCT is therefore desirable.  

A B 
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Figure 3-3. 2nd generation: lateral shift free (LSF) MEMS mirror design. A) LSF bimorph 
actuator design, B) top view model of 1D LSF MEMS mirror, C) SEM of 1D 
LSF mirror, and D) SEM of 2D LSF MEMS mirror. 

LSF-LVD (3rd) and FDSB (4th) Electrothermal MEMS Mirrors 

The 3rd and 4th generations of electrothermal MEMS mirror designs were later 

proposed for endoscopic OCT imaging applications. They are the Lateral-Shift-Free 

(LSF) Large-Veridical-Displacement (LVD) design and the folded-dual-S-shaped 

bimorph (FDSB) design. The two designs and their characteristics will be reviewed in 

this section.  

LSF-LVD MEMS Mirror 

LSF-LVD design is proposed to solve the design problems mentioned in the last 

section. It is named Lateral-Shift-Free (LSF) Large-Veridical-Displacement (LVD) 

because in this design, the mirror center does not shift during scanning, and large 

vertical displacement of the mirror plate can be realized [140]. Each LSF-LVD actuator 

is composed of three Al/SiO2 bimorph beams and two rigid silicon frames. Pt is 

 A B 

D C 
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embedded as the heater. Each actuator is connected to a bonding pad on the front 

surface of the mirror substrate. And they all share a common ground, which is 

connected to the middle pad. Electrical connections to the actuators can be made 

through the pads. The folded design effectively shrunk the area size of the actuators, 

making high fill factor possible. In order for the structure to compensate the lateral shift 

and tilting during vertical displacement, the dimensions of the five components of each 

actuator need to meet the requirements established in equation (3-1). As is shown in 

Figure 3-4 A, L1, L2 are the lengths of the two frames, and 1l , 2l , 3l  are the lengths of 

the three bimorph beams.  
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Figure 3-4. LSF-LVD eletrothermal actuator and mirror design. A) side view of actuator 
and relationship between each element, B) top view of the MEMS mirror. 

The mirror plate is held by four identical actuators. The size of the mirror plate is 1 

mm × 1 mm, and the substrate is 2 mm × 2 mm, resulting in a high fill factor of 25%. 

Upon release, the residual stress will cause the bimorph beams to bend, holding the 

mirror plate out of plane, and parallel to the substrate. The initial elevation is about 600 

µm, leaving enough space for the mirror plate to either move downwards or tilt. This 

(a) 

Mirror 
Plate 

ACT 1 

ACT 3 

A
C

T
 2

 

A
C

T
 4

 

Bonding 

pads 
A B 

Mirror plate 

Bimorph III 

(l3) 
Frame II (L2) 

Bimorph II (l2) 

θ0 

θ0 

Frame I (L1) 

Bimorph I (l1) 



 

67 

mirror can realize piston motion, when the same voltages are applied on all four 

actuators; it can realize tip-tilt motion, when differential voltages are applied on 2 

actuators on opposite sides of the mirror. 2D scanning can easily be performed when 2 

sets of differential voltages are applied on the 2 pairs of actuators controlling  the tip-tilt 

motion in 2 directions that are perpendicular to each other. During scanning, the 

effective optical aperture size will not change, because the rotation center is fixed along 

the center of the mirror, optical alignment is also made easy as a result.   

 

Figure 3-5. Electron micrographs of the 2D MEMS mirror. A) the whole device, B) the 
LSF-LVD actuator, and C) the first bimorph section. 

Figure 3-6 A and B show the measured characteristics of the MEMS mirror. As we 

can see from Figure 3-6 A, the piston displacement response is linear between 1.5 V 

and 4.5 V, and more than 600 µm displacement can be achieved with only 5.5 V 

voltage. Figure 3-6 B shows that ±31 optical scan angles can be obtained at a 

maximum of 5.5 V, of which, ±(5~31°) optical scanning ranges are linear. As shown in 

Figure 3-6 C, the average deviation of the measured results from the linear fit is only 

about 0.83% for a large optical scan range up to 26. The frequency response of mirror 

is shown in Figure 3-6 D. The mirror has a 10 dB cutoff frequency of 13 Hz. Figure 3-6 
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E and F are two scanning patterns obtained by driving the MEMS mirror. The raster 

scan pattern is obtained by differentially driving two opposite actuators with ramp 

waveforms of 0.5~3.8 V at 320 Hz (~30) and 0.5~3.8 V at 8 Hz (~36) for the two 

orthogonal directions, respectively. The Lissajous pattern is obtained by shifting the fast 

axis frequency from 320 Hz to 300 Hz.   

  

Figure 3-6. MEMS mirror experimental results. A) vertical displacement versus voltage, 
B) optical scan angles versus voltage applied on each actuator, C) linear fit of 
measured optical angle by driving actuator 1, D) frequency response of the 
MEMS mirror, E) a raster scan pattern, and F) a Lissaious scan pattern. 
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Light Weight Large Aperture LSF-LVD MEMS Mirror 

Built upon the LSF-LVD actuator design, a light weight large aperture mirror 

design was proposed. Having a large mirror aperture has a few benefits, including 

making optical alignment easier, and being able to accommodate larger optical beam, 

which could in turn help improve the system resolution. A large mirror plate of 3 mm × 3 

mm is chosen for this design. 

 

Figure 3-7. MEMS mirror used for lateral scan. A) SEM of the front side of the MEMS 
mirror, B) SEM of the back side of the MEMS mirror showing the Si ribs 
structure, C) layout of the MEMS mirror, and D) characterization of the MEMS 
mirror: optical scan angle vs. voltage.  

To be able to support a larger mirror plate, more actuators were employed. Instead 

of using one actuator on each side, four identical LSF-LVD actuators were placed on 
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each side, resulting in a total of 16 actuators. However, large mirror plate leads to low 

resonant frequency. In order to keep up the bandwidth of the mirror, a light-weight 

mirror structure was employed to reduce the mass of the mirror plate. The light-weight 

structure is realized by employing silicon ribs on the backside of the mirror plate for 

support, instead of using a solid silicon layer. The mirror plate mass was reduced to 

21.8% of its original mass. And the measured tip-tilt resonant frequency was 445 Hz. 

The MEMS mirror can scan ±6.5° when a 4 Vdc driving voltage is applied. This design 

was later used in the free space OCT setup for brain tissue refractive index 

measurements.  

FDSB MEMS Mirror 

To further increase the mirror fill-factor and enable smaller probe designs, a flip-

chip bonding hidden actuator design is proposed. This design is the 4th generation; it 

employs a folded-dual-S-shaped bimorph (FDSB) actuator design to compensate the 

curling of one bimorph beam and realize vertical displacement [141], as shown in Figure 

3-8. Two bimorph beams of equal but opposite curling angles are connected in series to 

compensate the curling of each other, therefore pure vertical displacement can be 

realized at the end without lateral shift and tilting. For the two bimorph beams to have 

the same curling angle, several geometrical requirements need to be satisfied, including 

a certain length ratio of the two beams 31 / LL  and an optimized thickness ratio between 

each layer in fabrication. Another constraint is that for the hidden actuator design, the 

total length of each actuator must fit under the mirror aperture, which sets a total length 

limit for the bimorph beams. Table3-1lists the optimized structure parameters that yield 

an initial displacement of 315 μm by thermal stress at 300°C.  
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Figure 3-8. FDSB actuator design. A) single S-shaped bimorph, B) use 2 S-shaped to 
convert curling into vertical displacement, and C) actual FSDB actuator 
structure. 

 

Figure 3-9. FDSB MEMS mirror. A)schematic with mirror surface facing down, B) 
schematic with mirror surface facing up, C) SEM with mirror surface facing 
down, and D) SEM with mirror surface facing up.  
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Table 3-1: Optimized structure parameters of FDSB actuator 

 Fixed Values Optimized Values 

Thickness (µm) Adhesion SiO2: 0.05 Function Al : 1.0 
Function SiO2 (1st): 1.0 
Heater Pt: 0.2 
Insulation SiO2: 0.2 Function SiO2 (2nd): 1.4 
Adhesion Cr: 0.01 

Section length (µm) Total length L: 410 L1=252, L2=20, L3=138 
 

 

Figure 3-10. Characterization of the FDSB mirror. A) DC response of vertical 
displacement, B) DC response of optical angle, and C) frequency response. 
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This mirror uses the device layer of SOI wafer as the mirror plate, and the 

actuators are formed on top of the wafer. After the device is released, the mirror plate 

move downwards and got hidden inside the device. The electrical connecting pads are 

formed on the surface of the device frame, and the mirror surface is on the other side. 

When the entire device is flipped over, the MEMS mirror can be used as a scanning 

engine. The schematic and SEM picture of this design is shown in Figure 3-9.  

The mirror aperture size is 1 mm × 1 mm, and the chip size is 1.55 × 1.7 × 0.5 

mm3. The fill-factor of this design is as high as 32%, and the device volume is only 1.3 

mm3. An initial downward displacement of 340 µm was achieved, and after a self-

annealing and burn-in process, the displacement can increase to 375 µm. The mirror 

plate is 25 µm below the top surface when the mirror is flipped over for scanning. 

Characterizations of the mirror are shown in Figure 3-10. Applying 4.8 Vdc on all four 

actuators, vertical displacement of 319 µm has been achieved, and by driving opposing 

actuators differentially, optical scanning angle up to ±23° has been obtained. The 

frequency response figure suggests that the mirror has a resonant frequency of about 

406 Hz, and the thermal decay is only 1 dB at 200 Hz. The mirror surface curvature is 

about 10 m, and the surface roughness is ~20 nm. 

Summary 

This chapter first introduced the principle of electrothermal actuation mechanism. 

And then four generations of MEMS mirrors developed at the BML were presented. The 

first generation MEMS mirrors are capable of realizing large scan angles of up to 40°. 

However, they have the disadvantage of mirror center shifting during scanning. The 

second generation MEMS mirrors overcome the center shifting problem, and can realize 

large piston motion movement. Yet, they could not realize tip-tilt motion. The third 
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generation MEMS mirrors employed a LSF-LVD actuator design. And they could realize 

both tip-tilt and piston motions, while maintaining mirror center position during scanning. 

Detailed designs and characterizations of two types of the third generation MEMS 

mirrors were introduced. The first type employed four LSF-LVD actuators, and achieved 

25% fill factor, with a mirror aperture size of 1 mm × 1mm on a mirror chip of 2 mm × 2 

mm. This mirror design was used for the first three generations of endoscopic probes. 

The other type of the third generation mirrors is the light weight large aperture MEMS 

mirrors. They employed 16 LSF-LVD actuators, placing 4 on each side of the mirror 

plate, and realized a mirror aperture size of 3 mm × 3 mm. These mirrors were used in 

the free space OCT system for refractive index measurements. The fourth generation of 

MEMS mirrors achieved an even higher fill factor of 32%, by decreasing mirror chip size 

to 1.55 mm × 1.7 mm, while maintaining the large mirror aperture size of 1 mm × 1mm. 

Design and characterization of these mirrors were also introduced in details. This mirror 

design was employed in the fourth generation MEMS probes.    



 

75 

CHAPTER 4 
OCT ENDOSCOPIC IMAGING BASED ON MEMS 

This chapter focuses on endoscopic OCT imaging using probes built with MEMS 

mirrors. Four generations of probes will be introduced. The optical and mechanical 

designs of the probes will be presented first; then the probe assembly and packaging 

schemes will be discussed; after that, results of probe in vivo OCT imaging experiments 

will be demonstrated; issues with probe imaging will be discussed at last. 

MEMS Endoscopic Probe Design 

The goal of this study was to build a side-view endoscopic imaging probe using 

the electrothermal MEMS mirrors as the scanning engines. The endoscopic probes 

could be used by themselves for OCT imaging or be fitted into an existing endoscopic 

probe so that other functions could be performed as well as OCT imaging. The desired 

probe size is less than 2.8 mm. To reach this goal, four generations of probes were 

built, the packaging schemes were improved along the way, and the probe sizes were 

reduced from 5 mm to 2.5 mm by the 4th generation.  

OCT probes are connected to the sample arm of the OCT systems, they serve 

several purposes. They direct light onto the target sample, and collect the signal back-

scattered from the sample and transfer it back to the system to form interference 

patterns. The probe should be able to focus the beam from sample arm to 1-2 mm 

underneath the tissue surface, and scan the incident beam transversely to form 2D or 

3D images. Figure 4-1demonstrates a typical OCT probe. It is consisted of four 

components: optical fiber, graded index (GRIN) lens, MEMS mirror and the probe head 

mount that holds the other 3 components. In the following sections, detailed optical and 

mechanical designs will be presented.  
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Figure 4-1. Typical MEMS probe design. 

Probe Optical Design  

The three major optical components in an OCT probe are single mode optical 

fiber, GRIN lens and MEMS scanning mirror. Optical fiber is used to deliver and collect 

optical signal from and to the system; GRIN lens is used to focus the light beam; and 

MEMS mirror is used to direct the focused beam for transverse scans. Figure 4-2 

demonstrates the positional relationship of the components (optical fiber is omitted; only 

the output beam from the fiber is shown in the figure). 

 

Figure 4-2. Optical components of the probe.  
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Single mode fiber (corning SMF-28) is chosen to avoid modal dispersion in light 

transmission. Core diameter of the fiber is 8.2 µm, its effective refractive index is 1.4677 

at 1310 nm, its numerical aperture is 0.14, its cladding diameter is 125±0.7 µm, and the 

coating diameter is 900 µm. One end of the fiber has FC/APC connector to connect with 

the OCT system, while the other end (distal end) emits light to the GRIN lens, and the 

connection is made by using optical adhesive (Norland Optical Adhesive 61), when 

cured, the refractive index of the adhesive is 1.542 at 1310 nm. Here, the optical 

adhesive not only connects the fiber and GRIN lens physically, it also helps to reduce 

refractive index mismatch. The distal end of the optical fiber is cut with an 8° angle to 

avoid backreflection from the fiber end, which, if not removed, may saturate the OCT 

signal detected by the photodetector. GRIN lens used for focusing is of cylindrical 

shape, which, compared to traditional circularly shaped lenses, is easier to package in 

smaller spaces. The GRIN lens has a center axis refractive index of 1.6164, a gradient 

constant of 0.8521 mm-1, and a working distance of about 5 mm for 1310 nm when it is 

placed about 0.034 mm after the fiber. The diameter of the GRIN lens is 700 µm, and 

the length is about 1.955 mm. The MEMS mirror is placed at about 1-2 mm after the 

GRIN lens. The exact distance varies with different mechanical designs, which is 

affected by probe diameters and working distances desired, and more details will be 

discussed in the following section. 

Probe Mechanical Design 

Mechanical design of the mount base is important, because the mount base is 

used not only to hold the components in place, but provide electrical connection to the 

MEMS mirror.  
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The first 3 generations of endoscopic OCT probes were designed and assembled 

based on the 2 × 2 × 0.5 mm3 LSF-LVD mirrors. The first 2 generations are designed to 

have a diameter of 5 mm and a working distance of about 1.5 mm in air, as shown in 

Figure 4-3. A 0.5 mm-deep cavity is cut out in the base for the MEMS chip to fit in, and 

the mirror plate is 45° to the central axis of the probe.  

 

Figure 4-3. Mechanical dimensions of the probe (not drawn to scale). 

For the 1st generation probe, a two-piece design using Lucite as material was 

chosen. One piece is used to hold the MEMS mirror, while the other piece is for the 

other optical components, including fiber and GRIN lens. The MEMS piece has a 

protruding part, and the other piece has a matching slot, through which, the two pieces 

could be registered together. The two-piece design is intended to protect the MEMS 

mirror by separating its assembly process from that of the other optical components, 

therefore increasing the chance for successful assemblies. Electrical connection was 

made through wire-bonding and conductive gluing. First, five gold wires were bonded to 

the pads on the MEMS mirror chip. Then, the MEMS chip was placed and glued in the 

cavity designed for it. Next step was to glue the gold bonding wires to the copper wire 

embedded in the probe using silver epoxy (Figure 4-4 B). Then two pieces were 
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registered together through the slot. After all the above steps were completed, the probe 

was inserted into flexible, biocompatible, transparent fluorinated ethylene propylene 

(FEP) tubing with 5.8 mm outer diameter. A finished probe is shown in Figure 4-4 C.  

 

Figure 4-4. 1st generation probe design. A) fabricated probe body in Lucite, B) electrical 
connection of MEMS mirror to the probe, and C) packaged probe next to a 
one cent coin. 

There are several issues associated with this design. First, the two-piece design 

increases the requirements for fabrication precision in order to obtain desired alignment 

between the mirror and the optical components. Second, the process of embedding 

copper wires increases the fabrication complexity results in price rise of the probe. 

Third, high temperature required for curing silver epoxy can cause the Lucite material to 

deform, which will cause difficulty, sometimes even failure in registering the two parts 

during assembly. 

To overcome these problems, a 2nd generation design using one piece base 

mount was proposed, alignment was made easy using this new structure. Stainless 

steel is chosen to be the probe material since precise fabrication of this material is 

readily available, and its deformation under high temperature is negligible. Copper wires 

are not embedded in the probe; rather, they are connected through a rigid custom-

designed printed circuit board (PCB). The PCB was designed to fit into the slot on the 

A B C 
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top of the probe. On the PCB, five through holes (vias) were drilled to provide 

connections from the front layer to the bottom layer; on the front layer, five conductive 

pads were placed in a row, each connected with one via through a thin copper wire 

embedded in the layer. To form electrical connection, five copper wires were put 

through the vias and soldered from the back side of the PCB; and the bonding wires 

from the MEMS mirror are glued to the pads on the front layer of the PCB. The rest of 

the assembly process is similar to the design before. The diameter of the probe mount 

was 5 mm; after being inserted into the FEP tubing, the packaged diameter was 5.8mm. 

 

Figure 4-5. 2nd generation probe design. A) 3D model of the assembled probe, B) 
assembled probe in stainless steel. 

The successful implementations of the previous designs lead to further probe 

miniaturization. To save space in electrical connection, flexible PCB was introduced. 5 

copper pads were placed in a row on the front side of the PCB, and these pads are 

connected to the back side to 5 soldering pads, which will then be soldered to five 

copper wires for driving signals. In this design, a rectangular slot is cut through the 

probe, and flexible PCB was inserted through it and glued to the mount base. MEMS 

mirror is then placed on top of the PCB. 5 gold wires with one side wire-bonded to the 

MEMS mirror and the other side conductively glued to the PCB were used to electrically 
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connection the MEMS mirror to the PCB. This design belongs to the 3rd generation, it 

has successfully reduced the diameter of the probe to 2.8mm. 3D views of the probe 

are demonstrated in Figure 4-6.  

 

Figure 4-6. 3rd generation probe design. A) mechanical design for the probe, B) 
electrical connections of MEMS mirror and flex PCB, C) 3D model of the 
probe, and D) assembled probe with flexible PCB. 

Inspired by the 3rd generation design, a new 4th generation prototype based on the 

DFSB mirror was developed to further decrease the probe size. This design has a 

diameter of 2.5 mm and length of 10 mm. The working distance is designed to be about 

2 mm in air. The electrical connection has been made easy due to the special design of 

DFSB mirrors, which have their connection pads on the backside of the mirror frame. In 
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this design, no wire-bonding process is necessary, therefore, a lot of space could be 

saved and further miniaturization was possible.  

 

Figure 4-7. DFSB probe design. A) mechanical design of the probe, B) 3D model of 
probe frame, and C) 3D model of assembled probe. 

Similar to the 3rd generation design, this probe uses flexible PCB for electrical 

connection. The difference is that electrical connection can be made by directly placing 

the MEMS mirror on top of the flexible PCB, therefore eliminating the wire-bonding 

process. The pads pattern of the PCB is designed to match those of the mirror, as 

shown in Figure 4-8 B. The flexible PCB is first glued to the probe, and then small 

amount of silver epoxy is dispensed on the PCB bonding pads, MEMS mirror is aligned 

to the PCB and both electrically and physically glued to the PCB through silver epoxy. 

After the MEMS mirror is assembled to the probe, GRIN lens and fiber are installed. The 
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probe is then packaged with a transparent FEP tubing, which has an inner diameter of 

2.5 mm and an outer diameter of 2.8 mm.  

 

Figure 4-8. DFSB probe design. A) flexible PCB design, B) zoomed in view of the PCB 
head with bonding pads pattern, and C) packaged probe. 

In Vivo Experiments 

The 2nd and 4th generations have been employed in in vivo experiments to 

demonstrate their abilities. For the two imaging sessions, the samples were the same 

type female athymic (nu/nu) nude mouse with a body weight of 20 g to 26 g (Harlan 

Laboratories, Indianapolis, IN). The mice were anesthetized by injecting ketamine (100 

mg/kg) and xylazine (10 mg/kg) intraperitoneally. 2D transverse scans are done by 

simultaneously driving all four actuators with one opposing pair for fast scan and the 

other pair for slow scan.  

With the 2nd generation probe, the actuator pair on the circumferential direction 

was used for fast-axis scan, driven by 0~4 V differential ramp voltages at 1.25 Hz; and 

the actuator pair on the longitudinal direction was used for slow-axis scan, driven by 

0.5~3.5 V ramp voltages at 0.0125 Hz, therefore accumulating 100 frames of 2D images 
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in 40 s for one 3D reconstruction. This generates a transverse area of ~2.3 × 2.3 mm2. 

Both 2D and 3D images of the mouse tongue have been obtained. The 2D OCT image 

shown in Figure 4-9 A was acquired using the MEMS OCT probe at the base of the 

tongue. A stratified squamous keratinized epithelium (SSKE) and basement membrane 

(BM) corresponding to the relatively strong signal bands from the upper layers of the 

tissue structure were observed. Figure 4-9 B shows a reconstructed 3D image of the 

same mouse tongue. 2D and 3D OCT images of the mouse ear have also been 

obtained, and the results are shown in Figure 4-10. The ear thickness is about 500 µm. 

The dermal structures and the subcutaneously adjacent layers were observed using the 

MEMS OCT probe in this experiment. The cartilage (C) of the ear was represented in 

the middle by the dark band and the dense conjunctive capsule (cc) with two bright 

layers put around the cartilage. The superficial epidermis (E) of the mouse ear was 

detected at the first and last of the mouse ear longitudinally. The lower and upper areas 

from the dense conjunctive capsule to epidermis, the dermis (D), were observed. Figure 

4-10 B shows the 3D reconstruction image of the ear.  

 

Figure 4-9. In vivo OCT images of mouse tongue. A) 2D image of a mouse tongue, B) 
3D image of a mouse tongue. 
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Figure 4-10. In vivo images of mouse ear. A) 2D image of a mouse ear, B) 3D image of 
a mouse ear. 

Using the 4th generation probe, mouse ear and tumor were imaged. For this 

imaging session, human breast cancer cells, 4T1 mammary carcinoma cell line, were 

injected into the subcutaneous tissue of the female athymic (nu/nu) nude mouse with a 

total volume of 10 μl at a concentration of 10,000 cells / 10 μl. And the tumor cells had 

been cultivated for ten days by the time of the imaging experiment. The ear imaging 

results are shown in Figure 4-11 C. As have been reported for the 2nd generation probe, 

the cartilage (C), the dense conjunctive capsule (cc), the superficial epidermis (E) and 

the dermis (D) of mouse ear were also observed using this probe. The tumor imaging 

results are shown in Figure 4-11 F-J. F and G are 3D reconstructions of the tumor area 

from different angles, and H-I are the 2D cross-sectional images taken in areas pointed 

in G. The tumor edge can be clearly seen in 3D images, and 2D images demonstrated 

obvious difference between normal and tumor tissue areas, due to strong penetration 

loss inside the tumor cell. 
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Figure 4-11. In vivo imaging results. A) mouse under ear imaging session, B) 2D image 
of mouse ear, C) 3D image of mouse ear, D) probe position of tumor imaging, 
E) injected tumor under microscope, F-G) 3D mouse tumor imaging results, 
and H-J) 2D images of tumor margin, locations are labeled in G. 

Issues with Probe Imaging 

There are a few factors that affect the optical qualities of the imaging probes, 

including the relative positions change between the optical components due to the 

variation in the assembly process, the mirror curvature, the plastic tubing protecting the 

probe and effect of the non-telecentric scan, circled in Figure 4-12. To understand these 

issues, Code V (Optical Research Associates) simulations were conducted. And a “free 

space probe” was setup to confirm the simulation results.  
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Figure 4-12. Demonstration of issues focused on in this study. 

Code V builds optical models by defining properties of each surface. Figure 4-13 A 

defines the optical system of the endoscopic MEMS OCT probe. The object surface in 

this system is the fiber output; the object beam angle was defined by system numerical 

aperture, which is 0.14 for single mode fiber. The distance between the fiber output and 

the GRIN lens was defined in the thickness column, 0.05 mm in Figure 4-13 A. The next 

two surfaces define the GRIN lens; thickness of 1.955 mm is the length of the lens and 

“GRIN1310” is a user-defined GRIN material with center axis refractive index of 1.6164, 

a gradient constant of 0.8521 mm-1 as the ones used in the probes. Surface #3 and #4 

represent the MEMS mirror. The MEMS mirror is the only reflective surface in the 

system, and it has a 45° decenter from the center axis. For the accuracy of simulation, a 

dummy surface (surface #3) was used to generate the decenter. The mirror is placed 

1.5 mm behind the GRIN lens. FEP tubing was simulated with two cylindrical shaped 

surfaces with a uniform refractive index of 1.5; the inner surface diameter is 2.5 mm and 

the outer surface diameter is 2.8 mm. The thickness of the image surface was defined 

as a variable, meaning it could be changed automatically during simulation to find the 

best focus position. In the simulation, the best focus position was found by geometrical 

ray tracing. After the system is fully defined, it could be visualized with a 3D drawing as 

shown in Figure 4-13 B. In this system, the Gaussian spot size at each plane could be 
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calculated using Gaussian beam tracking. Surface properties and thicknesses could be 

varied to study the different issues mentioned earlier. 

 

Figure 4-13. Code V simulation. A) optical system definition in Code V, B) optical 
system 3D model demonstration.  

To confirm the simulation results, a setup was built using 3D movement stages to 

simulate a free space probe. The setup consists of three 3D stages, each one 

controlling the position of the fiber, the GRIN lens and the imaging target. The target 

used in this study was a glass slide with a 1951 USAF resolution pattern. The resolution 

of the system was determined by the finest pattern distinguishable from the OCT 

images. And the focal length was recorded as the center of the clearest image range.   

GRIN lens 

Fiber output 

FEP tubing 

MEMS mirror 
50 µm 

B 

A 



 

89 

 

Figure 4-14. Optical quality testing experiments. A) experimental setup for testing, B) 2D 
image of distinguishable pattern, and C) 3D image of distinguishable 
resolution pattern. 

Effect of the Distance between the Fiber and the GRIN Lens   

First of all, effect of the distance between the fiber and the GRIN lens on the focus 

point of the GRIN lens was studied. The distance between the fiber and the GRIN lens 

(L1) determines how far away the output light spot from the fiber tip will be focused at 

(L2), therefore affects the working distance of the probe. L1 also has an effect on the 

size of the focused spot. To understand how much effect the variation of L1 has on L2 

and the spot size, code V simulations and experiments were conducted, and their 

results showed good agreement with each other.  

The results shown in Figure 4-15 suggested L2 changes non-linearly with L1; and 

when L1 changes within 0.01 to 0.10 mm, the focal length changes more than 3 mm. 

The desired working distance of about 5 mm can be obtained when L1 is controlled at 

approximately 0.034 mm; and as long as L1 is smaller than 0.08 mm, the probe will 

have an acceptable focal length of larger than 3.5 mm, meaning the beam focus will be 

outside the probe sidewall, and could be focused inside the imaging sample. There is a 

tradeoff between the working distance and spot size, as the working distance increase, 

the spot size increases too. We have found the experimental results are in good 
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agreement with simulation results when spot size is at 60% of the maximum intensity 

from the simulation. The spot size is larger than 30 µm within the acceptable working 

distances for this probe design. 

 

Figure 4-15. Effects of the distance between the fiber and the GRIN lens. A) schematic 
of the testing setup, B) effect on focal length, and C) effect on spot size.  
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Effect of Mirror Curvature 

Due to the fabrication process, MEMS mirror surface is not perfectly flat, and the 

radius of curvature of the mirror not only affects the focal point position of the probe, but 

generates astigmatism in the system, which could cause imaging quality to degrade. In 

Code V simulation, Y radius for surface #3 controls the mirror curvature (Figure 4-16 A); 

by changing this value to different radii of curvatures, different optical quality 

corresponding to different mirror curvatures could be evaluated. Several mirror radii of 

curvatures reported by our group was chosen for simulation. The smallest radius of 

curvature reported was 0.132 m, and improved radii of curvatures of 0.15 m, 0.18 m, 0.8 

m and up to 10 m for the 4th generation mirror were reported. In addition to these 

reported values, two extreme cases of 0.1m and infinity (perfectly flat mirror plate) 

radius of curvature were also simulated. 

 

Figure 4-16. Code V simulation for effect of mirror curvature. A) optical system 
definition, B) 2D view of the optical system shown with 5 mm mirror curvature.  
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Figure 4-17 was obtained at L1 = 0.05mm. Focal length decreased with the 

increase of mirror radius of curvature. This can be easily explained by the converging 

capability of concave mirrors. Light converges faster with mirrors that have smaller 

radius of curvature. And because of the same reasons, the focused spot size is smaller 

when radius of curvature is smaller; this may seem desirable for the sake of higher 

resolution; however, the drawback is that astigmatism becomes more and more serious 

as the radius of curvature decreases. When there is astigmatism in the system, light in 

the sagittal direction and the meridional direction will be focused at two different planes, 

the focus for this type of system is then in between the two focal planes where the circle 

of least confusion is formed.  As a result of astigmatism, the focused spot deform to an 

elliptical shape, which would adversely affect the OCT image quality. From Figure 4-17 

B, the eccentricity of spots remains smaller than 0.14 when the radius of curvature is 

larger than 500 mm. And at 10 m radius of curvature, the astigmatism in the system 

could be neglected.  

These simulation results were compared with the focal lengths and resolutions 

tested with the free space setup. The MEMS mirror used for this experiment is the 4th 

generation FDSB MEMS mirror, and the mirror radius of curvature is about 10 m. Figure 

4-18 A is the comparison between the tested focal length and the simulation results 

when mirror curvature is 10 m. And Figure 4-18 B compares the tested system 

resolution when L1 is 0.05 mm and 0.1 mm to the simulated full width half maximum 

(FWHM) spot size. The results have suggested the tested result agrees well with the 

simulation results for focal length. For the resolution, we can see that we could 

distinguish slightly better than FWHM of the spot diameter with the MEMS scan system.   
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Figure 4-17. Effects of the MEMS mirror radius of curvature based on simulation. A) 
radius of curvature vs. focal length, B) radius of curvature vs. spot size. 

 

 Figure 4-18. Comparison of simulation and experimental results. A) distance between 
fiber and GRIN lens vs. focal length, B) distance between fiber and GRIN lens 
vs. spot size (simulation result is FWHM spot size at 10m radius of curvature, 
experimental result is best observed resolution pattern size).  

Effect of FEP Tubing 

In order to protect the probe head, after all the assembly process is done, the 

probe is inserted into a fluorinated ethylene propylene (FEP) tubing. This section 

focuses on the effects of this tubing on the optical qualities of the system.  

First, to understand how adding the tubing would affect a system with no existing 

astigmatism, MEMS mirror was excluded from the simulation; the tubing was placed 
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directly after the GRIN lens, as shown in Figure 4-19 A. This FEP tubing has an effect 

similar to that of a cylindrical lens, introduces astigmatism to the system. From the result 

shown in Figure 4-19, with the FEP tubing, focal length change increased from 0.0357 

mm (at L1 = 0.2 mm) to 0.3561 mm (at L1 = 0 mm). At L1 = 0.34 mm, when the focal 

length is about 5.0219 mm without FEP tubing, focal length increases to 5.0721 mm 

when tubing is added. The increase is a result of the higher refractive index of the FEP 

material, as demonstrated in Figure 4-19 D. As a result of astigmatism, at the focal 

plane, the spots deform to elliptical shape. Figure 4-19 C shows the X, Y spots 

dimensions at the focal point with different L1. For the probe to have a usable working 

distance, the focal length should be larger than 3.5 mm; under these circumstances, the 

eccentricity of spots are smaller than 0.24, and spot radius increased by about 1.5 µm 

at most.   

Then, the MEMS mirror was added back to the system simulation. As shown in the 

last section, when mirror is not perfectly flat, it also causes astigmatism in the system. In 

this case, the effect of mirror curvature and FEP tubing combines, and simulation result 

have shown increased spot size and larger eccentricity at the same mirror curvature. 

Figure 4-20 A shows that spot size increases more in the Y direction, and the spot size 

increase is slight more evident for larger mirror curvature. Focal lengths increased 

almost uniformly with FEP tubing. Using flat tubing or astigmatism correction lens in 

combination with the cylindrical tubing may reduce the astigmatism in the system, and 

may be further studies in the future.  
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Figure 4-19. Effects of FEP tubing on optical beam from the GRIN lens. A) schematic of 
the simulation, B) effect on focal length, C) effect on spot size, and D) 
demonstration of light travel through higher index material. 

Y 

X 

A 

B 

C 

D 



 

96 

 

Figure 4-20. Effects of FEP tubing on the system. A) effect on spot size, B) effect on 
focal length. 

Effect of Non-Telecentric Scan 

The last issue we consider is the non-telecentric scan effect of the probe. Since 

the scanning mirror is placed after the GRIN lens, imaging plane is not flat. There are 

two scan directions, longitudinal and radial; Figure 4-21 demonstrates the non-

telecentric scan effect in the longitudinal direction.  

From basic geometrical optics, when the incident beam and the normal to the 

reflection plane are in the same plane, reflection beam will be in the same plane; and 

A 
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when the mirror rotates in plane, the angle change of the reflection beam will be twice of 

the rotational angle of the reflection plane. In the longitudinal scan direction, when the 

MEMS mirror scans linearly, the optical beam will also scan linearly at twice the angular 

speed. According to the simulation, as long as the mirror plate is flat, the change in spot 

size is very small at different scan angles. However, it does cause some deformation in 

the OCT image. For each cross-sectional scan, a row of pixels shows information at the 

same optical depth; as a result, a flat surface would be shown with a curvature in the 

image, as shown in Figure 4-22. A simple algorithm could be carried out to improve the 

visualization, which will be described in the following. For each A-line signal collected 

during scanning, its offset from the center position was calculated and then entire A-line 

was shifted accordingly to match up with the center position. Specifically, in the OCT 

system, controlling signal for the MEMS mirror is outputted through a data acquisition 

card (USB-1408FS, Measurement Computing). The output signal of 0-4 V was divided 

into 112 steps and output over 0.4 s, 512 A-lines and 4096 points for each A-line were 

collected during this time. To obtain the image in Figure 4-22, scanning range of ±12.5° 

was measured at about 2 mm from the MEMS center, the entire imaging depth was 1.6 

mm. Therefore, for the Kth A-line, the number of points need to be moved could be 

calculated by equation (4-1). The initial result is shown in Figure 4-22 B. This algorithm 

greatly simplified the problem by moving each A-line all together by the same amount, a 

more accurate algorithm that takes into account the scanning angle is desirable for 

more accurate display.  

mmkmm 6.14096))
512

1112

1112

25
5.12cos(1(2 







   (4-1) 
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Figure 4-21. Demonstration of the non-telecentric scan effect. A) imaging area during 
scan, B) imaging plane direction at a certain scan angle.  

 

Figure 4-22. Correction for curved image display. A) 2D image of a flat IR card before 
correction, B) 2D image of the flat IR card image after correction.  

The scan in the radial direction is a little more complicated. As shown in Figure 4-

23, for every different angle in radial direction, the input beam and the normal to the 

mirror plate would form a different plane, and the law of reflection will take place in the 

new plane. As a result, when the mirror scans in the radial direction, the reflected beam 

would form a curved imaging plane. Using space geometry, the relationship between 

the mirror scan angle β in the radial direction and the beam scan angle θ could be 

calculated by equation )
2

cos
arccos(


  . A non-linear relationship is suggested by this 

equation. 3D reconstruction algorithm is needed in order to correct the distortion in this 

direction and this will be a research focus in future studies.  
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Figure 4-23. Non-telecentric scan effect in radial direction. A) with one scan angle, B) 
with multiple scan angles.  

Summary 

In this chapter, four generations of MEMS based endoscopic OCT probes were 

introduced. The probe diameter reduced from 5 mm to 2.5 mm by the fourth generation. 

During this process, the packaging schemes were simplified with the introduction of 

flexible PCB and a novel mirror design that places the connecting pads on the bottom of 

the mirror chip. Capabilities of the probes were demonstrated with in vivo imaging 

experiments. Clear layered structures and tumor shape were visible from the OCT 

images obtained with the packaged probes. At last, four factors that affect the 

performance of the probes were studied. We could conclude that by precisely 

controlling the distance between the fiber and the GRIN lens, an acceptable focusing 

length range of larger than 3.5 mm could be obtained, with lateral spot size slightly 

larger than 30 µm. The working distance and resolution were not significantly affected 

by the 4th generation MEMS mirror, due to its large radius of curvature. FEP tubing 

introduces slight astigmatism, when MEMS mirror is not perfectly flat. And the resolution 

will not change much at different scan angles during imaging.   

A B 
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CHAPTER 5 
MEMS BASED FREE-SPACE TISSUE IMAGING — REFRACTIVE INDEX 

MEASUREMENT 

In this chapter, we explore another MEMS based OCT application in free space: 

localized refractive index (RI) measurement. In this study, OCT is used to measure 

group RIs in various anatomical regions in live rat brain tissue slices. The effects of 

tissue deformation on RI changes are also measured in different anatomical regions. To 

measure RI, OCT and an indenter tip are used to measure both the physical and optical 

thicknesses of normal and compressed tissue slices, and cell viability for tissue slices is 

maintained throughout the measurements. RI is determined by the ratio of physical 

thickness and optical thickness of the brain tissue slices. The large aperture LSF-LVD 

MEMS mirror was employed for transverse scan in order to minimize disturbance to the 

test sample.  

RI Measurement Background and Motivation 

The refractive index (RI) of a sample measures how fast light travels in it. Even 

with high resolution imaging modality, optical images of a biological tissue can still be 

distorted by inaccurate data of the tissue’s RI, which may vary from region to region 

even in the same tissue. Variation in RI between anatomical regions may be due to 

heterogeneous tissue structures caused by differences in tissue constituents. Variation 

in RI may also be introduced with compression or swelling of tissues, which can change 

the ratio of solid and fluid fractions in tissue. Accurately measuring RI is essential to 

provide high-fidelity optical images since RI is a key parameter for image reconstruction 

and interpretation as well as for understanding light-tissue interactions. Besides, clinical 

diagnosis can be made based on the refractive index difference between normal and 

malignant tissues [142], [143].  
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In previous studies, numerical simulations based on photon absorption and 

scattering models have been used to predict tissue RIs [143], [144]. These methods 

involve complex algorithms and lengthy calculation times. Other attempts to 

experimentally determine tissue RIs measure the output angle of an optical fiber with 

the tissue as the fiber cladding [145], or measure the critical angle of total internal 

reflection between the boundary of the tissue sample and a triangular prism [146] or 

semi-cylindrical lens [147]. Using these experimental methods, the RIs of various 

tissues including kidney, liver and striated muscles were obtained [145], [147].  

Recently, more accurate methods for measuring RIs were proposed by Tearney et 

al. based on OCT [148]. Two methods were introduced to measure RIs of dermis, 

epidermis and stratum corneum in [148]: the first one used OCT images of a flat 

substrate and tissue boundaries and extracted the RI by comparing the optical and 

physical thickness; and the second method utilized focus tracking, in which the 

movements of the reference and sample arms were recorded and the RI was calculated 

based on the distances they moved. Binding et al. measured the RI of the cortex of the 

rat brain as a function of age by employing a full-field OCT with a similar focus tracking 

method [149]. Note that a broadband light source is typically used in OCT, so group RI 

was measured in these methods. Another approach, which was applied to liver, spleen 

and brain tissues, measured the phase change induced by tissue samples to calculate 

RI [150]-[152].  This method, by using a HeNe laser as the light source, gives the phase 

RIs of the samples. Group and phase RI are defined with respect to group and phase 

velocity respectively, and they are slightly different in biological tissues due to the 

chromatic dispersion.  



 

102 

While optical properties have been previously measured in central nervous system 

(CNS) tissue, RIs for living tissues are scarce, and to our knowledge, regionally-varying 

RIs in brain tissue have not been reported. Measurement of regionally varying RI is 

important for heterogeneous tissues consisting of different types of cells and cellular 

densities at each anatomic region. With these additional measures, distortion of optical 

images between anatomical regions due to variation of RIs may be corrected in 

complex tissues. Maintaining tissue viability is potentially important for measuring RI of 

CNS tissues. Hypoxic neuronal injury due to a lack of transported oxygen and nutrients 

increases cell membrane permeability, and cell membranes and matrix components will 

also lose their structural integrity. These physical changes may have an effect on optical 

properties of brain tissues. In addition, information on how RI changes with regards to 

physical deformation may be used to characterize or potentially diagnose diseases 

which are related to tissue deformation such as hydrocephalus and brain tumors [153]-

[155]. Besides, OCT-based elastography, which has been used for medical diagnosis 

and mechanical testing may also benefit from this knowledge, since it is based on the 

measurements of tissue deformation under loaded conditions [156], [157].  

Free Space OCT System 

The same time domain OCT system was employed for imaging the optical 

thickness of brain tissue slices. The sample arm is set up in free space for this 

application. In the sample arm, instead of using a translational stage to hold the sample 

for lateral scans, the light weight large aperture LSF-LVD MEMS mirror introduced in 

Chapter 3 was used (Figure 3-7). The output light from the single mode fiber (SMF-28) 

was collimated with a fiber collimator (Thorlabs, F260FC-C); and the collimated beam 

size was 2.8 mm in diameter. The light was then focused using a lens with diameter of 
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12.7 mm and focal length of 39 mm. A MEMS mirror was placed approximately 26 mm 

behind the focusing lens, with 45° to the incoming beam. The beam diameter at the 

mirror plate was about 0.94 mm, and the 45° cross section was about 1.33 mm in 

diameter. The mirror plate is 3 mm × 3 mm, which is larger than twice the beam size 

and did not truncate the incident beam even at the largest scan angle of the MEMS 

mirror. The transverse resolution was ~23 µm.  

 

Figure 5-1. OCT setup for refractive index measurement. 

The advantage of using a MEMS mirror was that it allowed the sample to remain 

stationary, and thus disturbance from a moving stage was avoided. For ex vivo testing, 

the tissue slices were submerged in a physiological fluid, but were not fixed to the 

underlying substrate. With stage movement, even small relative movement of the tissue 

would cause image artifacts, and by employing a MEMS mirror, motion artifacts were 

avoided.  

Sample Preparation 

Tissue samples from five adult male Sprague Dawley rats (~ 250 g) were tested.  

Tissue slices from three rats were used to measure RIs within different anatomical 

regions and tissue slices from two rats were used to measure RI changes with tissue 
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compression. Rat surgery was conducted in accordance with the NIH guidelines on the 

use of animals in research and the regulations of the Animal Care and Use Committee 

of the University of Florida. Prior to euthanasia, rats were fully anesthetized by 

isoflurane inhalation and checked for absence of toe-pinch, righting, and corneal 

reflexes. After euthanasia, standard protocols for tissue retrieval, brain tissue slicing, 

and tissue maintenance were implemented. Excised rat brains were immediately sliced 

using a vibratome (Leica VT 1000A, Leica Microsystems Inc., Germany) into coronal 

sections of 300 µm thickness. This thickness was chosen to ensure transport of oxygen 

and good visibility through the sample thickness in OCT images [159]. After slicing, 

brain tissues were submerged in O2-saturated artificial cerebrospinal fluid (aCSF, 

Neurobasal™ Media, GIBCO, Invitrogen Co., CA) and temperature was maintained 

between approximately 35 - 37 °C. The aCSF was continuously bubbled with 95% O2 

and 5% CO2 gases and 0.5 mM L-Glutamine (Invitrogen Co., CA) and 1% penicillin-

streptomycin (Invitrogen Co., CA) were supplemented. The pH of the aCSF measured 

before testing was 7.4. Through testing, sliced brain tissues were maintained under 

these conditions; cell viability was determined by measuring neuronal death or 

degeneration as a function of incubation time with Fluor-Jade C (FJC) staining. The 

results have shown that cells in the slices could maintain viability for up to 7 hrs [157].  

Method and Process 

To establish regional variation of RI in acute rat brain tissue slices, cerebral cortex, 

putamen, hippocampus, thalamus and corpus callosum were tested (Figure 5-2). The RI 

of a tissue slice is calculated by dividing optical thickness by its physical thickness, i.e. 

physical

optical

t

t
RI 

 
(5-1) 
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Thicknesses were measured using the following procedure. To measure RI, an 

acute rat tissue slice was placed into a Petri dish which was filled with oxygenated 

aCSF (aCSF was oxygenated with 95% O2 and 5% CO2 for an hour prior to testing). A 2 

mm spherical bead attached to a micro-positioner was lowered onto the slice to touch 

the surface of selected anatomical regions, see Figure 5-3 A. The spherical ball was 

aligned within the center of the lateral scan range of the MEMS mirror and OCT was 

used to scan cross-sectional tissue images from the bottom of the Petri dish which was 

made of glass. The optical thickness of the tissue slice was obtained by directly 

measuring the thickness of the slice in the OCT image through the number of pixels 

(see Figure 5-3 B). After the optical thickness was measured, the brain tissue slice was 

removed gently without moving the metal bead, and the aCSF in the Petri dish was 

removed using a pipette and paper tissue. The physical thickness of the brain tissue 

slice was determined using the thickness of the air gap between the metal bead and the 

bottom of the Petri dish. The RI of air is 1. The RI was calculated by comparing the pixel 

numbers of the tissue slice thickness and the air gap. To verify accuracy, a known 

optical path length of 500 µm was measured to be between 496 to 498 µm using this 

setup, so the system error was smaller than 0.8%. Ten tissue slices from each region 

were measured; one test was conducted on each slice.  

 

Figure 5-2. Anatomical regions of rat brain tissue slices tested. Medial sections from 
excised rat brains were sliced into coronal sections of 300 µm thickness. 



 

106 

To measure the refractive index of tissues under compressed states, the spherical 

bead was replaced by a 2 × 2 × 0.2 mm flat glass tip to apply uniformly compressive 

strains. Brain slices from 2 rats were used for this study, 7 slices for cerebral cortex and 

8 slices for corpus callosum were tested. The same area in each slice underwent strains 

from 20% to 80% during a single series of tests. The initial physical distance between 

the bottom and top surface of brain tissue was measured using a micrometer stage, and 

then tissue was deformed by moving the flat indenter. Brain tissue slices were 

continuously compressed by 20%, 40%, 60% and 80% with respect to the initial 

physical thickness. Cross-sectional deformed images were taken by OCT and the 

physical thickness and optical thickness were compared to measure changes of RI with 

respect to tissue compression. The experimental procedure took less than 2 minutes for 

each series of tests. OCT images for these experiments are shown in Figure 5-5. 

 

Figure 5-3. Measurement process. A) Demonstration of positioning the metal bead 
during the experiment, B) OCT image of the brain tissue slice, and C) OCT 
image of air after brain tissue is removed. 
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Figure 5-4. Measurement of optical and physical thickness of various anatomical 
regions in rat brain tissue slices. A1-E1) meansurement of the optical 
thicknesses (toptical) of each target region, and A2-E2) measurement of the 
physical thicknesses (tphysical).  

 A1 A2 
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C1 C2 
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E1 E2 
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Figure 5-5. OCT images of brain tissue slices under compression for A) cerebral cortex 
(grey matter) and B) corpus callosum (white matter, bundle of myelinated 
axons). A1, B1) no compression, A2, B2) 20%, A3, B3) 40%, A4, B4) 60%, 
and A5, B5) 80% compression. 

Results 

OCT provided 2D cross-sectional images of acute rat brain tissue slices, shown in 

Figure 5-4 and Figure 5-5. The bottom and top surfaces of the tissue slices were clearly 

delineated. The surface contact of the 2 mm-diameter stainless steel bead was also 

detected for each anatomical region. The RI in the corpus callosum, which is a known 

white matter region, was 1.407 ± 0.015 and the RIs in the putamen and cortex, which 

are known as grey matter regions, were averaged between 1.361 and 1.369. RI in the 

corpus callosum was measured to be statistically higher than those in other regions of 

brain tissue (see Figure 5-6).  The corpus callosum was the only region found to be 

statistically different from other anatomical regions based on the Tukey-Kramer method 

with alpha=0.05. The standard deviation of the RI in each region ranged from 0.007 to 

0.016. The RI of the aCSF was 1.342 ± 0.007.  This was ~2.7% lower than the average 

RI over all the regions measured in the brain tissue slices, which was 1.380. 
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Figure 5-6. Measured RI in various anatomical regions in brain and aCSF. 10 samples 
were measured at each region. Bars correspond to 1SE (CC=corpus 
callosum, Thal=thalamus, Hip=hippocampus, CCt=cerebral cortex, 
Put=putamen, and aCSF=artificial cerebral spinal fluid). RI of corpus callosum 
was statistically different compared to other regions. 

The effect of tissue deformation on RI was estimated in the cerebral cortex and 

corpus callosum by unconfined uniform compression. The RI changes in both regions 

showed a similar trend, non-linear increases with increasing compressive strain, as 

shown in Figure 5-7. The RI of the white matter increased more significantly under the 

same strain compared to the RI of the grey matter. For strains up to 20%, only small 

increases in RI were observed, which were ~3% for the grey matter and 6% for the 

white matter. For applied strains over 40%, RI significantly increased. For 80% strain, a 

RI increase of more than 70% was measured for the grey matter, while an average 90% 

increase was measured for the white matter. 
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Figure 5-7. RI in rat brain tissue slices under uniform compression. 7 rat brain tissue 
slices were test for cerebral cortex and 8 tissue slices were tested for corpus 
callosum measurements. Bars correspond to ±1SE. 

Discussion and Conclusion 

In this study, RI of rat brain tissue slices was measured in various anatomical 

regions using a MEMS based OCT system. OCT images clearly captured cross 

sectional images of brain tissue slices with white matter (corpus callosum and thalamus) 

showing brighter intensity than gray matter regions such as the cerebral cortex and 

putamen. RI of the corpus callosum, which consists primarily of white matter was 

measured to be 1.407±0.015. No statistical differences in RIs of grey matter regions 

(cerebral cortex and putamen) were found, and the average RI of all grey matter regions 

was 1.369±0.014. RI of aCSF was slightly higher than RI of water by approximately 

0.9%. The difference between RIs at each anatomical region may be due to different 

types of cells, cell densities, and differences in fractions of extra/intracellular space in 

their structures. The higher RI measured from the white matter may also be due to 

multiple scattering. RIs of both white and grey matter regions were close to RI of water, 
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because of the large water content of brain tissue [160]. RIs of brain tissue slices 

measured by OCT in this study are comparable to those previously reported in 

literature, for example, 1.3526 for cortex at a 1.1 µm wavelength [149], 1.371 over a 

range of spatial frequency of 0.06 to 0.6 µm-1 (region not specified) [150]; and 1.3751 

and 1.3847 for two cortical neuron cell bodies at 658nm [151]. Differences between 

measures may be due to different measuring wavelengths. Another reason could be 

due to maintenance of tissue viability. Tissue viability may be important in measures of 

optical properties in brain tissue since it can change with the fraction of solid to fluid 

constituents, e.g. extracellular fluid content. However, our measured RIs may be similar 

to other studies since ~ 80% of brain tissue is fluid, and changes in solid to fluid volume 

fractions with changes in tissue viability may not be significant as long as structural 

integrity of the ECM and cell membranes is maintained (short time after slicing). 

Changes of RIs under unconfined compression testing of brain tissue slices were 

also measured in both white (corpus callosum) and grey matter (cerebral cortex) 

regions. Non-linear increasing trends with increases in strain were observed for RIs of 

both regions. Under smaller compression strains under 20%, changes of RI were almost 

negligible. RIs increased significantly over 40% compression. This large increase may 

be due to changes in water content and significant compaction of solid matrix in the 

tissue with large strains as fluid is squeezed out of the extracellular space. As 

compression approached 80%, most extracellular fluid was likely squeezed out and RI 

which was significantly higher than for non-compressed states likely reflected that of the 

solid constituents including cells, vessel walls, and ECM. The higher scattering of solid 



 

112 

constituents compared to fluids can therefore be used to explain the gradual increase in 

OCT image intensity with the increased compression shown in Figure 5-5.   

In measurement of RIs, tissue swelling can be a significant issue when comparing 

acute slices to tissues in vivo. Thicknesses of brain tissue slices were measured within 

2 hours after tissue slicing. Average thicknesses of the cerebral cortex and corpus 

callosum were 341 µm (1SE=14 µm) and 254 µm (1SE=22 µm), respectively.  Thus an 

approximately 13% thickness increase in the cerebral cortex and a 20% thickness 

decrease in corpus callosum were detected after tissue slicing. This may in part be due 

to effects of residual stresses within brain tissues.  For example, within the brain, certain 

grey matter regions have been measured to be in compression while white matter was 

measured to be in tension [161]. After slicing, these stresses may be removed resulting 

in thickness changes. However, these changes in the thickness may not have a 

significant effect on RI, since changes of RI under 20% of compression were estimated 

to be less than 3%. This suggests that RI measurements in vivo and ex vivo could be 

comparable.  

It should be noted that blood flow was not taken into account for this study, and 

the temperature of brain tissue samples may have changed slightly during the testing 

process since the sample arm was not heated. These two factors may introduce some 

differences when comparing the testing results to in vivo conditions. In large strain tests, 

viability of cells may be compromised as tissue is compressed. Within the region of the 

flat glass tip, the extracellular space may be greatly reduced, resulting in hindered 

extracellular transport and hypoxic cell damage. To reduce this effect, all test 

procedures were completed in less than 2 min within each test region. Cell viability may 
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not be significantly compromised during this short period of time. Cells may also be 

damaged due to loading under large compression (over 40 to 80% of compression). 

With rupture or damage to the cell membrane, cellular components are released and 

these constituents may cause further tissue damage. Also due to the small scan angle 

of the MEMS mirror, the non-telecentric scan effects were not corrected within the OCT 

images. The precision of RI measurements can be increased with improved resolution 

of the OCT system and correction of the non-telecentric scan effects.  

The free space OCT system combined with indentation technique is simple to 

implement, it takes advantage of the high resolution of OCT and the region selection 

capability of indentation. The results of this study may be helpful in correcting optical 

image distortion caused by regionally varying RI and tissue compression caused by 

injury, surgery or disease. Accurate optical images of brain tissue could aid in image 

interpretation and may lead to improved diagnosis and more successful imaging-guided 

surgery. In addition, OCT-based mechanical testing of tissues under compression or 

indentation tests may also benefit from this study. 
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CHAPTER 6 
MEMS FUNCTIONAL OCT IMAGING (PS, DOPPLER) 

In this chapter, implementation of functional OCT, including PS OCT and Doppler 

OCT will be introduced. The goal of this study is to explore the potential of our existing 

time domain OCT system, to improve the image contrast for special tissues, such as the 

ones with birefringent properties, and blood vessels. To realize PS OCT, several optical 

components need to be added to the existing OCT configuration. While the major 

difference for implementing Doppler OCT from the basic system is signal processing 

algorithm. In this study, ex vivo PS OCT animal imaging using MEMS probe has been 

realized; while Doppler OCT imaging results are obtained by using translational stage 

for lateral scans.  

PS OCT System 

PS OCT System Configuration 

In order to add polarization sensitive functionality to the existing system, several 

optical components are added to the system. These components are one polarizer, one 

polarization modulator, three sets of polarization controllers, two polarization beam 

splitters and another heterodyne photodetector. The complete PS OCT system is 

demonstrated in Figure 6-1. Stokes vectors are employed to represent the birefringent 

properties of the sample. Using Stokes vectors to describe light polarization is an 

alternative way to Jones matrix. For a polarization beam 
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Three of the four parameters are independent, and could be used to derive the 

fourth one. The results of the PS OCT system are two sets of Stokes vectors images, 

with linearly polarized input light and circularly polarized input light.   

 

 

Figure 6-1. Schematic of PS OCT system.P: polarizer; OC: optical circulator; PC: 
polarization controller; BS: 2 x 2 beam splitter; RSOD: rapid scanning optical 
delay line; PBS: polarization beam splitter; DA and DB: balanced 
photodetectors. 

Infrared light coming from the light source goes through a polarizer first, in order to 

obtain linearly polarized light. A polarization modulator is right after it. The polarization 

axis of the modulator has a 45° angle to the polarization axis of the input light. When no 

voltage is applied on the modulator, input light is not modulated; linearly polarized light 

goes through the system. When a voltage is applied to the modulator, a  phase shift 
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can be induced, and polarization state will change from linear to circular. The 

interference signals from these two polarization states are used to calculate the Stokes 

vectors. The polarization controllers in the system are used for tuning so that the 

reference signal detected by D1, D2 and D3, D4 are equal. Jones matrix can be used to 

represent the polarization states at each stage, when linear polarization is used. The 

input light is 
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. The reference and sample signals with the 

same polarization orientation will interfere with each other, signals reach the 

photodetectors from D1, D2, D3 and D4 are shown in equation (6-3) and equation (6-4), 

and then heterodyne detection occur at DA and DB, the DC signal is cancelled at this 

point, and the detected signals are shown in equation (6-5). 
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Signal processing using Hilbert transform gives the complex signal as shown 

below. 
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With these results, a set of stokes parameters of linearly polarization can be 

obtained using the following equation.  
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During the next time period, voltage is applied on the polarization modulator to 

induce circular polarization. A prime is used to distinguish circular polarization from 

linear polarization. The input circularly polarized light can be represented by 
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interfere with each other, and the interference signals are  
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The detected signals from circularly polarized input light are  
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The complex signal after Hilbert transform can be express as  
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The signal Stokes vectors with circular polarization input light can be calculated by 

the following equation. 
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(6-12) 

When both the linearly polarized signal and the circularly polarized signal are 

collected, two sets of Stokes vectors, 8 images in total are displayed on the computer 

screen. With 4 images in the first row representing the Stokes parameters: I, Q, U, V 

obtained with linearly polarized light, and another 4 images in the second row 

representing those obtained with circularly polarized light.  

Ex Vivo PS OCT Imaging Experiment 

Ex vivo 2D and 3D PS OCT imaging of canine meniscus have been performed to 

show the capability of the system. During the imaging session, a canine knee joint was 
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cut open (Figure 6-2) to expose the menisci. The 2nd generation OCT probe was 

employed for this experiment. It was positioned at different locations of the menisci for 

imaging. 

 

Figure 6-2. PS OCT imaging of canine meniscus. 

 

Figure 6-3. PS OCT imaging results. A) Stokes parameters of linear and circular 
polarization, B) 3D reconstruction of intensity image, and C) 3D 
reconstruction of parameter Q. 
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A lateral scanning area of 2.3 × 2.3 mm2 was obtained by driving two opposite 

pairs of the actuators with two sets of voltages, i.e., 0~4 V for the circumferential 

direction scanning and 0.5~3.5 V for the longitudinal direction scanning. Figure 6-3 

shows 2D and 3D PS OCT images of the canine meniscus. The 2D Stokes parameter 

images, corresponding to I, Q, U and V, respectively, are shown in Figure 6-3 A, where 

each row represents one of the two polarization states. Figure 6-3 B shows the 3D OCT 

reconstructed from the intensity parameter I, and Figure 6-3 C shows the 3D 

reconstruction from parameter Q. The two shadowed areas in Figure 6-3 A are artifacts 

due to two blots on the FEP tubing. 

Doppler OCT System 

Doppler OCT Principle  

To realize Doppler OCT, no hardware modification is required for the original time 

domain OCT system. Only an additional signal processing step to obtain Doppler 

information is required. In our Doppler OCT system, phase resolved signal processing 

method is adopted. The principle of this algorithm has been discussed in the section 

Functional OCT: Doppler OCT. Doppler frequency could be calculated from the 

equation:   Tf KKD /1  . Hilbert transform is used to obtain the phase information 

, once signal )(t  is collected by the data acquisition card. During signal processing, 

Hilbert transform is realized by fast Fourier transform (FFT). It could be done according 

to the following procedure:  

)(
~

)()( 1 tFFTlterBandPassFiHFFTt    

In this method, Hilbert transform is realized in the frequency domain. First, a 

Fourier transform is conducted, and then the signal is multiplied with the function 
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. A band pass filter is added to reduce noise. Finally, an inverse Fourier 

transform provides the complex signal with its phase information. Each four A-lines 

were used for averaging in image display.  

In Vivo Doppler OCT Imaging Experiment 

In vivo experiments on imaging mouse blood vessels were conducted in our lab. 

Transverse scans were realized by transverse scanning PI stage. The sample was a 

female athymic (nu/nu) nude mouse with a body weight of 20 g to 26 g (Harlan 

Laboratories, Indianapolis, IN). The mouse was anesthetized by injecting ketamine (100 

mg/kg) and xylazine (10 mg/kg) intraperitoneally, shown in Figure 6-4 A. Imaging results 

of Doppler OCT were shown in Figure 6-4 B and C; image depth is 1.6 mm and image 

width is 2.3 mm. From the comparison between the intensity image and the Doppler 

image, we can see that the contrast of blood vessel from the Doppler image has been 

greatly improved.  

 

Figure 6-4. In vivo Doppler imaging. A) sample mouse during imaging session, B) 
intensity image through the window chamber, and C) Doppler image through 
the window chamber. 
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Summary 

In this chapter, detailed implementations of PS OCT and Doppler OCT at the BML 

were introduced. PS OCT was successfully demonstrated with the 2nd generation 

MEMS probe. 2D and 3D OCT images of canine meniscus were presented. Improved 

contrast of Doppler OCT for rat blood vessels was also successfully demonstrated.  
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CHAPTER 7 
MEMS OCT/PHOTOACOUSTIC IMAGING 

So far we have discussed OCT’s ability for high resolution endoscopic imaging. 

For highly scattering tissues, the penetration depth of OCT could be limited. It is 

therefore desirable to use another imaging modality with higher penetration depth to 

work with OCT as an extension for deeper tissue imaging. Photoacoustic (PA) imaging 

is a suitable candidate for this role. PA imaging is a combination of optical imaging and 

ultrasound imaging. It can normally reach 3 – 5 mm deep in tissue, with about 100 µm 

resolution. With the help of PA imaging, deeper tissue structures that are not visible with 

OCT could be seen, and it could help to make the decision of whether more tests need 

to be conducted for deeper tissues. In this chapter, we introduce a prototype 

endoscopic probe that could be used for both OCT and PA imaging. In the following 

sections, first the background and principle of PA imaging will be introduced. Then the 

photoacoustic imaging system employed in this study will be presented, both ex vivo 

and in vivo experimental results will be shown to demonstrate the system capability. 

And the OCT/PA imaging probe will be introduced at last.  

Photoacoustic Imaging System 

Principle and Background 

PA imaging is based on the PA effect, which describes the generation of acoustic 

waves by the incidence of optical energy. In the case of PA imaging, when laser output 

is incident on to the tissue, the absorption of the optical energy causes the tissue to 

have thermal expansion, and subsequently, emitting broadband ultrasonic waves. The 

time of flight, amplitude etc. of the ultrasonic waves provide information regarding 
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location, strength and dimension of the acoustic source, therefore tissue reconstruction 

can be realized by detecting the ultrasound signals[162]-[165].  

PA imaging combines high optical absorption contrast and high ultrasonic spatial 

resolution, and therefore has received a lot of attention recently. Researchers have 

demonstrated PA imaging applications in breast cancer, brain vasculature, skin disorder 

and arthritis, etc. [164]-[171]. For endoscopic photoacoustic imaging, methods such as 

using a geared micromotor to scan a single transducer and using a galvanometer for 

lateral scan have been proposed. However, using micromotor can only realize 2D side-

view scan unless an external linear stage is used; and using galvanometer limits the 

further miniaturization of the probe due to its relatively large size. Therefore, MEMS 

mirror become the ideal choice for this task.  

MEMS Based Photoacoustic Probe 

An endoscopic probe based on the 3rd generation LSF-LVD MEMS mirror is 

designed and assembled for photoacoustic imaging. This is a front view design, as 

shown in Figure 7-1. The inner diameter of the probe is 9.5 mm and the outer diameter 

is 11.5 mm. A ring-shaped  polyvinylidene fluoride (PVDF) transducer is attached to the 

edge of the probe; it is a one-element ultrasound detector, which is fabricated with a 

110 μm-thick Ag ink printed PVDF film (Measurement Specialties Inc.) as the sensing 

unit. Flexible PCB of the same shape is attached to it as positive and negative electrode 

connectors and backing materials. The central frequency of this detector is 2.5 MHz. 

When light comes in, it first incidents on a fixed mirror, then the light is reflected to the 

MEMS mirrors for transverse scans. Ultrasound signal generated from the tissue due to 

thermal expansion is detected by the PVDF transducer. During scanning, the four 

actuators are driven by 0 ~ 4 V differential ramp voltages and optical scan angles of ± 
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31° could be achieved. When the imaging surface is place 9 mm away from the MEMS 

mirror, scanning area of up to 9 × 9 mm2 could be obtained. The scanning beam size is 

1 × 1 mm2, determined by the MEMS mirror aperture size. 

 

Figure 7-1. Endoscopic photoacoustic probe. A) schematic of probe, B) 3D model, and 
C) assembled probe. 

Photoacoustic System 

The endoscopic photoacoustic system employed in this study is demonstrated in 

Figure 7-2. The laser employed was a Nd:YAG 532 nm laser (NL 303HT from EKSPLA, 

Lithuania); it generated pulses of 20 ns duration at 10 Hz. Two function generators 

(AFG3022B, Tektronics) were used to generate synchronization signals for the data 

acquisition and driving signal for MEMS mirror. The ultrasound signal was first amplified 

by a pre-amplifier with a gain of 17 dB and then further amplified by an amplifier with a 

controllable gain from 5 dB to 20 dB. Sampling rate of the data acquisition card was 50 

MHz; and a band-pass filter (Panametrics, Waltham, Massachusetts) from 1 MHz to 5 

MHz was used to pass the signal and reduce noises.  
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Figure 7-2. Photoacoustic system. 

Photoacoustic Experiments 

A series of ex vivo and in vivo experiments were conducted in the Biomedical 

Optics Laboratory (directed by Dr. Huabei Jiang) to demonstrate the system capability. 

In these experiments, the incident laser beam was 1 mm × 1 mm in size, and the 

incident power on the sample was 15 mJ/cm2, which is below the American National 

Standards Institute safety limit of 20 mJ/cm2. For 2D images, 50 points of signal were 

obtained in each direction; the scanning frequency for fast scan was 100 mHz, and for 

slow scan, it was 2 mHz. The scanning time was limited to 250 s, due to the 10 Hz 

repetition rate of the laser. During the experiments, ultrasound gel was applied between 

the probe and the sample to minimize ultrasound attenuation. 

To demonstrate the system 3D capability, an experiment was conducted with a 

pencil lead (0.7 mm in diameter) embedded inside a piece of chicken at 1.5 mm 

underneath the surface. Figure 7-3 shows the imaging results, which accurately 
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reflected the embedded pencil lead; the reconstructed pencil diameter was ~ 0.72 mm. 

In vivo experiment was also conducted, shown in Figure 7-4. The reconstructed 3D 

image clearly reflected the size and shape of the blood vessel labeled in the picture.  

 

Figure 7-3. Ex vivo photoacoustic experiment with pencil lead embedded in a piece of 
chicken. A) photograph of the imaging target, B)-D) coronal, sagittal and 
cross-section views of the recovered 3D image, and E) 3D rendering of the 
recovered image. 

 

Figure 7-4. In vivo photoacoustic experiment. A) imaging target, B) reconstructed blood 
vessel image.  

MEMS Probe for Both OCT and Photoacoustic Imaging 

MEMS Probe Design 

A side-view endoscopic probe was designed for this study. Components for two 

imaging modalities were combined into one design, including single mode fiber for OCT 

imaging, multi mode fiber and transducer for PA imaging, and GRIN lens and MEMS 

mirror for both uses. The two fibers were bundled together and connected to the GRIN 

lens inside the probe; and outside, they were connected to the OCT system and the PA 
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system separately. For OCT imaging, this probe works in a similar way as the 

previously reported side-view probes, the back-scattered optical signal is collected 

through the GRIN lens back into the single mode fiber; for PA imaging, ultrasound 

signal is detected by the transducer around the fibers. The MEMS mirror employed for 

this probe is the 4th generation MEMS mirror; because for PA imaging, some ultrasound 

gel is needed to prevent signal attenuation, and the MEMS mirror should be protected 

from the gel. The 4th generation MEMS mirror has its mirror plate hidden under the 

frame, and can be easily protected by a covering glass slide.  

 

Figure 7-5. Probe for OCT and PA imaging. A) schematic of the probe, B) pictures of 
the assembled probe.  

The diameter of the probe is about 7 mm. And the designed working distance from 

the MEMS mirror to the imaging sample is ~ 3.5 mm. With the MEMS mirror scanning 

±15° optical angle, the imaging area is about 1.8 mm × 1.8 mm. Due to the assembly 

variation, the working distance for the assembled probe is only about 2 mm. And the 

images obtained with this probe are about 1mm × 1mm.  

Ex Vivo Experiment 

The assembled probe was employed in ex vivo experiments to demonstrate its 

capability for both OCT and PA imaging. The same procedures as that described in 
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Chapter 4 for the 4th generation probe was adopted for this experiment as the same 

type of MEMS mirror was employed. From Figure 7-6, layered structure could be clearly 

seen in the 2D image. The image looks stretched due to the smaller imaging range. The 

PA imaging experiments are on-going at the Biomedical Optics Laboratory, and results 

will be updated in future publications.  

  

Figure 7-6. OCT images of mouse ear. A) 2D OCT image of mouse ear, B) 3D OCT 
image of mouse ear. (E: epidermis, D: dermis, cc: conjunction cartilage, C: 
cartilage). 

Summary 

This chapter introduced the concept of combining OCT and PA imaging with one 

endoscopic probe. First, PA imaging using MEMS scanner was successfully 

demonstrated. And then, a side view endoscopic probe that has the ability for both OCT 

and PA imaging was introduced. 2D and 3D OCT images of a mouse ear were obtained 

with the prototype MEMS probe.  
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CHAPTER 8 
CONCLUSION 

The major goal of this study is to explore the applications of OCT system 

combined with MEMS technology in the areas of endoscopic imaging and refractive 

index measurement. This chapter highlights the research accomplishments and outlines 

the recommended future work. 

Summary of Work 

Firstly, four generations of electrothermally based MEMS probes have been 

developed. The probe size has been reduced from 5 mm to 2.5 mm in diameter. And 

the packaging scheme has been simplified over time. Wire-bonding process has been 

eliminated for the 4th generation probe, and electrical and mechanical connections have 

been made easy with a flip-chip bonding mirror design. The optical performance of the 

probes has been analyzed in detail. And the capabilities of the miniature probes for 

endoscopic imaging have been successfully demonstrated with in vivo imaging 

experiments; layered structures from sample tissues were observed, and tumor regions 

were clearly separated from healthy tissue structures.   

Secondly, MEMS mirror based free space OCT for refractive index (RI) 

measurement in brain tissue slices has been demonstrated. RIs of both white matter 

and gray matter were measured under free-loading and compressed status. This work 

provides information that can be used to correct distorted optical images caused by 

tissue heterogeneity or compression from surgery or certain diseases. Information on RI 

change under compression can also help the mechanical property tests of soft tissues 

based on elastography.  
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Thirdly, two types of functional OCT were demonstrated. They are polarization 

sensitive OCT and Doppler OCT. The implementations of these two types of OCT 

systems help improved the image contrast. PS OCT is especially useful for birefringent 

tissues, while Doppler OCT helps to detect blood vessels with a higher contrast.  

Lastly, OCT was combined with PA imaging to integrate two types of imaging 

modalities in one probe. By combining two imaging modalities, we can take advantage 

of the high resolution of OCT imaging, and the good imaging depth of PA imaging. The 

successful implementations of ex vivo imaging experiments demonstrated the feasibility 

of this idea.  

Future Work 

The successful demonstration of endoscopic OCT imaging using eletrothermally 

actuated MEMS mirror opens up new opportunities for early cancer detection and 

imaging guided surgery. Despite the achievements of this work, for MEMS OCT probes 

to be widely used clinically, more work needs to done.  

Firstly, more robust assembly procedures are needed to improve the consistency 

in imaging qualities. The current assembly process is susceptible to manual variations. 

For example, by using a fiber-GRIN lens module instead of two separate components 

would help reduce the effect of focal length change due to the changing distance 

between the two components.  

Secondly, a different probe housing configuration needs to be developed to reduce 

astigmatism introduced by the cylindrical shaped tubing. Using flat tubing and adding 

astigmatism correction lenses are two potential resolutions that could be explored.  
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Thirdly, an imaging rendering algorithm that takes into account the non-telecentric 

scan effect and non-linearity of the MEMS scan should be developed to reflect the real 

size and shape of the sample being imaged.  

Fourthly, a front view imaging probe should be developed for the PS OCT 

research. A side view probe was used to image canine meniscus ex vivo in this study. A 

front view probe is more suitable for imaging the meniscus in live animals.  

Fifthly, in the refractive index measurement study, only coronally sectioned brain 

tissue slices were measured. Since brain tissues have variously aligned micro-

structures, the effect of the directionality of brain tissue slices on RI and RI changes in 

response to compression should be studied in the future. 

Lastly, the first prototype probe for OCT and PA imaging has a relatively large 

diameter. For clinical use, new designs with smaller sizes are desirable.  
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