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Motivation DMDI Thesis Objective and Aims Future Outlook
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Motivation – Pitfalls in Optical Scanners
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Motivation DMDI Thesis Objective and Aims Future Outlook

Disadvantage: Small FOV

• Mosaic – time consuming and stitching

• Motorized Pullback – length limited

• Manual Pullback – non-uniform motion distortion

All are susceptible to patient/clinician motion artefacts

Disadvantage: Non-uniform motion distortion

• Sensored – added hardware and complexity

• Sensorless – 2D extension not trivial

Galvanometer

Rotary (Catheter)

M.J. Gora (2013)

Rotary (Capsule)

B. Lau (2010)(Sensored) Magnetic Tracking

X. Liu (2012)(Sensorless) Speckle Correlation

[2]

A.. Lee (2015)
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DMDI – Principle of Operation (in 1D)
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DMDI – First Implementation using DBMC
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Dual-beam micromotor catheter (DBMC)

Manual control point selection

Manually actuated 

en face OCT images Distortion Corrected Images

Motivation DMDI Thesis Objective and Aims Future Outlook

A. Lee (2017)
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Develop DMDI to become more accessible 

and attractive for future clinical applications 

▪ Investigate new implementation of DMDI

▪ i.e. using a galvanometer

▪ Develop automated distortion correction

▪ Construct optical set up

▪ Establish image acquisition and 

preprocessing 

▪ Calibrate to characterize the scanning 

pattern

▪ Develop automated distortion correction

▪ Validate and Test
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Motivation DMDI Thesis Objective and Aims Future Outlook

Thesis Objective Thesis Aims
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▪ Light analogy of ultrasound

▪ Higher resolution (~ 1-10 μm)

▪ But shorter penetration (~ 2 mm)

▪ Optical Coherence Tomography

▪ O: near-infrared (900-1310 nm)

▪ C: interferometry - compare coherent sample 

and reference arms to detect interference 

pattern

▪ T: use consecutive scans to reconstruct

▪ En face imaging

▪ Mean z (depth) projection of 3D OCT data

▪ Creates 2D x-y slice image 

DMDI Implemented using en face OCT Imaging
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Motivation DMDI Thesis Aim 1: Optical Set Up Future Outlook

J.G. Fujimoto, W. Drexler (2015)

A-Scan (A-Line) B-Scan 3D-OCT



||

Optical Setup
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Motivation DMDI Thesis Aim 1: Optical Set Up Future Outlook

▪ a) OCT Imaging System

▪ Mach Zehnder Interferometer

▪ Two channels

▪ 100 kHz swept source (1310 nm)

▪ b) Galvanometer Imaging Head

▪ DFP – dual pigtail fibre

▪ GRIN – graded index lens 

▪ Two aligned and collimated beams

▪ c) Scan pattern

▪ Calibrate to determine parameters

▪ d) Galvanometer waveform

▪ Modified saw tooth

d
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Image Acquisition

z

n 

5-Dec-23Madeline Harlow (mharlow@student.ethz.ch) - Institute of Biomedical Engineering 9

Motivation DMDI Thesis Aim 2: Acquire and Preprocess Future Outlook
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Motivation DMDI Thesis Aim 2: Acquire and Preprocess Future Outlook

Image Preprocessing

From Beam B
Manually Actuated 

QR code printed 

paper phantom

÷ =

÷ =B

A
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Calibration

lA = 10.209  mm

lB = 10.285 mm

q = 0.0138 

mm per A-line

A

B
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Motivation DMDI Thesis Aim 3: Calibration Future Outlook

n      y

1. Stationary

2. Constant Motion

Assume parallel and straight lines

Scanline separation: d = 23.2211 mm

Variance within 0.1 of a frame ≈ 10 μm

vx = 10 mm/s

vy =   0 mm/s

yo = q * 21 A-lines =  0.290 mm Corrected Images

A

B

yo = 0.290 mm

lA = 0.209 mm lB = 0.285 mm

d = 

2.32 mm

q = 0.0138 

mm/A-line
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▪ Pixels from distorted images can be mapped 

to generate corrected images using

▪ Calibrated scanning pattern

▪ Estimated velocity (displacement) profile

▪ To estimate velocity profile

▪ Automated feature detection

▪ Velocity estimate

▪ Displacement calculation
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Automated Distortion Correction

Motivation DMDI Thesis Aim 4: Automated Distortion Correction Future Outlook

𝑥𝐴 𝑡 = 𝑑𝑥 𝑡 +
𝑑

2

𝑦𝐴 𝑡 = 𝑑𝑦 𝑡 + 𝑞 ∙ 𝑛𝐴 𝑡 + 𝑦𝑜

𝑥𝐵 𝑡 = 𝑑𝑥 𝑡 −
𝑑

2

𝑦𝐵 𝑡 = 𝑑𝑦 𝑡 + 𝑞 ∙ 𝑛𝐵 𝑡
yo = 0.290 mm

lA = 0.209 mm lB = 0.285 mm

d = 2.32 mm

q = 0.0138 mm/A-line
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Motivation DMDI Thesis Aim 4: Automated Distortion Correction Future Outlook

Automated Feature Detection

fr

n

Preprocessed Images

B

A

A

B

ΔyAB

Pathway represents frame/frame/Δy combinations 

with high correlation → Likely a matching feature

Normalized Cross Correlation 

(MATLAB normxcorr2)

f is the image, t is the mean template

fu,v is the mean f under the template

3D Correlation Coefficient Matrix

ΔyAB

A

B

B

A
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Automated Feature Detection

Motivation DMDI Thesis Aim 4: Automated Distortion Correction Future Outlook
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Velocity Profile Estimation

Motivation DMDI Thesis Aim 4: Automated Distortion Correction Future Outlook

𝑡𝐴𝐵,𝑘 =
𝑓𝑟𝐵,𝑘 − 𝑓𝑟𝐴,𝑘

𝑓𝑓𝑟
ҧ𝑣𝑥,𝑘 =

𝑑

𝑡𝐵,𝑘 − 𝑡𝐴,𝑘
ҧ𝑣𝑦,𝑘 =

𝑞 ∆𝑦𝐴𝐵,𝑘 − ∆𝑦𝑜
𝑡𝐵,𝑘 − 𝑡𝐴,𝑘

𝑘 𝑖𝑠 𝑡ℎ𝑒 𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔 𝑝𝑎𝑖𝑟 𝑖𝑛𝑑𝑒𝑥
𝑓𝑟𝐴𝐵,𝐾 𝑖𝑠 𝑡ℎ𝑒 𝐴 𝑜𝑟 𝐵 𝑓𝑟𝑎𝑚𝑒 𝑖𝑛𝑑𝑒𝑥 𝑎𝑡 𝑘
𝑓𝑓𝑟 𝑖𝑠 𝑡ℎ𝑒 𝑓𝑟𝑎𝑚𝑒 𝑟𝑎𝑡𝑒 = 100 𝑓𝑟/𝑠

∆𝑦𝐴𝐵,𝑘 𝑖𝑠 𝑡ℎ𝑒 𝑦 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑎𝑡 𝑘

∆𝑦𝑜 𝑖𝑠 𝑡ℎ𝑒 𝑧𝑒𝑟𝑜 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑖𝑛𝑑𝑒𝑥

𝑣 𝑥,𝑦 𝑡 ≈
σ𝑘 ҧ𝑣 𝑥,𝑦 ,𝐴𝐵,𝑘 ∙ 𝑤𝑘 𝑡

σ𝑘𝑤𝑘 𝑡

𝑤𝑘 𝑡 = ൞

1

𝑡𝐵,𝑘 − 𝑡𝐴,𝑘 + 1
, 𝑡 ∈ 𝑡𝐴,𝑘, 𝑡𝐵,𝑘

0, 𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒

෍
𝑡=𝑡𝐴,𝑘

𝑡𝐵,𝑘
𝑤𝑘 𝑡 = 1

Average velocities per matching feature k

Estimated weighted instantaneous velocities
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Generate Distortion Corrected Images
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Motivation DMDI Thesis Aim 4: Automated Distortion Correction Future Outlook

fr
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Preprocessed Images

B

A

Corrected Images



|| 5-Dec-23Madeline Harlow (mharlow@student.ethz.ch) - Institute of Biomedical Engineering 17

Motivation DMDI Thesis Aim 5:  Validation and Testing Future Outlook

Validation – 1D push at 10 mm/s for kiwi sample
Automated Frame Correlation Estimated Velocity & Displacement

vx(t) ≈ 9.95 mm/s

= 0.5% error

vy(t) ≈ 0.0012 mm/s

Comparison of Distortion Corrected Images
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Preprocessed Images

A

B

Distortion Corrected Images

A

B
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Motivation DMDI Thesis Aim 5:  Validation and Testing Future Outlook

Validation – 1D push at 10 mm/s for beef tongue sample
Automated Frame Correlation

O
v
e

rla
y

Comparison of Distortion Corrected Images

Estimated Velocity & Displacement

vx(t) ≈ 9.86 mm/s

= 1.4% error

vy(t) ≈ 0.0029 mm/s

Preprocessed Images

A

B

Distortion Corrected Images

A

B
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Motivation DMDI Thesis Aim 5:  Validation and Testing Future Outlook

Test– 2D manual actuation scan of a dragon fruit sample
Automated Frame Correlation Estimated Velocity & Displacement

Comparison of Distortion Corrected Images
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Preprocessed Images

A

B

Distortion Corrected Images

A

B
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Motivation DMDI Thesis Aim 5:  Validation and Testing Future Outlook

In vivo test – 2D manual actuation scan of a fingerprint

Overlay of Distortion Corrected Images

Automated Frame Correlation Estimated Velocity & DisplacementPreprocessed Images

A

B

Distortion Corrected Images

A

B
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Advantages

▪ correct for non-uniform scanning or patient or 

clinician motion w/o additional sensors

▪ simplified scan pattern allows for automated 

correction, approaching real-time

▪ can be used for alternative imaging sites, 

such as skin or oral cavity

▪ can be used for any point scanning modality

Disadvantages

▪ twice data bandwidth required for imaging

▪ estimation error due to averaging across 

large beam separation 

Future Work

▪ improve algorithm for robustness

▪ potentially machine learn from this initial guess

▪ utilize the retrace region - different waveform

▪ simulate to find optimal scanning parameters

▪ find ideal beam separation to implement 

▪ implement in real-time

▪ extend to non-monotonic vx

▪ extend to 3D 

▪ investigate other implementations for more 

potential applications
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Motivation DMDI Thesis Objective and Aims Future Outlook

Future Outlook



Thank you, questions?

Preprocessed Images
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Simulations

Appendix I
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▪ Construct an effective beam path

▪ Parameterized scanning pattern

▪ Simulated velocity profiles

▪ Trace simulated path onto sample image

▪ Here a tiled QR code

▪ Add noise

▪ Gaussian blurring for PSF (σ=0.5)

▪ Speckle noise for OCT imaging 

(varA = 0.01 varB = 0.02)

▪ Error metrics for comparison:

▪ RMSE – direct error comparison

▪ Confidence – indirect error assessment
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Constructing Simulated Distorted Images

(Not to scale)

A

B

𝑅𝑀𝑆𝐸 =
1

𝑁𝑣
෍

𝑖=1

𝑁𝑣

𝑣𝑒𝑠𝑡,𝑖 − 𝑣𝑠𝑖𝑚,𝑖
2
, 𝑁𝑣, 𝑖 ∈ ℤ 𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 =

σ
𝑗=1

𝑁𝑝𝑎𝑖𝑟𝑠
𝐶𝐶𝑗

𝑁𝑓𝑟𝑎𝑚𝑒𝑠
, 𝑗 ∈ ℤ
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Simulation 1: Velocity limits for 3 beam separations 

RMSE is plotted for three beam separations for a range of constant
vx, up until the vx,max corresponding to that beam separation.
These results indicate there is an effective ideal range of vx
depending on beam separation to achieve high correction accuracy.
Additionally, ideal accuracy is achieved at integer divisions of vx,max

corresponding to that beam separation.

Zoomed in plot of above to
observe the effects of beam
separation on correction
accuracy. Smaller beam
separations are sensitive to
smaller vx but less sensitive
to higher vx compared to
larger beam separations.

Confidence [bottom] inversely follows the same trends as RMSE [top],
suggesting confidence may be used as a measure of performance when
ground truth is not available.
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Simulation 2: Effects of vx, vy, and beam separation

i)

ii)

iii)

Compare correction results for two cases: vy = 0mm/s [left] and
vy = -5 mm/s [right]. RMSE is calculated and plotted for both vx
estimates [top] and vy estimates [middle] for each simulation as
well as the confidence [bottom].
i) Small beam separations are more accurate at very small vx
while ii) large beam separations are more accurate at high vx.
iii) Increasing vy appears to increase the minimum detectable vx.
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Simulation 3: Effects of varying vx and beam separation

Estimated variable vx profile with different beam
separations. The simulated vx profile is a modified
sinusoidal function plotted in black and the estimated
velocity profile corresponding to different beam
separations are plotted in colour.
i) Large beam separations appear to perform better at
estimating high vx peaks.
ii) Smaller beam separations appear to perform better
at estimating low vx peaks.
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Simulation 4: Functionality of confidence for biological sample

Comparing correction metrics for QR and biological sample.
Confidence inversely follows the same trends as RMSE. Further,
confidence appears to follow the same trends for both the
digitally constructed QR sample and the real images of the
biological sample, i.e. kiwi, however at a lower offset



|| 5-Dec-23Madeline Harlow (mharlow@student.ethz.ch) - Institute of Biomedical Engineering 32

Summary of Simulation Results
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DBMC Implementation 

Appendix II
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▪ Dual SMF-28 fiber pigtail (DFP) is aligned to a 

graded index (GRIN) lens using glass ferrule: both 

are polished at 8° and anti-reflection coated for 1310 

nm

▪ Two fibers within DFP are separated by 250 um and 

DFP is separated from GRIN to provide a 3.5 mm 

distance to target with a 14 um spot

▪ Target is aluminum coated, 1 mm right angle prism 

mounted to shaft of 4 mm OD micromotor at 

approximately 8°.

Dual Beam Micromotor Catheter - Construction
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250 um

Not to scale

DFP

A

B

A

B

DFP GRIN
14 um

3.5 mm

A. Lee  (2017)
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▪ Two beams (A and B) scan 

mechanically along one 

dimension [radial, fast axis] with 

known separation in second 

dimension [axial, slow axis]

▪ Catheter is manually pushed or 

pulled in axial axis

▪ A and B pass same features at 

different times providing scan 

speed and direction

▪ Scan speed and direction allows 

for image remapping and 

distortion correction

Dual Beam Micromotor Catheter - Function
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A. Lee  (2017)

1310nm OCT specific 

implementation:

MM = 4mm OD 

micromotor (Namiki)

FPC = flexible printed 

cable

DFP = double SMF-

28 pigtail (8° polish)

GRIN = graded index 

lens (8° polish)

overall catheter 

diameter = 4.7mm
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DBMC Image Acquisition A

B



r

100kHz Axsun source

100Hz MM spin rate

2-channel Alazartech

digitizer

A. Lee  (2017)
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DBMC - Calibration

phantom

1) catheter

stationary 

2) catheter pushed

at constant speed

raw en face

OCT images

A. Lee  (2017)
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N → Θ Calibration (DBMC)

catheter

stationary here

phantom
(time)



z

A. Lee  (2017)
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Beam Path Calibration (DBMC)

Distortion-corrected images mean

differences/2

frame

th
e
ta

A. Lee  (2017)
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Distortion Correction Validation (DBMC)

phantom:  1mm 

checkerboard

original images:

manual control point registration:

A. Lee  (2017)
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Finger Imaging (DBMC)

original images

A. Lee  (2017)
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Multiplexed DBMC

uncorrected images

PBS’s are oriented 90 degrees

relative to each other

A. Lee  (2017)
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Additional Material

Appendix III
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▪ Variations in refractive index → contrast 

▪ A-scans

▪ Axial scans are 1D signals of backscattered 

light (magnitude and echo time delay) from a 

point source

▪ B-scans

▪ Transversely scanning in one direction creates 

a series of A-scans

▪ 2D image

▪ 3D-OCT

▪ Transversely scanning in multiple directions

▪ Volumetric data 
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OCT Image Scanning

J.G. Fujimoto, W. Drexler Introduction to OCT  Pg. 4
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▪ OCT fills the gap between Microscopy and 

Ultrasound

▪ Axial resolution → bandwidth of light source

▪ 1-10 µm

▪ 10-1000 times finer than standard ultrasound

▪ But light is highly scattered and attenuated in 

tissue

▪ Penetration depth ~2mm

▪ With fiber optics, OCT can be brought into 

the body to the tissue of interest

▪ Endoscopes

▪ Catheters
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OCT Resolution and Limitations

J.G. Fujimoto, W. Drexler Introduction to OCT  Pg. 6
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▪ Ultrasound

▪ V_sound ~ 1500 m/s

▪ Distance resolution ~ 100 µm

▪ → Temporal resolution ~ 100 ns 

▪ OCT

▪ V_light ~ 3 x108 m/s

▪ Distance resolution ~ 10 µm

▪ → Temporal resolution ~ 30 fs 

▪ Cannot use direct electronic detection

▪ Optical gating

▪ Optical correlation

▪ Interferometers
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OCT Detection
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▪ Backscattered light from sample is interfered 

with a reference path with a known delay

▪ Classic: Michelson interferometer

▪ Incident beam is split into two arms, one to the 

sample and the other a reference to a mirror at 

a tunable distance

▪ Back-reflected beams amplitudes are 

combined at the beam splitter using 

superposition

▪ Resultant interference pattern is directed to a 

detector or camera
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Low Coherence Interferometry

Wikipedia

Interference can only 

occur when path lengths 

are matched to within 

the coherence length

J.G. Fujimoto, W. Drexler Introduction to OCT  Pg. 10



||

▪ Used to determine the relative phase shift 

variations between two collimated beams

▪ Without a sample, complete destructive 

interference occurs in the beams reaching 

detector 2

▪ With a sample, a change in phase means 

there is no longer complete destructive 

interference

▪ The phase shift produced can be calculated 

by comparing the relative amount of light 

entering each detector.

Mach-Zehnder Interferometer
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▪ Time Domain

▪ Reference arm modulates depth information

▪ Mechanically varied reference arm

▪ Scan time limited by moving arm

▪ Frequency Domain

▪ Spectrum provides depth information

▪ Stationary reference arm

▪ Rapidly increased scan time

Time vs. Frequency Domain OCT
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OCT Imaging
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▪ The GRIN was aligned to the mirror with a 

3D printed adapter. 

▪ In the tight constraints, it is difficult to adjust 

the position and orientation of the GRIN to 

ensure it is aligned with the center of the 

mirror

▪ Also it is impossible to have the beams 

intersect at the face of the mirror (intersects 

at face of GRIN)

▪ Major artefacts in B beam (not due to 

interferometer, so B portion of the pigtail or 

position of the B onto the mirror – ie if 

rotate 180 degrees, does A show same 

problem?)

Galvo w/ GRIN Setup
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A

B
2.32 mm

~10 mm
Scan Lines

Sample

Scanning Lens

Single Axis Galvomirror
A

B

Dual Fibre 

Pigtail

GRIN

Glass Ferrule

< 5 mm

~ 7.5 mm
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▪ Graded Index Lens – Used as collimator

▪ Off centre

▪ Beams cross at the face of the GRIN

▪ Spot size of ~320-400um

GRIN 
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Ø2.8mm

Ø1.8mm

10mm

~0.242mm

~0.242 mm

~0.250 mm

·
° °

Θ

~1.2°
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▪ Marker is used to align a-lines in beams A 

and B.

▪ Once N_r is determined in calibration, 

marker can be used to align and segment 

image into active and dead zones

▪ Need unambiguous features in the 

calibration pattern to identify retrace period 

and offsets of each beam to the marker. 
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Swept Source OCT
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▪ Telecentric scan lens – optimized for OCT

▪ Produce a flat image place

▪ Low f-theta distortion – correct image

Scanning Lens Specs: LSM 02 - BB
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Item # LSM02-BB

Optical Specifications

Wavelength Range 810 to 890 nm and

1000 to 1100 nm

Effective Focal Length (EFL) 18 mm

Entrance Pupil Diametera 4 mm

Parfocal Distance 30.7 mm

Lens Working Distance 7.5 mm

Scanning Distanceb 16.1 mm

Optical Scan Anglec

(Single-Axis Scan)

Maximum ±10.6°

Diffraction Limited
±10.2° (850 nm)

±10.6° (1050 nm)

Optical Scan Anglec

(Two-Axis Scan)

Maximum ±7.5° x ±7.5°

Diffraction Limited
±5.1° x ±5.1° (850 nm)

±5.9° x ±5.9° (1050 nm)

Field of Viewd Maximum 4.7 x 4.7 mm2

Diffraction Limited

3.2 x 3.2 mm2

(850 nm)

3.7 x 3.7 mm2

(1050 nm)

Depth of Viewd

(Twice Rayleigh Length)

0.04 mm (850 nm)

0.05 mm (1050 nm)

F-Theta Distortiond <0.9%

Field Curvatured <0.1 mm

Axial Color 5 µm (810 to 890 nm)

10 µm (1000 to 1100 nm)

Lateral Color Shift 5 µm (810 to 890 nm)

5 µm (1000 to 1100 nm)

f/# 4.5

Dimensional Specifications

Mounting Thread (External) M25 x 0.75

Thread Length 4.4 mm (0.17")

Barrel Diameter 33 mm (1.30")

Length of Barrel 23.2 mm (0.91")

These curves show spot size and scan position as functions of wavelength and scan 

S = 1.27λ * EFL / A

λ = 1310 nm

S = spot size

A = input beam waist 

EFL = Effective focal length = 18mm
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▪ Thorlabs GVS012

▪ Protected Silver Coating (500nm - 2um range)

▪ Max scan angle = +/- 12.5 degrees (0.8V /deg)

▪ Position signal +/- 10 V (use only 9.95)

▪ Max acceleration 2.

Galvo Scanner
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▪ Identity 

▪ Mean Absolute Difference

▪ (not good because our beams may not have 

the same intensities = not identity)

▪ Linear

▪ Cross Correlation Coefficient

▪ (good enough for us)

▪ Multimodal

▪ Mutual Information (Entropy)

▪ (would be needed if multimodal)

Similarity Measures
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