
PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Comparison between optical
coherence tomography and phase
shifting profilometry for surface
estimation

José Gutiérrez-Gutiérrez, Verónica Mieites, Arturo Pardo,
José López-Higuera, Olga  Conde

José A. Gutiérrez-Gutiérrez, Verónica Mieites, Arturo Pardo, José M. López-
Higuera, Olga  M. Conde, "Comparison between optical coherence
tomography and phase shifting profilometry for surface estimation," Proc.
SPIE 12627, Translational Biophotonics: Diagnostics and Therapeutics III,
126271P (11 August 2023); doi: 10.1117/12.2670564

Event: European Conferences on Biomedical Optics, 2023, Munich, Germany

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 28 Aug 2023  Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Comparison between Optical Coherence Tomography and
Phase Shifting Profilometry for surface estimation
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ABSTRACT

Profilometry is the technique that estimates the surface height and tomography of a sample. This technique is
crucial to correct the intensity variations and angle changes when optical properties of a sample are estimated
and its calculation depends on the surface profile. Two systems have been evaluated in this work: an Optical
Coherence Tomography (OCT) system and a Spatial-Frecuency Domain Imaging (Hyperspectral-SFDI) system
made up of a rotating mirror hyperspectral camera and a Red-Green-Blue (RGB) projector. The estimation of
the height map with the OCT system based on the high contrasted backscattering of the air-sample interface
whereas, while with the HSI-SFDI system the Phase Shifting Profilometry (PSP) technique has been imple-
mented employing different frequencies. This work compares both approaches and evaluates the differences
between them.
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1. INTRODUCTION

Profilometry using structured light has been a well-established technique for many years.1,2 Calculating the
height map of a biological sample allows for corrections to be made after the measuring stage, which is necessary
in techniques such as Spatial-Frecuency Domain Imaging (SFDI) or HyperSpectral Imaging (HSI).3 However,
profilometry methods suffer several complications and limitations when the target surface presents illumination
shadows or is very absorbent.4 This manuscript compares profiles obtained with Phase Shifting Profilometry
(PSP), one of the most commonly used methods with structured light devices5 and surface topographies obtained
with Optical Coherence Tomography (OCT) providing an in depth analysis of their limitations and virtues.

The PSP technique consists of projecting a one-dimensional cosine at a certain spatial frequency onto a
surface1,2 and measuring the phase shift that appears which can be, for example, the surface of the optical table.
This phase shift is used to estimate the height of the studied object. OCT uses a low coherence laser source to
create a three-dimensional tomographic image of a sample based on the interference of the light of a reference
arm and the light backscattered from the sample.6 Obtaining a height map with OCT is straightforward and
precise, since the highest measured intensity will be at the surface of the sample, due to the enhanced increment
in backscattering caused by the refractive index mismatch between air and sample.7,8

OCT topographic maps are used as a reference to evaluate the performance of the PSP methods in terms of
overall sample height, maximum height resolution and accuracy, given that our OCT system provides highly-
reproducible surface maps with high spatial and axial resolution.
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2. MATERIALS AND METHODS

Instrumentation. A hyperspectral camera based on a custom mirror rotative equipment9 has been used for
this work. It consists of a sCMOS camera PCO Edge 4.2 (Excelitas PCO GmbH, Germany), a diffractive optics
Imspector V10E (Specim, Spectral Imaging Ltd., Finland), an actuator module with a motorized rotating mirror
and a RGB projector LighCrafter™4500 (1280x800) (Texas Instruments Inc., TX, USA). The OCT system is
the commercial equipment TEL221PS (Thorlabs Inc., NJ, USA) has been used. This device has a central
wavelength of λ = 1300nm and provides a 5.5µm/px axial resolution and a field of view of 10x10mm2.

3D calibration pieces. As a calibration sample, a hemispheric piece has been 3D printing. Red PLA filament
has been used to 3D print the pieces with a Prusa P3Steel, with 0.2 mm of tolerance, which has a minimum
layer thickness of 0.2mm. The printed piece was sanded but no paint has been applied to evaluate the effects
of the possible Signal to Noise Ratio (SNR) decay in darker or different colored regions within the sample. Due
to limited field of view (10x10mm2) of the OCT, the total radius of the hemisphere has been set to 3.25mm
favouring a one-to-one comparison could be made between OCT and PSP maps.

PSP To carry out the PSP technique, fringes based on a cosine given by I(x, y, f, φ) = Idc(x, y) +Mac(x, y) ·
cos(2πf + φ) have been projected where f is the spatial frequency and φ is the phase of the cosine. Three
different f values were used (0.05 mm−1, 0.1 mm−1, 0.15 mm−1) and, for each frecuency three φ values (240◦,
0◦, 120◦) were projected. According with10,11 the phase difference caused by the sample ϕ

′
, can be estimated

as

ϕ
′
(x, y, f) = atan

(√
3

I(x, y, f, 240◦)− I(x, y, f, 120◦)

2I(x, y, f, 0◦)− I(x, y, f, 240◦)− I(x, y, f, 120◦)

)
, (1)

where I is the image intensity captured for the pair (f, φ), with (x, y) represent the spatial position of a pixel
in the image. Note that ϕ

′ ∈ [−π, π]12 and the method requires a phase difference to estimate height of the
sample. The unrolling or unwrapping method12 is then applied as processing technique on ϕ′. The conventional
unrolling process can cause errors due to unwanted shadows or highlights. To mitigate these problems, the
implementation proposed by Ghiglia et al13 has been used which is based on fast transforms and iterative
methods. In order to co-register the height with the phase, a phase reference ϕ0 and a height reference h0

are necessary, which, if possible, should be measured below than the main surface (for example, the simplest
reference can be the table or base under the sample). There are techniques in which the phase can be directly
related to the height, making geometric calculations.11 For the computation of the phase difference in PSP,
ϕ− ϕ0, a geometric analysis is required12,14 but it is possible to simplify it as

h− h0 =
η

f
(ϕ− ϕ0) (2)

where η is a constant (rad−1) that relates phase and frequency to height.10 As mentioned before, f is the
spatial frequency of the pattern in mm−1, h is the height of the surface in mm, h0 is the reference height, ϕ is the
phase of the surface as given by Equation 1 and 2 and ϕ0 is the reference phase. An interesting discussion would
be about an analytical solution of the value of η, however in this manuscript η will be taken as a calibration
constant that it is obtained through the already known dimensions of our 3D printed pieces, validated with
the OCT measurements. It must be taken into account that there is a limitation of the height to be measured
depending on the chosen frequency such that −π > f

η (h− h0) > π because higher heights would cause to skip

to the next cycle of the periodic function, causing errors in posterior height estimations.12

OCT. As mentioned before, OCT allows to obtain the tomography of a sample.15 The intensity of light
decreases exponentially with depth when penetrating a turbid medium. In most cases, the maximum intensity
is found in the interface between the air and the surface through h(x, y) = ζ · argmaxz(I(x, y)) where ζ is the
axial resolution of the laser (mm/px), h is the height (mm) of the sample and argmaxz() indicates the position
of the maximum intensity value in the z (depth) dimension, for every (x, y) pixel in the scan.
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3. RESULTS AND CONCLUSIONS

Figure 1 shows a comparison of the height maps obtained with PSP and OCT techniques. The relative error
between both maps (Figure 1, right) is as low as than 5%, with an average of 7.23%, a median of 3% and
a standard deviation of 0.1369. Areas with higher errors correspond to the lateral shadows casted by the
hemisphere. Height maps obtained at various frequencies provide similar results. However, frequencies over
0.2 mm−1 exhibit increased errors because they became more susceptible to jumps, shadows and noise. The
measurement and verification of this piece allowed us to extract the value of η as 0.18 mm−2. This value has
been obtained by measuring the phase difference ∆ϕ with a frecuency of 0.1 mm−1 on the base of the piece,
and relate it to the known height of the base (1.375 mm). This constant is the one that has been used in a
measurement of a mouse muscle, to obtain the height map with PSP and OCT.

Due to the fact that the muscle is more absorbent, a height map has been obtained for each color channel
(red, green and blue), at the chosen three spatial frequencies (0.05 mm−1,0.1 mm−1,0.15 mm−1). It has been
observed that the height varies depending on the color and the frequency. Taking the OCT measurement as a
reference, it has been observed that the height map that most resembles the OCT one corresponds to the blue
channel at 0.1 mm−1. The reason that makes the height map change as a function of height and color would
be interesting to study, but it is possible that one of the reasons is that the muscle is more absorbent in red
than in green or blue, and that causes greater errors when calculating the height.
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Figure 1. Topographic map obtained with PSP (left), OCT (middle) and the relative error (right) between them. It is
possible to see an increased error on the rightmost regions caused by the shadow the hemisphere projects on the plane,
a limitation of the PSP technique when an angled projector is used.
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Figure 2. Comparison between the 3D surface obtained with OCT (left) and that obtained with PSP using blue channel
and a frecuency of 0.1 mm−1 (right). The RGB image of the muscle has been placed on the surface in both cases.

Figure 2 shows a 3D comparison of the muscle surface obtained in OCT and the surface obtained in PSP
using the projector blue channel at a frequency of 0.1 mm−1. The height map obtained with PSP has been
post-processed with a Gaussian filter (σ = 16) to smooth it out, since it was very noisy. Comparing both
measurements is not trivial, since there is no a clear reference point. However, the maximum muscle height
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measured by the PSP was 1.89 mm (in 0.1mm−1, blue channel and after filtered) while, with OCT, we calculated
1.92 mm, which would mean a relative error of 1.56% between both measurements.

The differences between the surface topographies obtained by OCT and PSP are not high therefore both
methods can be used to perform a profilometry. However, it must be taken into account that when co-registering
the height map with an SFDI measurement, it is much more practical to use PSP since the same system is used
to do it and co-registration between measurements is immediate.
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