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Tailored-Reflectivity Microstructures for Measuring Signal
Sensitivity of Optical Coherence Tomography Medical
Imaging Systems

Declan M. Fitzgerald, Greta Babakhanova, Christopher M. Stafford, Joshua Guag,
Zhuolin Liu, Daniel X. Hammer, Ryan D. Sochol, and Anant Agrawal*

Optical coherence tomography (OCT) is a medical imaging technique that has
transformed the practice of ophthalmology via high-resolution visualization
and measurement of numerous ocular structures, the retina in particular.
Despite its widespread use, the development of tools that help ensure
high-quality diagnostic outcomes from OCT systems has not kept pace with
the technology’s rapid advancements. In this work, a novel microstructure
array phantom is presented capable of directly evaluating OCT sensitivity: its
ability to distinguish meaningful signal from background noise. Through a
combination of two-photon direct laser writing (DLW) and thermally activated
selective topographic equilibrium (TASTE), optically smooth microstructures
are fabricated and shown to be effective in directly quantifying OCT sensitivity
threshold, an advancement over the current practice of extrapolating system
sensitivity in the high-signal regime. This phantom serves as proof-of-concept
for an easily disseminated regulatory science tool that will increase the
consistency of performance reporting anywhere OCT is used. The advanced
fabrication techniques used in this study also serve as demonstration of what
future retinal phantoms could contain, helping to close the gap between the
planar, largely two-dimensional phantoms typically used for OCT systems and
the geometrically complex, biomimetic phantoms common to other
biomedical imaging modalities.

1. Introduction

Noninvasive in vivo visualization of human organ structural
features is an invaluable method for disease diagnosis and
management.[1–3] First invented more than three decades ago,
optical coherence tomography (OCT) stands as one of the gold
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standard imaging modalities for the
human eye, firmly established in
ophthalmic research and medical
practice.[4–6] Leveraging low coher-
ence interferometry, OCT operates with
time-of-flight optical ranging in an
analogous manner to ultrasound by
acquiring cross-sectional images from
back-reflected light which are then as-
sembled into an image volume.[7,8] OCT
achieves much higher optical spatial
resolution than ultrasound imaging,
on the scale of 5–15 μm both laterally
and axially.[9] This capability has en-
abled OCT to be used in a variety of
ophthalmic applications, including the
diagnosis and management of macular
degeneration,[10–12] and glaucoma.[13–15]

Despite its use in tens of millions of
medical scans each year, the creation of
tools that could provide greater assur-
ance of high-quality diagnostic outcomes
from clinical OCT use has lagged behind
OCT’s rapid development both in: 1)
the absence of precisely-controlled non-
planar structures prevalent in the tools
of other biomedical imaging systems,

biomimetic or otherwise;[16,17] and 2) the lack of easily-
disseminated test platforms for the evaluation of certain oper-
ational metrics.[18,19] It is an ongoing and well-documented is-
sue that ophthalmic OCT performance can be inconsistent, likely
due to this lack of standardization, especially when compar-
isons are made between devices of different manufacturers.[20–22]
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Sensitivity, a performance metric that defines a system’s abil-
ity to distinguish between signal and noise in light-starved
conditions,[23] is one such measure that lacks any formal or stan-
dardized evaluation technique.
As with any medical technology, proper testing of OCT imag-

ing devices from laboratory development to clinical use is needed
to ensure high-quality diagnostic outcomes. One type of physi-
cal test object often used with biomedical imaging devices is a
phantom, which has carefully established properties for quan-
tifying imaging performance parameters and/or for real-world
comparisons between an imaging system’s output and known
quantities.[24,25] They are commonplace inmedical imaging, with
various phantoms having been developed for other 3D imaging
modalities such as magnetic resonance imaging (MRI), comput-
erized tomography (CT), and ultrasound.[26–28] Previous develop-
ment has demonstrated phantoms for the evaluation of differ-
ent OCT performance characteristics, including maximum spa-
tial resolution, retinal layer segmentation, and rendering of the
foveal pit.[19,20,29,30] While previous OCT phantoms are effective
for their intended purposes, none have yet been successfully ap-
plied for the standardization of OCT sensitivity.[18] We present
a new and intuitive approach for OCT sensitivity evaluation by
modulating detected signal intensity down to and below themini-
mum threshold of detectability via a phantomwith angled 3Dmi-
cromirror arrays, emulating the low-light conditions typical dur-
ing live tissue imaging.
Additive manufacturing (aka 3D printing) technologies are

uniquely well suited for the fabrication of 3D structures that
require precise geometric control.[31–33] Many phantoms for
biomedical imaging modalities are already developed via ad-
ditive manufacturing techniques, owing to the rapid prototyp-
ing, low cost, and near-limitless geometric versatility of the
platforms.[34–36] However, the need for sub-micrometer feature
sizes due to the micrometer-scale resolution of OCT systems
means that the majority of extrusion- and vat polymerization-
based additive manufacturing techniques are insufficient to pro-
duce OCT phantoms.[37] While traditional mask-based litho-
graphic techniques have more-than-sufficient spatial resolu-
tion, they are largely limited to planar structures unfit to
fabricate the microstructures needed for this application,
leaving two-photon direct laser writing (DLW) as the best
alternative.[38]

DLW uses a femtosecond pulsed IR laser to selectively poly-
merize a photoresist via two-photon absorption in a point-by-
point, layer-by-layer process, building up microstructures with
resolutions on the order of 100 nm.[39–41] This unparalleled com-
bination of resolution and geometric potential has already led to
DLW being utilized in many photonics applications, including
the fabrication of microlens arrays,[42] multi-lens objectives,[43]

and waveguide gratings.[44] Yet, for some optical applications,
the inherent surface roughness resulting from the point-by-point
curing process can be prohibitive.[41] While careful selection of
voxel path size has shown some success in the reduction of
surface roughness,[45] thermally activated selective topographic
equilibrium (TASTE), pioneered by Helmut Schift’s research
group, has been demonstrated as a feasible solution for creat-
ing an optically smooth surface without significant impact to un-
derlying structures.[46,47] In order to utilize the TASTE process,
the microstructure features must first be printed into a nega-

tive photoresist via two-photon polymerization (Figure 1a,b,g),
then transferred into a thermoplastic photoresist, such as
poly(methylmethacrylate) (PMMA) (Figure 1c,d). Per TASTE, the
PMMA replica of the microstructures is then dosed with vac-
uum ultraviolet (VUV) light (Figure 1e), and selectively melted,
smoothing the surface of the microstructures while maintain-
ing the underlying structure (Figure 1f,h). By pairing DLW and
TASTE, we are able to fabricate microstructures with curved sur-
faces while effectively eliminating the surface roughness inher-
ent to the DLW process. Here we demonstrate the utility of this
phantom’s tailored reflectivity profile for sensitivity quantifica-
tion using a state-of-the-art laboratory OCT system for retinal
imaging.

2. Results and Discussion

2.1. Phantom Design and Direct Laser Writing

Our design implements microstructures that have slopes rang-
ing from 0 to 18°, for which the effective reflectivity with most
OCT systems goes from complete light return to no return at all.
To achieve a continuum of slope angles over the desired range,
a second-order polynomial defines the reflective surface profile
along a single axis. The effective reflectivity is determined both
by the refractive index mismatch at the air/device interface, and
the angle of the microstructure at any given point. The baseline
reflectivity, calculated via R = [(nPMMA − nair)/(nPMMA + nair)]

2

with nair = 1 and nPMMA = 1.49, isR = 0.0387. The local angle of
the microstructure determines the incident light percentage re-
turned to the pupil, assuming Gaussian beam illumination with
a 1/e2 diameter of 6.7 mm and specular reflection. A first-order
optical ray tracingmodel implemented inMATLAB (MathWorks,
Natick, MA) was used to determine the effective reflectivity curve
based on device-specific OCT system parameters (Figure 1i).
For the DLW-based printing of the microstructures, a Nano-

scribe Photonic GT2 (Nanoscribe GmbH, Germany) was used
to print one phantom master, consisting of four microstructures
and four scale bars and requiring a total print time of less than
50 min (Figure S1, Supporting Information). Each microstruc-
ture was designed to maximize the use of a single print field of
the 25× objective resulting in a footprint 250 μmlong and 100 μm
wide, increasing surface area while preventing additional surface
defects due to stitching multiple print fields together. Computer-
aided modeling (CAM) simulations and brightfield images of
the printing process for a single microstructure can be seen in
Figure 2a,b, respectively. Following standard DLW post-
processing (see the Experimental Section), each microstructure’s
integrity was confirmed via scanning electron microscopy (SEM)
(Figure 2c). A computer-aided design (CAD) rendering of a
complete phantom with all dimensions labeled is provided
(Figure S1, Supporting Information). The SolidWorks (Dassault
Systèmes, France) design files and Nanoscribe slicing files are
also available for download.

2.2. PMMA Feature Transfer and TASTE

A PDMS negative is made of the post-processed DLW print fol-
lowing verification of each microstructure’s integrity (Figure 2d;
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Figure 1. Conceptual illustrations of the direct laser writing (DLW) and subsequent post-processing for the fabrication of optically smooth curved
microstructures for the evaluation of ophthalmic optical coherence tomography (OCT) sensitivity. a) A drop of photocurable resist is placed on a
substrate and cross-linked via femtosecond pulsed IR laser in a point-by-point, layer-by-layer process. b) The resulting microstructure on the substrate,
composed of cured photoresist. Structures not to scale. c) A polydimethylsiloxane (PDMS) negative is created of the print. d) A replica of the print
is molded in poly(methyl methacrylate) (PMMA) on top of and fused to a PMMA substrate. e) The PMMA replica is dosed with vacuum-ultraviolet
(VUV) light. f) The PMMA replica is heated to selectively melt the top surface of the microstructures. g) Rendering of an individual microstructure with
the surface roughness inherent to the DLW process. Substrate texture exaggerated for visual effect. h) Rendering of the same microstructure following
post-processing with an optically-smooth surface. i) An effective reflectivity curve via a ray tracing model, demonstrating the predicted change in light
return with microstructure slope angle.

Figure S3, Supporting Information). This negative is then used
in an elastomeric micromolding process similar to microtrans-
fer molding (μTM) first demonstrated by Whitesides’ group.[48]

The thermoplastic photoresist PMMA is dissolved in solvent
anisole and pipetted atop the overturned PDMS negative. The
PMMA/anisole solution is allowed to partially harden on a
hotplate prior to the placement of the PMMA substrate atop
them, to ensure all air pockets are purged (Figure S3, Sup-
porting Information). The PMMA substrate is then placed
atop the negative and weighted to ensure conformal contact
(Figure 2e). The PDMS negative is then peeled away once all
anisole has evaporated. Using PMMA as both the thin film
and substrate in this elastomeric micromolding process serve
two purposes: 1) it increases the interface strength between
the molded microstructures and the substrate, a known fail-

ure point with μTM,[49] and 2) it minimizes the reflection from
the substrate/microstructure interface by matching the refrac-
tive indices as closely as possible. Bright reflections result-
ing from a large refractive index mismatch between the sub-
strate and thin film will saturate OCT volumes, preventing ac-
curate intensity readings. The molding process was used to pro-
duce four faithful replicas of the original DLW print, which
accurately reproduced both macroscopic structural features
and sub-micrometer features such as individual slicing layers
(Figure 3a,c).
The surface texture resulting from DLW’s point-by-point cur-

ing process, transferred into the PMMA replica, prevents the
microstructures from acting as perfect mirrors. As is necessary
for TASTE, PMMA’s positive-tone photoresist mechanism relies
on the absorption of sufficient energy to cause significant rates

Figure 2. Fabrication procedure for the combined DLW-based printing and thermally activated selective topographic equilibrium (TASTE) for the fabri-
cation of OCT sensitivity phantoms. a,b) the DLW approach for printing variably-sloped microstructures, with a) computer-aided manufacturing (CAM)
simulations, and b) corresponding brightfield images of the printing process. c) Scanning electron microscopy (SEM) image of a single variably-sloped
microstructure verifying print success. d) PDMS mold creation of the post-processed DLW print. e) A replica of the mold is formed via a PMMA/anisole
solution and prefabricated PMMA substrate. f) The PMMA replica is dosed with VUV light via xenon lamp. g) The posed PMMA replica is selectively
heated via a mounted soldering iron. h) SEM image of a post-processed microstructure.
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Figure 3. Fabrication results for a,b) the DLW-based printing, c,d) the elastomeric micromolding replication, and e,f) the TASTE-based post-processing.
All scale bars = 50 μm. SEM images of the entire phantom, a single microstructure, and a close-up view of a single microstructure are seen from left to
right respectively, for a) the printed microstructure array, c) the PMMA replica, and e) the post-processed phantom. Image brightness profile plots for
the corresponding close-up microstructure views can be seen for b) the printed microstructure array, d) the PMMA replica, and f) the post-processed
phantom.

of main chain scission and side group removal, decreasing av-
erage molecular weight.[50–53] This overall reduction in average
molecular weight decreases the glass transition temperature and
melting point of the polymer.[54] By irradiating PMMAwith VUV
light (Figure 2f), we can isolate this reduction in transition tem-
perature to a superficial 1 μm thick layer of the material, caus-
ing the surface texture to melt (Figure 2g) at reduced tempera-
tures while leaving the underlying structural PMMA unchanged
(Figure 2h).[47]

SEM provides visual evidence that the TASTE process effec-
tively reduced the surface texture resulting from the DLW print
process. The prominent stair-like features, seen both in the IP-
Dip2 print (Figure 3a,b) and the PMMA replica (Figure 3c,d), be-
come less obtrusive on the post-processed phantom (Figure 3e,f),
as further supported by AFM measurements (Figure S2, Sup-
porting Information). The reflow process also resulted in slight
structural changes, altering the slope profile of the angled mi-
crostructures across both their width and length (Figure 4). Com-
pared to the original print (Figure 4a–c), the processed phan-
tom developed a cupped surface across its width, with the promi-
nence of the sloped edges increasing with height (Figure 4d–f).
Additionally, in contrast to the linear slope profile observed
in the DLW print (Figure 4c), the reflowed PMMA exhibits a
much steeper slope at the tallest region of the angled element
(Figure 4f). This then quickly tapers to a more linear, shal-
low slope for the remainder of the structure’s length. This re-
sults in a longer section of the microstructure having a lower-
sloped, more highly reflective surface, which then quickly transi-
tions to a steeper-sloped region for the remaining length of the
microstructure.

2.3. Quantitative Reflow Evaluation

The OCT device used for the initial post-processing evaluation
is an ophthalmic spectral-domain adaptive optics (AO)-enhanced
OCT (AO-OCT) system constructed at the FDA.[55] As an oph-
thalmic imaging system, it relies on refraction by the cornea
and crystalline lens of the human eye to image the retina. To
mimic this behavior, the phantom is loaded into a custom-built
model eye with an achromatic lens matching the dioptric power
of a human eye. Adaptive optics, a technology first used by as-
tronomers to correct for atmospheric turbulence that perturbed
ground-based telescopes,[56] has since been adapted to correct
for ocular aberrations that result from light passing through the
anterior segment of the human eye.[57] The system relies on a
wavefront sensor to detect the aberrations and a deformable mir-
ror to correct the wavefront error.[58] The textured surface of the
glass diffuser on which the original design is printed has two
critical functions: 1) The diffuse reflection provides a more uni-
form wavefront sensor signal, providing better AO correction; 2)
It reduces the overall reflectivity from the areas around the mi-
crostructures, preventing detector saturation. Adaptive optics is
used to improve the lateral resolution of the OCT system but has
little impact on how our phantom evaluates system sensitivity,
which is the target of this work.
High-magnification AO-OCT scans (1.66 pixels μm−1) were

taken of the four microstructures on each of the four phantoms,
for a total of sixteen variable-sloped micromirrors (Figure 5). Ad-
ditional scans were taken of the DLW-printed microstructures
for post-processing efficacy evaluation. The volumes were loaded
into ImageJ (NIH, Bethesda, MD), where dimensions were
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Figure 4. An SEM image and quantitative surface profile plots of a single microstructure from a–c) the printed microstructure array and d–f) the post-
processed phantom determined via stylus profilometry. a) An SEM image of a single DLW-printed microstructure with red, blue, and green vertical
cross-section indicators and a black horizontal cross-section indicator. b) The surface profile across the width of the microstructure at sequentially
decreasing heights indicated in red, blue, and green. c) Both the surface profile of the microstructure along its length, indicated in black, and the
absolute value of an instantaneous slope profile of the microstructure along its length, indicated in blue. d) An SEM image of a single post-processed
phantom microstructure with red, blue, and green vertical cross-section indicators and a black horizontal cross-section indicator. e) The surface profile
across the width of themicrostructure at sequentially decreasing heights indicated in red, blue, and green. f) Both the surface profile of themicrostructure
along its length, indicated in black, and the absolute value of an instantaneous slope profile of the microstructure along its length, indicated in blue.

calibrated via scale-bar separation. Scale bar separation was con-
firmed via brightfieldmicroscopy (Optiphot, Nikon, Tokyo). Once
properly scaled, the OCT scans were compared to the stylus pro-
filometry (Dektak 150, Veeco, New York) map of the true surface
profiles to get a pixel-by-pixel mapping between OCT intensity
and phantom slope angle, allowing for a true evaluation of de-
tected signal intensity versus microstructure surface reflectivity.
This analysis serves as an application-driven assessment of

the change in microstructure reflectivity that resulted from the
TASTE post-processing procedure. An unpaired t-test found that
the detected intensity is not significantly different between the
print and the processed phantoms for slope angles less than 12°

(p > 0.05, N = 84) but is significantly lower for the processed
phantom for slope angles greater than 12° (p < 0.001, N = 164)
(Figure 5b,e). A significantly lower detected intensity at higher
slope angles indicates that the microstructure’s surface has be-
come more optically smooth, causing it to reflect the majority
of the incident beam away from the detector as intended. For
further verification, atomic force microscopy (AFM) measure-
ments were taken across the surface of both a reflowed phan-
tom and the original DLW print. The average root mean squared
(RMS) roughness of the reflowed phantom and DLW print were
6.2 and 19.2 nm respectively, taken across 400 μm2 footprints at
the base of two angled elements on each sample. This demon-
strates a ≈68% overall decrease in surface roughness, though the
DLW print had some additional fine roughness (±5 nm) from a
gold sputter coating layer, while the reflowed phantom was un-
modified (Figure S2, Supporting Information). The OCT mea-
surements confirm that the surface roughness inherent to the
DLW process limits the optical performance of the print, as an-

ticipated by previous work.[41,45] The stair-like geometry allows
the local flat spots of each individually printed layer to reflect
light back to the detector, despite the intended slope of the re-
gion (Figure 5a–c). The OCT and AFMmeasurements verify that
the processed phantom has had these flat spots reflowed into a
continuous curve, successfully preventing the sporadic return of
light in higher-sloped regions (Figure 5d–f).

2.4. OCT Sensitivity Analysis

The sensitivity analysis was performed on two OCT devices: 1)
the AO-OCT system described in the previous section, using
the same data employed in the post-processing efficacy evalua-
tion, and 2) a commercially available OCT system without AO
(GAN610C1, Thorlabs, Newton, NJ). This analysis serves to as-
sess the phantom’s ability to determine an OCT system’s min-
imum reflectivity (Rmin) threshold. For the phantom to directly
quantify the OCT minimum detectable reflectivity threshold, it
had to both: 1) achieve surface conditions for which the returned
signal drops down to the noise floor, and 2) allow for accurate es-
timation of the effective reflectivity of the microstructure at the
location where this condition is achieved. The phantom was able
to reach the noise floor threshold across multiple samples in a re-
peatable manner for both systems (Figure 5e,g). Additionally, by
using stylus profilometry to confirm precise surface slope angles
despite structural changes during reflow, the phantom’s effective
reflectivity for the OCT system is known for each place the noise
floor was reached. By taking a 10-pointmoving average of the data
and determining the effective reflectance of the slope angle where
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Figure 5. Experimental results for OCT evaluation of post-processing and the analysis of OCT sensitivity. a) AO-OCT image of a single DLW-printed
microstructure, with a maximum-intensity projection performed over the entire image volume. Maximum-intensity projection serves to ensure that the
pictured brightness results from the most reflective point in the volume: the air/PMMA interface at the phantom surface. b) Detected intensity versus
slope angle for the DLW-printed microstructure with a 10-point moving average. The effective reflectivity of a smooth surface for each slope angle is
plotted on the second vertical axis. c) SEM image of the DLW-printed microstructure, providing orientation reference for AO-OCT image. d) AO-OCT
image of a single processed phantom microstructure, again with a maximum-intensity projection. e) AO-OCT detected intensity versus slope angle for
the four phantoms with a 20-point moving average to account for a larger dataset size. The effective reflectivity of a smooth surface for each slope angle
is plotted on the second vertical axis. The intersection of the experimental minimum reflectivity (Rmin) threshold with the effective reflectivity curve is
highlighted in red. f) SEM image of the processed microstructure for reference. g,h) detected intensity versus slope angle plot and commercial OCT
image of representative angled element, respectively.

the intensity values crossed the noise floor, we can determine
the OCT system’s sensitivity. With a threshold angle of 16.3°, we
find Rmin to equal −58 dB for the AO-OCT system. The commer-
cial OCT system produced a threshold angle of 5.5° for a corre-
sponding Rmin of −71 dB. The higher sensitivity of the commer-
cial system is expected, as the incorporation of AO-enabling opti-
cal elements diminishes light returned to the detector, though
other system factors also contribute to the relative sensitivity
values.

The non-phantom-based traditional method of OCT sensitiv-
ity evaluation uses the maximum signal-to-noise ratio (SNR) a
device can achieve, determined by imaging a highly reflective

surface to maximize Isample, where SNR =
I2
sample

𝜎
2
background

and SNRmax =

−Rmin.
[18,59] In our previous work we have noted that this method

for evaluating system sensitivity is limited by an assumed linear
relationship between performance in light-abundant and light-
starved conditions, likely making it unreliable.[18] Just as the
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minimally reflective sloped regions of the microstructures en-
able a direct calculation of Rmin, the highly reflective flat regions
enable a direct calculation of SNRmax. This provides a means
to explicitly compare sensitivity assessment methods. By averag-
ing the SNR values of the data points closest to a slope angle of
zero, where the signal return is the highest, we found SNRmax =
90 dB for the AO-OCT system. This result is 7 dB higher than
Liu et al. reported for the same system, a difference likely due to
this study using a slower scan speed with longer exposure time
for each pixel and a shorter focal length model eye with a higher
numerical aperture (NA).[55] These same calculations produce
SNRmax = 95 dB for the commercial device. This result is within
the usermanual-reported scan speed-dependent sensitivity range
of 84–102 dB for this system.
This result of SNRmax for the AO-OCT system is 32 dB higher

than the value determined via direct measurement of Rmin. In
previous work, we also directly measured Rmin via microsphere
suspensions with known reflectivities and found that it similarly
underestimated the traditional SNRmax calculation by 26 dB.[18]

While there is no microsphere suspension measurement of Rmin
for the commercial system, the comparison between Rmin and
SNRmax from this phantom produces a disparity of 24 dB, indicat-
ing a consistent method difference across different types of OCT
devices. The approximate concordance between our previous and
current results highlights the fact that any assumed linear re-
lationship between OCT system performance in light-abundant
(i.e., under a shot noise-limited condition) and light-starved con-
ditions is not valid and that the widely used sensitivity analysis
procedure vastly overestimates system performance. Unlike our
previous concept for sensitivity phantoms, which had discrete re-
flectivities in a liquid form, the phantom presented in this work
has a continuous range of reflectivities in a solid-state device, pro-
viding a long shelf life and the ability to evaluate a variety of OCT
systems without modification.

3. Conclusion

The noninvasive in vivo visualization of retinal structures is in-
valuable to ophthalmic disease diagnosis and management.[60,61]

OCT serves as one of the primary biomedical imaging platforms
for this purpose, with applications ranging frombiomarker track-
ing to the guiding of surgical interventions.[62] Despite its critical
role in ophthalmic medicine, the library of tools available for the
verification and assurance of high-quality OCT performance has
lagged behind.[17,18] In this work we developed an optical phan-
tom for direct OCT sensitivity evaluation with optically smooth
curved micromirror arrays fabricated via combining the micro-
fabrication geometric versatility of DLW and the selective surface
smoothing of TASTE and demonstrated with a state-of-the-art
laboratory retinal OCT system.
As the original microstructure design leverages two-photon

polymerization-based DLW, the geometric versatility of the mi-
crostructures is nigh on limitless. This versatility makes possi-
ble the development of a variety of other phantom types with
little modification to the manufacturing process described in
this work. Such phantoms could include those for the evalua-
tion of lateral resolution or dynamic range. While likely requir-
ing different post-processing than used in this work, DLW could
also be used to fabricate biomimetic phantoms, such as those

representing individual photoreceptor cells in the retina or the
choroidal microvasculature within and below the retina. DLW’s
utility has already been thoroughly demonstrated for microflu-
idic applications,[63–65] with Horng et al. demonstrating a retinal
vasculature phantom for fluorescence microscopy.[66]

The promising thermal reflow results were largely consistent
with the previous works from Helmut Schift’s group, though
slightly larger structural changes were observed.[46,47] While the
subtle difference in result has not yet been reconciled, the dis-
similaritymay result from the inconsistent PMMAmolding tech-
niques, the VUV irradiation equipment, or the thermal expo-
sure process, among other potential sources. Further investi-
gation into alternative or additional reflow processes, such as
solvent-vapor-induced reflow,[67] may serve to diminish the ob-
served macroscopic structural changes or further reduce surface
roughness. The utility of this depth-confined surface smooth-
ing procedure has potential applications across many fields, with
particular utility in optics. Two photonic applications for which
carefully tuned curved micromirror arrays, as we have demon-
strated in this work, are currently being investigated include
beam coupling[68] and atomic clocks.[69]

We anticipate that this OCT phantom will help remedy the on-
going inconsistency issues known to afflict OCT systems. The
phantom’s solid-state composition, continuous range of reflec-
tivities, and easily replicated nature are key features that enhance
its stability and ease of use for OCT device development, deploy-
ment, and maintenance. Future work on this device could op-
timize the dimensions of each microstructure for interchange-
able use on a wide range of OCT systems, ensuring compatibil-
ity with the majority of currently deployed devices. Nevertheless,
this phantom has shown to be an effective tool for OCT sensi-
tivity evaluation, supporting greater harmonization and reduced
variability related to OCT device use.

4. Experimental Section
Phantom Printing via DLW: The microstructures—modeled using

SolidWorks (Dassault Systèmes, France)—were designed with a footprint
of 250 μm × 100 μm, optimized to maximize surface area within the con-
straints of a single print field. The microstructures were arranged in a
set of four with the primary slopes pointing in each cardinal direction.
The second-order polynomial function defining the surface profile was
0.000683x2, with x referring to the distance in μm along the long axis of
the microstructure. Two pairs of scale bars were placed in the center, with
separations of 100 and 150 μm. The layout was exported as an STL and
uploaded to the CAM software, DeScribe (Nanoscribe). Slicing and hatch-
ing parameters were set to 100 nm to minimize initial surface texture. The
1200-grit sand-blasted glass diffuser (DG1200, Thorlabs, Newton, NJ) was
exposed to oxygen plasma for 30min prior to a 2-h bath in ethanol (50mL)
and 3-(trimethoxysilyl)propyl methacrylate (250 μL) for improved adhe-
sion. The substrate was then rinsed with isopropanol (IPA) and blow-dried
with nitrogen. A drop of photoresist IP-Dip2 (Nanoscribe) was placed on
the substrate, which was then loaded into theNanoscribe Photonic Profes-
sional GT2DLW3Dprinter. Dip-in laser lithography (DiLL)mode was used
with the 25× objective lens, a laser power of 20 mW, and a laser scanning
speed of 40 000 μm s−1. The completed print was soaked in a propylene
glycol methyl ether acetate (PGMEA) bath for 15 min, followed by an iso-
propyl alcohol (IPA) bath for 5 min, and finally placed in a UV cure box for
10 min.

PMMA Replication: The post-processed glass substrate was placed
print side up in a plastic petri dish covered with polydimethylsiloxane
(PDMS) elastomer (Sylgard 182, Dow Corning) and cured for 6 h on a
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hotplate at 65 °C. Once solidified, the PDMS and substrate were removed
from the petri dish. The substrate was then carefully peeled out of the
PDMS negative, ensuring no lateral movement between the print and the
PDMS mold while in contact. A circle was cut in the PDMS to remove
the region that was in conformal contact with the print and glass sur-
face, creating a stamp-like PDMS negative of the print. A 5:1 by-mass
solution of anisole and 120k molecular weight poly(methyl methacrylate)
(PMMA) (both from Sigma–Aldrich, Saint Louis, MO) was premixed in
a glass beaker. The PDMS negative was placed on a hot plate at 65 °C,
and 30 μL of the anisole/PMMA solution was placed on the surface of the
PDMS, fully covering the region with the print. This was left for 5 min to
purge any remaining bubbles. A 25-mm diameter PMMA disk (19-634, Ed-
mund Optics, Barrington, NJ) was then placed on top of the PDMS nega-
tive and secured with a 35-g weight, remaining on the hotplate for another
20 min. The PMMA disk was then peeled away from the PDMS negative,
taking the newly cured PMMA film with it.

TASTE: A vacuumultraviolet (VUV) xenon lamp (LC-X, Opthos Instru-
ment Company, Maryland) centered at a wavelength of 𝜆 = 172 nm was
used to irradiate the PMMA film. The lamp was ignited via a tesla coil
and ignition was maintained with a microwave emitter. Each PMMA sam-
ple was exposed to a total VUV dose of 1.458 J cm−2, with an estimated
50% absorbed within the first micron of the PMMA film. A mounted sol-
dering iron was used to heat the surface of the substrate containing the
microstructure array. A thermocouple was used to confirm PMMA surface
temperature. A surface temperature of 87 ± 1.5 °C was maintained for
2.5 min to complete the reflow process.

Phantom Characterization: Low accelerating-voltage SEM images
(Mira 3, TESCAN, Brno-Kohoutovice, Czech Republic) were taken of 5 nm
gold-coated sacrificial samples under vacuum to provide high-resolution
images of the phantom at every stage of its development. SEM images
were also taken of the phantoms without the gold coating to verify in-
tegrity. Stylus profilometry (Dektak 150, Veeco, New York, USA) was per-
formed with a 12.5 μm tip diameter to create a topographical map of each
microstructure for determination of true slope values and evaluate struc-
tural changes post-reflow. Brightfieldmicroscopy (Optiphot, Nikon, Tokyo,
Japan) was used to confirm scale bar separation and verify microstructure
footprint post-reflow, which was then used to establish scale within each
OCT image. AFM imaging was performed on a Bruker Dimension Icon
AFM operating in tapping mode. Images were collected using RTESPA-
300 probes (Bruker Nano) with a nominal spring constant of 40 N m−1

and a nominal radius of curvature of 8 nm. The samples were imaged at
a scan rate of 0.5 Hz over an area of 20 μm × 20 μm. The fast scan axis
was always oriented parallel to the long side of the angled element. AFM
image analysis was performed using both Bruker NanoScope Analysis and
Gwyddion software packages, and images were flattened prior to perform-
ing section analysis and roughness calculations.

OCT Imaging and Evaluation: For AO-OCT data collection, each phan-
tom was placed in the back of a model eye with a single lens (49-952-INK,
Edmund Optics) mimicking the total refraction of the human eye to en-
able the OCT system to image the phantom as it would a human retina.
This model eye was then mounted on the chinrest of the OCT system
to minimize vibration. AO-OCT scans (1.66 pixels μm−1) were taken of
each phantom’s microstructures, with additional scans taken of the DLW-
printed microstructures. For data collection from the commercial OCT de-
vice, the phantoms were placed on a flat surface directly underneath the
objective, which was translated vertically to bring the phantom into focus.
OCT scans (1.0 pixels μm−1) were taken of each angled element of two
phantoms. With both systems, a neutral density filter was inserted in the
OCT sample arm light path to prevent detector saturation (nominal optical
density 1.0 for AO-OCT, and 3.0 for commercial OCT).

These 32-bit floating-point OCT volumes were then loaded into ImageJ
(NIH, Bethesda, MD) where ROIs were overlaid to establish a scale for the
mapping of OCT intensity values to profilometer slope angles. Intensity
versus slope angle was plotted collectively for the fifteen microstructures
imaged with the AO-OCT system, as well as for the eight imaged via the
commercial OCT system. A separate plot for the AO-OCT imaging of the
four microstructures of the original DLW-printed sample was also shown.
The noise floor was established by taking the standard deviation of the

reported signal intensity from a volume of theOCT scan that corresponded
to open air. The noise floor was averaged over every phantom imaged by
each system and was measured separately for the DLW-printed sample.

Statistical Analysis: Statistical significance was determined via an un-
paired t-test. One-tailed p values of greater than 0.05 were considered sta-
tistically indistinguishable, with no fewer than 10 samples in any group.
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Supporting Information is available from the Wiley Online Library or from
the author.
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