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ABSTRACT 

Adaptive optics scanning laser ophthalmoscopy (AOSLO) is 
an emerging imaging modality capable of resolving photoreceptors 
and microscopic structures in the living human retina, allowing 
clinicians to non-invasively detect retinal pathologies unseen by 
other methods. Widespread clinical use of complex imaging systems 
like AOSLO often requires standardized system performance 
assessments with “phantoms”—accurate physical models of 
anatomical structures. To date, however, challenges in 
manufacturing retinal phantoms at relevant scales has hindered such 
standardization for AOSLO. To overcome these barriers, here we 
introduce novel microwell array phantoms that comprise triangular 
sidewalls—enabled by the submicron-scale geometric versatility of 
“Direct Laser Writing (DLW)”-based additive manufacturing—and 
are 3D printed directly onto glass diffusers. The array geometries 
mimic retinal photoreceptor mosaic attributes (cell diameter and 
spacing) and are combined with a glass diffuser surface texture, 
which allows for high control over reflectivity, critical for 
informative AOSLO image capture. Experimental AOSLO imaging 
results revealed peak-to-valley grayscale differentiation of 
160±25.4 and 190±29.6 (a.u.) for the 5 µm and 9 µm center-to-
center arrays, respectively, suggesting attainment of phantom 
performance pertinent to the evaluation of AOSLO spatial 
resolution. Thus, the concepts presented here establish a pathway 
for new classes of AOSLO phantoms to support greater clinical use. 
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INTRODUCTION 
 Adaptive optics scanning laser ophthalmoscopy (AOSLO) is 
uniquely suited for detecting and monitoring retinal diseases by 
visualization of key retinal cells and structures [1] via correction of 
aberrations present in the human eye [2]. First demonstrated by 
Liang et al., adaptive optics operates with a wavefront sensor to 
measure the magnitude of ocular aberrations and a deformable 
mirror to correct the wave aberrations [3]. AOSLO systems can 
resolve single photoreceptors within their mosaic [4]. Other relevant 

microscopic structures, including ganglion cells [5], vasculature [6], 
Henle fibers [7], and retinal pigment epithelial cells, can also be 
investigated in detail with AOSLO [8]. Despite such promise, 
concerns regarding the repeatability of optical measurements remain 
a significant barrier to mainstream clinical adoption of AOSLO 
systems [9].  
 Retinal “phantoms”—physical models that recapitulate the 
structural and optical characteristics of in vivo anatomy—offer the 
potential to address these issues by standardizing AOSLO system 
performance assessment to minimize undesired clinical variability 
[10]. Unfortunately, manufacturing photoreceptor mosaic phantoms 
at biologically relevant scales without compromising reflectivity 
performance has remained a critical challenge. For example, 
micropost array-based phantoms produce irregular patterns and 
require protocols that increase the potential for undesired variations 
[11, 12]. Notably, the micropost structure contributes to anti-
reflectivity properties that reduce the phantom capabilities as the 
arrays at spacings expected to be resolved appear as dark regions 
[13]. Recent advances in the two-photon (or multi-photon) additive 
manufacturing strategy, “Direct Laser Writing (DLW)”, provides 
distinctive benefits for fabricating retinal phantoms at accurate 
length scales and with unparalleled freedom in geometric design 
[14-16]. By harnessing this technology, here we shift away from 
established micropost array-based approaches to instead investigate 
novel DLW-enabled microwell array phantoms with triangular 
sidewalls that are 3D printed directly onto glass diffuser substrates.  
 
CONCEPT 

The overall concept for DLW-based 3D printing of triangular-
walled microwell arrays onto a glass diffuser (which comprises a 
random surface texture) for the optics community are presented in 
Figure 1. The diffuser is mounted in a DLW 3D printer where the 
roughened surface—immersed in a photocurable material—is 
aligned with the objective lens (Fig. 1a). Importantly, in contrast to 
prior work in which phantoms were manufactured onto smooth 
substrates [17], the decision to print the phantom atop the relatively 
rough texture of the glass diffuser is motivated by the capacity for 
such surfaces to yield uniform light distribution in the wavefront 
sensor image for stable adaptive optics correction. Next, a 3D 

Figure 1: Concept of “Direct Laser Writing (DLW)”-based triangular-walled retinal phantoms for Adaptive Optics Scanning Light 
Ophthalmoscopy (AOSLO). (a, b) Concept of DLW-print microwell arrays onto a glass diffuser. (c–e) Cross sections of (c) 3 µm, (d) 5 µm, 
and (e) 9 µm center-to-center designs. (f) Example of AOSLO imaging a human subject. 
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microwell array is printed directly onto the diffuse surface by  
scanning a femtosecond pulsed infrared (IR) laser point-by-point, 
layer-by-layer, to induce polymerization of the photomaterial in 
target locations (Fig. 1a – inset). The glass diffuser-structure 
assembly is removed from the DLW printer and placed in a 
developer solution to remove any uncured photomaterial, leaving 
the microwell array adhered to the surface of the glass diffuser 
(Fig. 1b). Due to the geometric control and submicron feature 
resolution afforded by the DLW technology, each triangular-walled 
microwell array can be designed with distinct dimensions (e.g., 
Fig. 1c–e) that are relevant to AOSLO imaging of the human retina 
(Fig. 1f).   
 
MATERIALS AND METHODS 
DLW-Printing of 3D Microwell Structures 

All DLW protocols in this work are based on the use of a 
Nanoscribe Photonic Professional GT2 DLW 3D printer 
(Nanoscribe GmbH, Karlsruhe, Germany). Prior to printing, 
borosilicate ground glass diffusers (DG10-1500, Thorlabs, Inc., 
Newton, NJ), with a thickness of 2 mm and a diameter of 25.4 mm, 
were washed and rinsed with acetone and isopropyl alcohol (IPA). 
Once dried, the surface designated for print adhesion was placed 
face-up in a tabletop Plasma Cleaner (PIE Scientific, Union City, 
CA) and exposed to Oxygen plasma for 30 minutes. Once the cycle 
was complete, the substrate was placed in a bath of ethanol/3-
(trimethoxysilyl)propyl methacrylate solution for 1 hour. The 
substrate was removed from the solution, rinsed with acetone and 
DI water, and dried. Then, the glass diffuser was mounted into the 
Nanoscribe DLW printer with a single droplet of IP-Dip2 
photoresist (Nanoscribe). The substrate is mounted in the “Dip-in 
Laser Lithography (DiLL)” configuration, with the lens immersed 
in the photoresist.  

The computer-aided design (CAD) software, SolidWorks 
(Dassault Systèmes, France), was used to generate 3D models of the 
triangular-walled microwell arrays with varying center-to-center 
distances. These distances were selected to mimic photoreceptor 
mosaics of the human eye across the macula at different retinal 
eccentricities to evaluate the resolution capabilities of AOSLO 
systems for clinical use. Each model was exported as an STL file 
and then imported into the computer-aided manufacturing (CAM) 
software, Describe (Nanoscribe), for laser writing path generation. 
All designs included 100 nm hatching and 100 nm layer heights with 
2 contours spaced 100 nm apart.  

All designs were printed with the 63× objective lens in DiLL 
mode with a laser power of 35 mW and a laser scanning speed of 
25 mm/s. Due to the abnormal surface texture and to account for any 
unintended deviations, the surface interface of the glass diffuser was 
found manually. The DLW printing process was initiated with 
approximately 3 µm of overlap into the glass (with respect to the 
surface interface). Following the DLW process, the diffuser-print 

Figure 2: Sequential images of (a) simulations, and (b) the corresponding DLW printing process for a representative array. Scale bars = 
20 µm. (c) Brightfield of the retinal phantom comprising multiple, distinct arrays (highlighting the 9 µm array). Scale bar = 20 µm;  
Expanded view scale bar = 100 µm. 

Figure 3: Fabrication results. (a) SEM micrographs of  
2–5 µm triangular-walled microwell arrays. (b) A corresponding 
AOSLO image of the 2–5 µm arrays. Scale bar = 20 µm. 

297



assembly was removed from the printer, developed using propylene 
glycol methyl ether acetate (PGMEA) for 20 min, and then IPA for 
5 min. The assembly was dried using Nitrogen gas.  

 
Phantom Characterization 

Scanning electron microscope (SEM) images of the DLW-
based prints were captured using a Phenom XL G2 Benchtop SEM 
(Thermo Fisher Scientific, Waltham, MA). AOSLO images were 
captured using an AOSLO system that was custom-built in the FDA 
laboratory for investigational use on human subjects [18]. For 
AOSLO imaging, the phantoms were placed at the retinal plane of a 
model eye, which uses an achromatic glass lens to replicate the 
focusing properties of a typical human eye. The model eye assembly 
includes a translation mount for the phantom to bring the printed 
structures into the center of the AOSLO field of view. Quantitative 
analysis of AOSLO images was performed with ImageJ (NIH, 
Bethesda, MD) to determine reflectivity and spatial dimensions via 
established methods [19].  
 
RESULTS AND DISCUSSION 

 CAM simulations and corresponding micrographs of the 
DLW-based 3D printing process for a representative microwell 
array (i.e., the 9 μm center-to-center design) are presented in Figure 
2a and 2b, respectively. The entire printing process for each print 

field (~140×140 µm2) was completed in less than 15 min. Larger 
arrays such as the 9 µm array (side length = 99 µm) occupied an 
entire print field, while arrays with smaller center-to-center 
distances and side lengths less than 30 µm, such as the 2–3 µm 
designs, could be included in a single print field, reducing the total 
print time. Fabrication results revealed effective DLW-based 
printing fidelity for all the microwell array designs examined despite 
the non-uniformity of the glass diffuser’s rough surface (Fig. 2c; 
Fig. 3a). 

AOSLO images of the phantom exhibited distinct bright spots 
in patterns corresponding directly to the microwell arrays (Fig. 3)—
a critical requirement for imaging characterization. The AOSLO 
results revealed two key trends. First, the arrays with ≤3 μm center-
to-center spacings could not be resolved, and therefore, clearly  
set a meaningful resolution performance limit for AOSLO (e.g.,  
Fig. 4a,d). For example, quantified AOSLO grayscale intensities for 
the 3 μm design revealed indistinguishable peak-to-valley results  
(Fig. 4g). In contrast, we observed that the larger spacing-associated 
designs were not only directly visible, but that the imaging 
conspicuity improved further with increasing center-to-center 
spacing. For example, the quantified AOSLO peak-to-valley 
grayscale results increased from 160±25.4 to 190±29.6 (a.u.) for the 
5 μm and 9 μm cases, respectively (Fig. 4).  

 

Figure 4: Imaging results for the microwell array design. (a–c) SEM micrographs, (d–f) Corresponding AOSLO images, and  
(g–i) Quantified gray-scale intensities along a representative region of interest of the AOSLO images for microwell arrays with center-to-
center designs of: (a, d, g) 3 µm, (b, e, h) 5 µm, and (c, f, i) 9 µm designs. Scale bars = 20 µm. 
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CONCLUSIONS 
In this work, we investigated a novel strategy for using DLW-

based additive manufacturing to 3D print triangular-walled 
microwell structures directly onto glass diffusers. Previous retinal 
phantoms from our group required intensive fabrication strategies to 
achieve an effective phantom including encapsulating gold-coated, 
micropost structures in PDMS and placing that assembly behind an 
IPA-filled chamber for index matching within the model eye [11]. 
Such a complex setup hindered adoption by the AOSLO research 
community, thus limiting the impact. Later work by our group 
included a micropost-based system that was limited by irregular 
reflection patterns from the interstitial space that reduced 
functionality [12, 19]. Furthermore, previous phantoms used diffuse 
textures printed on the smooth side of a Si wafer, which led to 
additional molding strategies and increased fabrication time. In 
contrast, the fabrication strategy presented here achieved effective 
photoresist-to-substrate bonding, enabling immediate AOSLO 
imaging following development. AOSLO imaging demonstrated 
patterned reflectivity based on varied center-to-center distances. 
Additional design modifications could further enhance the visibility 
of the arrays in relation to the adjacent diffuse texture and improve 
the integrity of the overall structure. Future experiments will 
investigate phantom-to-phantom repeatability and sources of 
variation among manufactured microwell arrays, especially for 
smaller center-to-center distance designs. Overall, these results 
serve as a fundamental proof of concept of the triangular-walled 
microwell array phantom as a means to efficiently compare and 
track AOSLO system performance. 
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