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Abstract

A design and fabrication technique for making high-precision and large-format multifaceted 

mapping mirrors is presented. The method is based on two-photon polymerization, which allows 

more flexibility in the mapping mirror design. The mirror fabricated in this paper consists of 

36 2D tilted square pixels, instead of the continuous facet design used in diamond cutting. The 

paper presents a detailed discussion of the fabrication parameters and optimization process, with 

particular emphasis on the optimization of stitching defects by compensating for the overall 

tilt angle and reducing the printing field of view. The fabricated mirrors were coated with a 

thin layer of aluminum (93 nm) using sputter coating to enhance the reflection rate over the 

target wave range. The mapping mirror was characterized using a white light interferometer and 

a scanning electron microscope, which demonstrates its optical quality surface (with a surface 

roughness of 12 nm) and high-precision tilt angles (with an average of 2.03% deviation). Finally, 

the incorporation of one of the 3D printed mapping mirrors into an image mapping spectrometer 

prototype allowed for the acquisition of high-quality images of the USAF resolution target and 

bovine pulmonary artery endothelial cells stained with three fluorescent dyes, demonstrating the 

potential of this technology for practical applications.

1. INTRODUCTION

Hyperspectral imaging is becoming an increasingly popular modality throughout the fields 

of astronomy [1–3], agriculture [4–6], biotechnology [7,8], and environment [9]. It collects 

spatial and spectral information from objects and generates 3D datacubes x, y, λ . The 

spectral information combined with the spatial information of objects enables robust 

analysis and detection algorithms. Over the past few decades, several types of these imaging 

spectrometers have been invented. Spectral imaging systems can be divided into three 

main categories: spatial scanning [10], spectral scanning [11,12], and non-scanning/snapshot 

[8,13–16]. This last group can be further divided into direct/field integral imaging [13,17], 
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aperture split [17,18], image duplication through polarization/filter components, or coded 

computational methods such as computed tomographic imaging spectrometer (CTIS) or 

coded aperture snapshot spectral imaging (CASSI) [17,18]. Snapshot hyperspectral imaging 

systems were developed recently with the aim to detect weak signals at a relatively 

high frame rate because of their high light throughput [8,17–19]. In addition, snapshot 

imaging spectrometers do not have complicated scanning mechanisms built into the system, 

significantly improving stability. Therefore, they are often used in fluorescence imaging and 

fast-changing phenomena capture.

There are many studies about the design and fabrication of snapshot image mapping 

spectrometers (IMSs) [8,13,16,19,20]. The IMS uses a specially designed multifaceted 

mapping mirror and a matching microlens array to create void spaces between image slices 

on the sensor. A prism array is used to introduce dispersion to fill the void spaces with 

spectral information. Thus, a single capture can record both spatial and spectral information. 

Similar to other snapshot imaging spectrometers, IMS also requires a calibration procedure 

to reconstruct the 3D hyperspectral datacubes from the 2D date on the sensor. It should 

be noted that image quality (sampling and resolution) from IMS strongly depends on 

the performance of the mapping mirror [21,22]. Therefore, the design and fabrication of 

the mapping mirror become crucial steps. Prior mirror fabrication was based on diamond 

machining including raster fly cutting and ruling, while each design necessitated a unique 

diamond tool [21]. The specifically designed diamond tools are usually less than 100 μm 

wide while the length of the tools is about 2 mm long. The needle-like shape makes 

them extremely difficult and expensive to fabricate. Furthermore, because diamond tools 

are delicate, the largest permitted cutting step is under 30 μm when cutting an aluminum 

substrate, resulting in a time-consuming and expensive fabrication procedure. Despite it, 

diamond-cut mappers still have many problems, such as edge eating and facet width 

limitation [16,21]. Diamond tools will unavoidably cut adjacent facets that are taller than 

the currently cut facet because of the included angle and tilt of the tool, which is called edge 

eating. This phenomenon causes the variant intensity of facets, increasing the difficulty of 

calibration and hurting the uniformity of final images. The other problem is that the smallest 

tool thickness we can achieve is about 70 μm. It limits our capabilities to further increase 

spatial sampling.

Ongoing efforts to enhance mapping mirror quality and miniaturize its size involve the 

exploration of numerous new methods, including diamond turning (DT) [23] and mapper 

assembly with multiple stacked layers [24]. For example, mapping mirrors are divided into 

separate components to allow a deeper cut in the DT process. Plate stacking allows for 

uniform facet width and low roughness, but has limited lengths and requires semi-manual 

plate assembly. Both techniques require high-precision assembly. The overlap of the cutting 

path during DT was investigated to enable the use of wider diamond tools for narrower 

facets, while this technique exacerbates the problem of overcutting. As a result, it appears 

that none of the above approaches can successfully allow for high facet density, uniform 

facet width, high angular precision, and time/cost-effective manufacturability all at once.

Two-photon polymerization (2PP) is a powerful technique for creating complex 3D 

structures with submicrometer resolution [25,26]. Because of the small focus region 
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generated by the two-photon femtosecond laser, the printed structure can achieve high 

resolution (down to 100 nm) [27,28] and optical quality roughness (less than 10 nm) 

[26–28]. The problems with 2PP printing, such as limited structure sizes and stitching 

defects, have been mitigated [29]. This makes it valuable for many applications, including 

micro-optics. In recent years, 2PP has been reported to successfully fabricate many optical 

components, including lenses [30–33] and grating/diffractive structures [34–36]. Two-

photon grayscale lithography (2GL) is a mode specifically designed for the fabrication of 

complex 2.5 D structures with arbitrary shapes and heights. This is achieved by modulating 

the laser power during exposure, resulting in a gradient of the polymerization degree along 

the beam propagation direction [37–39]. In other words, it can vary the voxel size smoothly 

during printing by controlling the laser power in one layer. It relies on laser calibration based 

on the slicing distance, hatching distance, scanning speed, and resin properties to determine 

the modulation function of the laser. The calibration process requires sweeping laser power 

for printing test prints (micro spherical lenses) and profiling the surface to determine the 

optimized laser power. In contrast to traditional 2PP 3D printing, the resulting structure has a 

continuous variation in height and shape, rather than being composed of discrete layers as in 

traditional 2PP. 2GL allows for the production of high-quality curved surfaces comparable to 

those created using four to five times smaller hatching and slicing in traditional 2PP, without 

increasing the fabrication time. This makes it particularly advantageous for applications such 

as micro-optics, where precise control of shape and height is necessary to achieve desired 

optical properties.

The primary objective of this paper is to investigate the application of the 2PP technique, 

especially 2GL mode, for improving fabrication quality and reducing fabrication complexity 

of making required mapping mirrors. In particular, the focus of our study is to assess 

the capacity of 2PP printed mapping mirrors to achieve surface quality comparable to, or 

even surpassing, existing standards in terms of surface roughness and surface tilt angle 

precision. Additionally, we aim to explore novel design concepts that take advantage of 

the flexibility offered by the 2PP technique to overcome the inherent limitations of diamond-

cut mapping mirrors, such as shadowing and edge eating. Finally, we also recognize the 

potential challenges that may arise when printing large-scale components exceeding 20 mm 

in size and plan to address these concerns.

In this paper, we report on the design and fabrication of multifaceted mapping mirrors using 

the 2PP technique. The new mapping mirrors abandon the previous continuous facet design, 

instead using a square-tilted pixel design. The mirror was designed as a 16-bit grayscale 

image in MATLAB and printed using a commercial 2PP printer in 2GL mode. To enable 

a reflection rate comparable to diamond-cut aluminum mapping mirrors, the mirror was 

sputter coated with a thin layer of aluminum (93 nm). The details of the optimization 

process and final printing parameters are discussed in this paper. The printed mapper was 

characterized using a white light interferometer and SEM to show its optical quality surface 

and the high-precision tilt angle for each pixel. In comparison to previous diamond-cut 

mappers, the new 3D printed mappers not only address most of the defects associated 

with the diamond-cut technique but also improve the uniformity and organization of pupil 

array distribution. Finally, we evaluated the imaging performance of the fabricated mapping 

mirror in a prototype IMS.
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2. DESIGN

The multifaceted mapping mirror is a critical component of an IMS system. It is used 

to slice the intermediate image and to redirect light onto the microlens array. Because 

of its location at the intermediate image plane, it directly affects the quality of the final 

reconstructed images. One of the key parameters of mapping mirrors is the 2D tilt angles, 

which determine whether the mapped image will be collected by the exact micrometer lens 

as designed. Referring to the optical layout of IMS in Fig. 1(a), the tilt angles are determined 

by the physical positions of the micro lens and the focal length of the collection lens. For 

facet i, the tilt angle can be calculated as

αi = tan−1 xi/f ,

(1)

βi = tan−1 yi/f ,

(2)

where αi and βi are tilt angles in horizontal and vertical directions, respectively; f is the 

focal length of the collection length; xi and yi are the position of the center of the micro lens 

corresponding to facet i.

Once the optimized tilt angles for each facet are determined, a grayscale image can be 

generated for the 2PP printer to process. MATLAB was used to generate the 16-bit grayscale 

image, and the step size was set to be 200 nm. 2D tilt angles can be converted to height 

values as

ℎ = b + tan αi
cos βi

x + tan βi
cos αi

y,

(3)

where b is the thickness of the base added in the design; x and y are positions in horizontal 

and vertical directions, respectively. Furthermore, as mentioned in Section 1, the diamond-

cut mapping mirrors have shadowing effects. The phenomenon is mainly because the height 

differences of two adjacent facets are significant. The taller facets will block light reflected 

from lower facets, which loses some signals of the lower facets. Reorganizing the order of 

these tilt angles mitigates the shadowing effect [21]. However, instead of the continuous 

facet design limited by the diamond-cut fabrication process, the pixel-based design can 

divide each facet into multiple square pixels with the same tilt angles. In this design, each 

facet (78 μm wide, 23 mm long) is divided into 300 78 μm × 78 μm square pixels. The DT 

is limited by the minimum tool width (78 μm). To have a direct comparison between the 

two techniques, the pixel size is set to be 78 μm × 78 μm. However, it should be noted that 

2PP can fabricate smaller pixels to increase the facet density. The height differences between 
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adjacent facets are reduced 300 times by dividing the facets into many separate pixels, which 

eliminates the shadowing effect. The final grayscale design is shown in Fig.2.

The 2PP technique was then used to fabricate the designed mapping mirrors. From a 

functional application perspective, important parameters are: (1) precision of the tilt angle, 

less than 6% deviation required by calibration tolerance; (2) surface roughness 10–15 nm, 

corresponding to molded optics quality; (3) surface form λ/10, previously determined to 

avoid point spread function broadening; (4) uniformity of facet dimensions, less than 

1%; (5) fabrication time, less than 100 h to increase reproducibility. In the study with a 

Nanoscribe Quantum X system, we utilized the 25× objective with 0.8 NA and 780 nm 

laser with a maximum power of 185 mW to polymerize IP-S resin, which theoretically can 

achieve the parameters mentioned above. More details about the system specifications are 

outlined on the Nanoscribe website ([40]).

3. FABRICATION

A. 2PP Printing

The printer used in this work is a commercial 2PP printer, Quantum X from Nanoscribe, 

Germany. The design of the mapping mirror generated from MATLAB was in 16-bit 

grayscale PNG image format. The image file was first loaded into the software GrayscribeX, 

provided together with the printer specifically for 2GL mode, for pre-processing. The pre-

processing was used to set up the printing parameters and compensation. To avoid the 

generation of an excessively large printing file, only one column containing all the various 

tilts was loaded into GrayscribeX. The “tiling” feature was then applied to duplicate the 

signal column in the horizontal direction to form the entire mapping mirror. The final 

printing parameters used are shown in Table 1. Following the printing process, the sample 

was immersed in SU-8 developer for a duration of 18.5 min to facilitate development. 

Notably, it was observed that excessive development time resulted in diminished structure at 

the edge of the sample. To address this issue, the development time was carefully optimized 

in half-minute increments. The selected 18.5 min duration proved effective in completely 

removing the IP-S resin located on top of the structure while maintaining the quality of the 

printed sample. It was then washed with 99.9% isopropohyl alcohol (IPA) for 4 min.

All the printing and developing parameters were optimized in an iterative process. First, 9 

× 9 pixel testing samples were printed to globally search for the optimized slicing distance, 

hatching distance, and scanning speed. The slicing distance determines the voxel size in the 

z direction, while the hatching distance controls the scanning spacing in the xy plane. The 

hatching direction can be either x or y depending on the printing structure. However, in the 

2GL mode, the voxel size may vary slightly by modulating the laser power if necessary to 

fill the design volume precisely. The parameters leading to the best surface roughness and 

form are 1 μm slicing distance, 0.2 μm hatching distance in the y direction, and 20,000 

μm/s scanning speed. The printed mapping mirror was observed under a Zygo white light 

interferometer (NewView 5000, Zygo, CT, USA) using 20× magnification, which is shown 

in Fig. 3(a). The result shows relatively good surface roughness but two main problems: 

flat top and deformed tail. Directly printing the structure on the substrate fully relies on 
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the precision of the interface-finding algorithm. When the printing structure is relatively 

low (about 10 μm), it can impact the printing results significantly. A base was added in 

the software setup to improve the control of height. Additionally, a base can minimize 

the impact of backreflection from the printing substrate and add adhesion to the printing 

structure. Five different base heights (1, 2, 3, 4, and 5 μm) were tested. The surface quality 

indicated that when the base thickness exceeded 3 μm, there was no visible improvement by 

increasing the base thickness. To verify that adding a base can improve the quality of the 

entire mapping mirror printing, a quarter of the entire mapping mirror was printed with a 

3 μm base. The selected area is shown in Fig. 3(b). The result has a sharp top, but adding 

a base does not fully solve the deformed tail problem. The defects still appeared at the 

interface between the mapping mirror structure and the base or fused silica microscope slide. 

Note that the printing parameters for the structure and the base were different in the 2GL 

mode. When the structure was printed, the printer modulated the laser power to create an 

adaptive laser-focusing voxel for a precise and smooth surface. However, base printing used 

a fixed 45 mW, which is slightly lower than the average printing laser power. The base layer 

may shrink more compared to the overlaying structure. Therefore, an extra base was added 

to the design, which is written on top of the first base. This extra base used the same printing 

parameters as the structure to provide a smooth transition from the base to the structure. In 

other words, no interface was supposed to be observed under the mapping mirror structure. 

The result shown in Fig. 3(c) demonstrates that the extra base did significantly improve the 

deformed tail. The bases have no influence on the functionality of mapping mirrors. Thus, 

bases were kept when integrating the mapping mirrors with an IMS prototype. However, 

this result provides only good single-pixel surface quality. The pixels located in the stitching 

area still show defectiveness. To better demonstrate how stitching defects affect the quality 

of final reconstructed images, it is discussed together with the 1951 USAF resolution target 

imaging in Section 6.

B. Sputter Coating

After polymerization and development, the IP-S resin forms a transparent structure, which 

needs to be coated with a layer of aluminum to enable the functionality of mapping mirrors. 

The sputter coating machine (AJA ATC Orion Sputter System, MA, USA) was used to 

apply the aluminum coating at the Shared Equipment Authority (SEA) at Rice University. 

The thickness of the aluminum coating was measured to be approximately 93 nm using 

the Zygo white light interferometer, with less than 1% transmission rate over the visible 

range of 400–700 nm. Aluminum was selected because of its relatively uniform reflection 

over the entire target wave range. However, the coating is not limited to aluminum. When 

IMS systems need to be applied for short-infrared or infrared range, other materials, 

such as silver, copper, and gold, can also be applied. This is another advantage of the 

fabrication technique compared to diamond machining. Figure 4(a) displays the ultimate 

mapping mirror after the development process. Notably, the mapping mirrors featuring a thin 

aluminum layer demonstrate substantially higher reflection levels in the visible range, as 

presented in Fig.4(b).
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4. CHARACTERIZATION

The quality of the printed mapper mirror was also assessed using the white light 

interferometer. In general, the printed mapping mirror consists of numerous square pixels 

with 36 different tilt angles, which are replicated across the entire mapping mirror. The 

quality of the mapping mirror can be quantified based on the primary parameters: surface 

roughness, form, and the accuracy of the tilt angles.

A. Surface Roughness and Form

The surface shape was measured using 50× magnification within 70 μm × 70 μm field 

of view (FOV). The data from the pixel with the largest tilt angle measured by the 

interferometer are shown in Fig. 5 as an example. As a consequence of the slightly disparate 

shrinkage of IP-S resin in two dimensions, pixels exhibit distinct cylindrical forms. Notably, 

the degree of deformation directly depends on the tilt angles, with pixels displaying greater 

deformations if they possess larger quantities of resin. To account for this, initial attempts 

were made to employ cylindrical shapes for fitting the pixel surfaces. Given the exact 

height of the mapper mirrors, which is less than 10 μm, the observed shrinkage is minimal, 

of the order of surface roughness levels. Consequently, all measured data obtained from 

the interferometer were directly substrated by the closest flat tilt surfaces to calculate the 

minimum RMS value. The mapping mirror has 36 different tilt angles in total. Two pixels 

from each tilt angle were selected. The RMS values of all 36 tilt angles are listed in Table 

2. The average surface deviation from reference flat surfaces was 12.187 nm in a selected 

70 μm × 70 μm area. The measured value can approximate surface roughness well, but it is 

impacted slightly by surface deformation, especially for several pixels with higher than 20 

nm values in Table 2.

The deviation between fabrication angles and design angles may result in facet image shifts 

on the sensor. Nevertheless, the magnitude of these shifts is inferior to those caused by any 

diamond-cut mapping mirror. To prevent potential signal overlap attributable to the error of 

fabrication angles, more void spaces than the actual size of dispersion are typically reserved. 

In this study, we allowed up to 5% deviations. However, considering the high precision of 

tilt angles from 2PP mapping mirrors, smaller void spaces can be utilized, ultimately leading 

to increased sensor usage.

B. Tilt Angle Precision

The measured tilt angles and deviation from the designed value are shown in Table 3. A 

70.11 μm × 70.11 μm area was picked up from the center of each pixel to measure the 

height differences in x and y directions. Then Eq. (3) was applied to convert height to actual 

angles. As shown in Table 4, for all tilt angles in both horizontal and vertical directions, 

the deviation is smaller than 6% and 2.03% on average, respectively, which caused at most 

a 5 pixel shift on the sensor. Because 8 pixel void space was kept between each subpupil 

when designing the system, no cross talk was introduced due to the error of tilt angles. The 

fabrication result stays in the tolerance of the design.
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5. COMPARISON OF MAPPING MIRRORS FROMDIAMOND MACHINING 

AND 2PP

As described in Sections 1 and 3, the mapping mirrors fabricated by 2PP show many 

advantages over the diamond-cut mapping mirrors, not only in the fabrication of the mirror 

itself but also in the implementation, as shown in Table 3. The first advantage is that the 

2PP technique significantly reduces fabrication time. The diamond machining process can 

be generally divided into three main steps: tool alignment, rough cut, and fine cut. The 

carbide rough-cut tool and diamond fine-cut tool need to be aligned to sub-micrometer 

precision on the DT machine. Because of the fragility of the fine-cut diamond tool, only 

2 μm steps can be used during the fine-cut process for this specific design. Therefore, the 

entire cutting time usually takes about two to three weeks. However, 2PP printing eases the 

entire fabrication procedure and improves its capability for reproduction. The printing time 

for the specific mapping mirror in the paper is 78 h, and the sputter coating time is30 min. 

However, reducing pixel sizes will result in a notable decrease in printing time. Second, as 

reported in [21], the included angle of diamond tools caused edge eating issues. For the facet 

with the largest tilt angle, the differences between the width from the start of the cutting path 

and the width at the end of the cutting path can achieve up to 15%. Even though a flat filed 

correction [16,20] was used to correct the intensity difference, it costs the loss of 10%–15% 

of the dynamic range. However, a 3D printed mapping mirror does not have this problem 

because all the pixels have negligible width change. Third, the density of diamond-cut 

mapping mirrors is limited by the size of the diamond tool. The smallest diamond tool that 

vendors can manufacture is 75 μm ± 10 μm in width, which limits the number of facets 

in a specific area. Even though the presented 3D printed mapping mirror still uses 78 μm 

facet width for better side-by-side comparison, 3D printing can fabricate much smaller pixel 

sizes (several micrometers). Increasing the facet density eventually increases the sampling 

in vertical directions on the final images. Fourth, the precision of tilt angles also improves. 

The diamond-cut mapping mirrors were reported to have a 7.3% deviation from the designed 

value, while the 3D printed mapping mirrors improve the average deviation to 2.03%.

These improvements bring two system-level improvements to IMS systems. The spatial 

calibration of the IMS prototype is simplified. The system with a diamond-cut mapping 

mirror requires high-precision automatic scanning of a 5 μm width slit or a photomask 

across both horizontal and vertical directions. Vertical scanning is used to determine the 

order of facets, and horizontal scanning is used to align these ordered facets. Because the 

diamond-cut mapping mirrors do not generate an organized pupil array, slit scanning is 

required to label the correct order of facets on the sensor [20]. However, due to the high 

precision of the tilt angles and surface form, all the facets can be labeled directly according 

to the designed facet order. It eliminates scanning in both directions. IMS usually is used as 

an attachment to another imaging system, such as a microscope or photography lens, but not 

all systems have mounted high-precision automatic scanning stages. Therefore, eliminating 

the scanning requirement not only improves efficiency and expense but also broadens the 

applications of IMS. The 3D printed mapping mirrors provide more design flexibility. No 

specially designed diamond tool or diamond cut G code is required. Modification of the 
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mapping mirror design can happen with quick adjustment in MATLAB for a new grayscale 

image. Several trials can be made to optimize for the best system-level performance.

6. IMAGING RESULTS

The 3D printed mirror was integrated into an IMS prototype to identify any potential 

defects that may not be evident during interferometry and SEM but could affect the imaging 

performance, specifically the dynamic range and resolution. Further details regarding the 

assembly, alignment, calibration, and system-level optizmiation of the IMS system with new 

mapping mirrors will be provided in forthcoming publications.

A. Resolution Target Imaging

The printed mapping mirror was implemented in an IMS prototype. The system was set up 

on an optical bench and integrated to the side port of an inverted microscope (Observer.A1, 

Zeiss, Germany). A USAF resolution target was used as the object. After spatial calibration 

and spectral calibration, a lookup table was generated to reconstruct the 3D hyperspectral 

datacube from 2D data from the sensor.

The first step was to test the quality of the mapping mirror by imaging a resolution target 

because the reconstruction of a resolution target image can indicate any potential defects on 

the mapping mirror. The reconstructed image with a combination of all spectral channels is 

shown in Fig. 6(a). It shows dark stripes on the final image along x and y directions [16]. 

The number of stripes in both directions was counted, and the number matched exactly with 

the number of printing FOVs. This indicates that there are some defects in the stitching 

between two adjacent printing FOVs. Therefore, the mapping mirror was observed under the 

interferometer again to focus on the stitching area. As Fig. 6(d) shows, at the stitching area, 

the height of the surface has a big jump, and the change of height is about 788 nm.

The printing FOV was initially set to be 468 μm, which was the size of six pixels. 

All imaging systems will have optical aberrations, and field-dependent aberrations (field 

curvature and astigmatism) will be significantly larger at the edge of the FOV. Therefore, 

the printing FOV was adjusted to 390 μm, which is 1 pixel (78 μm) smaller than the 

previous one. The printing result is shown in Fig. 6(b). The defect in the stitching area 

improved to 262 nm. The mapping mirror was also implemented in the prototype system. 

The reconstructed image of the USAF resolution target [Fig. 6(e)] shows improved image 

quality and dynamic range. The dark stripes become thinner but still show up on the final 

images. Note that the printer would find the interface between the fused silica slide and IP-S 

resin when moving to a new printing FOV. Therefore, if the slide with resin on top has a 

small overall tilt, the printer will have various starting positions in the z dimension for each 

printing FOV.

The overall tilt needs to be measured to add compensation. Before the printing job, the 

printer focused on nine different points (3 × 3) and recorded the z positions of all the points. 

The overall tilt was affected by the optomechanics of the slide mounting and the thickness 

tolerance of slide fabrication, so the tilt angles were different for each printing. For this 

mapping mirror printing job, the tilt angles in horizontal and vertical direction are 0.07° and 
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0.04°, respectively. A compensation file was added based on these angles, while a dispenser 

was required to constantly inject IP-S resin to keep the objective immersed. The dispenser 

injected 0.1 mL resin at the beginning of the job and 0.005 mL resin at each printing FOV. 

A portion of the mapping mirror with tilt compensation was imaged by a SEM (Merlin, 

FE-SEM, Zeiss, Germany) as shown in Fig. 4(c). Even though the printing FOV is five 

mirror size, no visible stitching defects are observed on the image. The magnified 2 × 2 

mirror images, Fig. 4(d), further demonstrate the fabrication quality of surface roughness 

and form. The reconstructed image from the optimized mapping mirror is shown in Fig. 

6(c). There are no strong stripes along any direction, leading to a better resolution of the 

finest resolution bar. Moreover, the elimination of saturated points due to the defects has 

led to a notable enhancement in the dynamic range. This advancement is beneficial to 

fluorescent imaging.

B. Spectral Imaging

The IMS prototype was also used to image bovine pulmonary artery endothelial (BPAE) 

cells (Thermo Fisher Scientific Inc., MA) stained with three fluorescent dyes: DAPI, Alexa 

Fluor 488 phalloidin, and Mito Tracker Red CMXRos. The prototype IMS had 412 × 480 

× 44 x, y, λ  datacubes. Pseudo-color images of 25 spectral channels corresponding to the 

three fluorescent dyes were obtained with an integration time of 80 ms, as shown in Fig. 

7. The blue channels did not show strong DAPI signals due to the relatively low quantum 

efficiency of the camera in the blue range and the lower fluorescent signal level of the DAPI 

fluorescent dyes. However, F-actin and mitochondria of BPAE cells could be observed. 

These spectral images demonstrate that 2PP 3D printed mapping mirrors can achieve the 

same functionality as diamond-cut mapping mirrors. In addition, the image quality improved 

compared to the latest IMS images [20]. To further demonstrate that mapping mirror quality 

can enable expected spectral resolution as an average of 5 nm, two narrowband filters with 

center wavelengths of 515 and 589 nm were imaged. As shown in Fig. 8, the maximum 

signals from all spectral channels were plotted and fitted using the Gaussian function to 

determine the center of the spectral responses. The center position from the Gaussian fitting 

for the 515 nm filter imaging [Fig. 8(a)] was 517.2 nm with a deviation within the spectral 

resolution, while for the 589 nm filter imaging, the fitted center wavelength was 589.7 nm 

[Fig. 8(a)], which was close to the 589 nm.

The system design and performance allow the same level of spatial resolution as other 

systems such as hyperspectral confocal systems or filter scanning systems. Note that in 

the past, we evaluated IMS for general operational parameters such as optical sectioning, 

imaging speed/SNR, and photo-bleaching rates [8]. The spectral images are used to 

demonstrate that 2PP 3D printed mapping mirrors have the same functionality as diamond-

cut mapping mirrors in the IMS system. The structure quality and reflection rate are further 

highlighted.

7. CONCLUSIONS AND FUTURE DIRECTIONS

A new fabrication method based on 2PP is demonstrated to successfully fabricate high-

precision optical mapping mirrors. The minimum angle increment for 78 μm facets in 
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ideal conditions is 1.0%. Although our obtained tilt values fell outside the range attributed 

to the shrinkage of facets, the results still represent a significant improvement over prior 

mapping mirror implementations and fall within the 6% tolerance allowed by the IMS 

system. Acceptable surface roughness is 10–15 nm, and the average surface roughness 

was found to be within the expected range. Furthermore, the expected less than 1% facet 

width change was achieved because of the fine hatching and slicing distance, which keeps 

dynamic loss below 0.5%. In general, the resulting 3D printed mapping mirrors exhibit 

superior surface quality and address the limitations of existing IMS systems, such as reduced 

dynamic range, prolonged production time, and complex calibration procedures. This new 

fabrication method considerably reduces the challenges involved in creating an IMS system 

and has the potential to expand the range of applications for IMS technology.

There remains scope for further advancements in the fabrication of mapping mirrors. To 

facilitate future printings, a datasheet containing fabrication parameters based on tilt angles 

will be useful. Furthermore, a large-scale 10× objective is available, which can significantly 

reduce the fabrication time from 70–80 h to less than 2–5 h. We do not expect, however, 

direct mass production of mapping mirrors using 2PP, even with the 10× objective. Instead 

of printing the mapping mirrors themselves, QuantumX produced parts can be nickel plated 

and post-processed to burn-out polymer. This will allow producing molds and enable higher 

volume fabrication. Such an approach will also reduce the fabrication cost of mapping 

components to similar levels of molded optics components. The printing parameters and 

procedures reported in this work can be applied to any microstructure with sharp edges. For 

example, reflective and transmission gratings can be simplified cases of mapping mirrors, as 

they involve only 1D tilt.
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Fig. 1. 
Demonstration of IMS principle. (a) Optical layout of an IMS system. (b) Schematic of a 

micrometer lens design.
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Fig. 2. 
Illustration of the pixelated mapping mirror design. (a) 16-bit grayscale image of the 

designed mapping mirror. (b) Zoom-in 3D view of a portion of the mapping mirror.
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Fig. 3. 
Characterization results from a Zygo white light interferometer when optimization for 

mapping mirror printing parameters. (a) Printing using 1 μm slicing distance and 0.2 μm 

hatching distance. (b) Printing with a 3 μm base added in the GrayscribeX software. (c) 

Printing with one 3 μm extra base added to the design.
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Fig. 4. 
Mapping mirror fabrication results. (a) Result after laser direct writing and development. (b) 

Mapping mirror with a thin layer of aluminum coating. (c) Scanning electron microscope 

(SEM) image of a portion of a mapping mirror with repeated tilt sequence. (d) Magnified 2 

× 2 mirrors. The represented distance is 50 μm as indicated by the scale bar.
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Fig. 5. 
Surface roughness measurement.
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Fig. 6. 
Reconstructed images of 1951 USAF resolution targets and corresponding characterization 

images from a Zygo white light interferometer of three mapping mirrors during 

optimization. (a) Reconstructed images from the mapping mirror printed with 1 μm slicing 

distance and 0.2 μm hatching distance. (b) Reconstructed images from the mapping mirror 

printed with a base added in the GrayscribeX software. (c) Reconstructed images from the 

mapping mirror printed with an extra base added to the design. (d) 50× characterization 

image of the mapping mirror in (a). (e) Characterization image of the mapping mirror in (b). 

(f) Characterization image of the mapping mirror in (c).
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Fig. 7. 
Pseudo-color images of 25 selected channels for the BPAE cell imaging. In the 510 nm 

images, the represented distance is 15 μm as indicated by the scale bar.
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Fig. 8. 
Gaussian fitting of two narrowband filters with center wavelengths at 515 and 589 nm. (a) 

Gaussian fitting for 515 nm narrowband filter. (b) Gaussian fitting for 589 nm narrow band 

filter.
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Table 1.

List of Printing Parameters

Objective 25 × MF

Resin IP-S

Slicing distance 1 μm

Hatching distance 0.2 μm

Scanning speed 20,000 μm/s

Additional base in design 3 μm

Field size x/y 390 μm (5 pixel size)

Base slice count 3

Base slice distance 1 μm

Base hatching distance 0.2 μm

Base laser power 45 mW

Base scanning speed 20,000 μm/s

Shear angle 15°

Interpolate On
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Table 2.

RMS Values of Deviations from Reference Flat Surfaces for All 36 Tilt Angles

α 1 α 2 α 3 α 4 α 5 α 6

β1 8.123 14.102 25.494 11.491 9.618 7.431

β2 9.541 16.709 21.117 7.222 5.560 10.623

β3 15.833 20.685 7.512 4.879 9.298 15.607

β4 23.753 8.360 5.717 8.530 12.858 28.116

β5 10.107 6.473 8.077 9.969 17.094 12.647

β6 6.869 10.948 16.699 22.766 8.291 5.954
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