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Abstract  

Diffractive optical elements (DOEs) are expensive devices that are integrated into optical set-ups to 

controllably engineer the shape and amplitude of light. A low-cost alternative is the self-manufacturing 

with 3D printing technology, but defects are regularly introduced due to limited printing resolution. The 

fabrication process becomes less challenging when the DOE dimensions are scaled up > 100 times by 

immersing a DOE in a solution that nearly matches its refractive index. However, this trick significantly 

increases the fabrication time as well. Here, we present two different phase plates, produced with a 

workflow that can be executed in one working day, whereby one phase plate did not lose any 

functionality or quality. The point spread function (PSF) with and without the phase plates was simulated 

and subsequently measured to assess the phase plate performance. In addition, the devices could be 

easily implemented in our microscope set-up, implying the extensive applicability of DOEs.  

 

 

Layman’s Summary 

Traditional optical components (such as lenses and mirrors) in light microscopes are able to change the direction of the 

light beam that travels through a microscope, but they cannot manipulate the shape of the beam. Therefore, diffractive 

optical elements (DOEs) have been developed to do exactly that. Shaping, splitting or generating a specific pattern in the 

beam are some examples of unique outputs that can be created with DOEs. If only a few DOEs are ordered from a company, 

fabricating and delivering these devices are slow and pretty expensive. A cheap solution is using 3D printing technology, 

which has vastly evolved over the years to make the self-manufacturing of DOEs possible. However, defects in fine features 

of DOEs occur frequently, because the printing resolution of a 3D printer is only roughly 100 nm at best. The fabrication of 

phase plates is a striking example whereby the issue of limited resolution is encountered. Phase plates are DOEs that 

create phase delays in the light beam through their pattern and thickness. They are usually made of a high refractive index 

material. The refractive index is an indication of how much the speed of light is reduced with respect to vacuum when 

entering a certain medium. The height for phase plates should normally be around 1 µm, so it is only 10x larger than the 

printing resolution. The fine features will therefore be printed too coarse, resulting in an ineffective phase plate. Recently, 

one research group demonstrated a method to simplify the phase plate self-manufacturing. The researchers showed that 

the phase plate height can be scaled up more than 100 times by immersing the phase plates in a liquid with a refractive 

index similar to the material of the phase plate. The phase of light is changed more slowly, so the light must travel through 

more material. However, it is important that the refractive indices do not have the same value, because this negates the 

effect. The method worked really well, but the fabrication is a labour-intensive job that takes up one whole working week. 

   We have figured out a workflow consisting of three steps to significantly reduce the fabrication time back to one 

working day. First, a very practical 3D model was designed for two different kinds of phase plates. The model included all 

features of the phase plates, and an easy way to customize the dimensions of the phase plates. Next, these phase plates 

were realized with our 3D printer, which took approximately five hours per phase plate. The last step was the immersion 

process, which can be done very quickly owing to a certain property of the immersion substance we used. The substance 

is supplied as a liquid, but it becomes a solid material when it is exposed to high intensities of UV light. Thus, we pour the 

immersion liquid over the phase plate, and simply place the devices under a nail dryer for 5 minutes to solidify the substance. 

This makes the phase plates easy to handle, which is a great advantage when we needed to integrate them into our 

microscope set-up to examine their quality. We first simulated and then imaged the induced effects by the phase plates on 

a very small spherical object. In the simulation, the dimensions of the phase plates are perfect, which is near-impossible to 

replicate in real life. Based on the acquired experimental data, we concluded that the one 3D printed, immersed phase 

plate did not lose its performance quality compared to the simulated data. Unfortunately, the other phase plate type did not 

live up to our expectations.  
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Introduction 

 

Conventional optical components are not capable of 

manipulating the phase and amplitude of incident light 

spatially. That is why diffractive optical elements 

(DOEs), such as beam shapers, beam splitters, 

pattern generators, gratings and kinoforms, have been 

developed that enable miscellaneous complex optical 

functions with accurate and constant properties to 

create outputs with unique functionalities1–5. Their 

ubiquity in optics make DOEs widely used in light and 

electron microscopy. Phase plates are a large 

subdivision of DOEs that are vital for research wherein 

phase-contrast microscopy is involved. For example, 

defocus can be omitted for the visualization of weak-

phase objects when contrast enhancement is applied 

in Zernike phase-contrast light6–8 and transmission 

electron microscopes9–14. Besides the DOEs used for 

the just mentioned imaging techniques, DOEs can 

conveniently engineer the point spread function (PSF) 

to encode extra physical properties15–17. 

Manufacturers offer high-quality glass etched phase 

plates that can be customized to the user’s liking to 

alternate the size, shape, orientation, etc. of the PSF. 

However, the process of fabricating and delivering 

these phase plates is typically slow (at least a few 

working days) and expensive for low quantities. A 

more rapid, low-cost solution is to self-produce phase 

plates with a 3D printer, but imperfections in fine 

features that require µm precision originate easily, 

which will distort the wanted effect.  

  To evaluate the performance of any 

microscope set-up quantitatively, the PSF is acquired 

to visualize the degree of blurring. Normally, 

fluorescent microspheres – objects that represent 

infinite small point sources as closely as possible – are 

used as a calibration standard for this purpose and 

their PSF appears in the shape of a prolate spheroid 

with the major axis in the axial dimension. A phase 

plate pattern additionally modifies the PSF shape of 

the recorded object, but this only works when the DOE 

is placed at the Fourier plane. This could be 

accomplished by using the following approach: two 

identical positive lenses are placed in a mirrored 

position, whereby they create a new image plane. The 

phase plate is placed at the back focal plane (= Fourier 

plane) of the first lens (Fig. 1a), where the wavefront 

of the emitted light is aberrated, which is attributable to 

the height of the phase plate pattern delaying certain 

regions of the beam more than others. If all relay 

components and the camera are aligned perfectly, the 

pattern’s quality is the determinative factor for the 

clarity of the introduced effect.  

  To reduce fabrication costs, phase plates can 

be 3D printed with two-photon polymerization (TPP), 

which relies on the simultaneous absorption of two 

photons in a transparent photosensitive material 

(photoresist). Monomeric resist undergoes 

polymerization by so-called photo-initiators that are 

activated and turned into radicals. Liquid non-

polymerized photoresist is then washed out to uncover 

the solid cross-linked polymer structure. The superior 

resolution of TPP is based on the much lower 

probability of absorbing two photons at once than just 

one photon that carries enough energy in single-

photon polymerization. Thus, cross-links are formed 

only in the area where the focus laser is deployed, 

because each photon in TPP carries half the energy 

required for polymerization, meaning that single 

photons are ineffective. At best, the finest 3D printed 

features reach a resolution of 100 nm with TPP18–20. 

Since phase plates commonly consist of a high 

refractive index (RI) material, there is a significant RI 

gap with air (n ≈ 1.000). Due to its relation with the 

phase plate height, however, the major drawback is 

that this height should only be ± 1 µm to achieve an 

optimal phase shift. This means that flaws ≥ nm in the 

phase plate pattern are not tolerated during 

fabrication. Thus, realizing satisfactory phase plates is 

a fundamental challenge, especially when using a 3D 

printer that cannot fulfil the resolution target.  

  Recently, Orange-Kedem et al. demonstrated 

a method to simplify DOE fabrication by controllably 

scaling up the relevant feature dimensions of DOEs > 

100 times. Phase masks were immersed in a medium 

that closely (but not perfectly) matches the RI of the 

3D printed devices (Fig. 1d+e), and their height was 

redefined accordingly to preserve the same wavefront 

abberation21. They argued that the amount of phase 

shift can be managed by replacing the immersion 

liquid, praising the method’s versatility. However, each 

phase masks takes about one working week to be 

produced, so if anybody wants to investigate a myriad 

of different patterns, just the fabrication alone would 

already be a labour-intensive assignment. Hence, we 

would like to elaborate on the idea of DOE immersion 

by including fabrication time as a factor.  

  Here, we demonstrate two types of high-quality 

phase plates, immersed in a solidified photoresist that 

had a slightly different RI than the photoresist used to 

print the phase plate with. Not only was the immersion 

process quicker, but the phase plate design was also 

more practical. Our choice of relay lenses to decrease 

the lateral phase plate size made it possible to 

fabricate one complete phase plate from scratch in just 

one day. After assembling and aligning the relay, the 

PSF was first evaluated in the absence of any phase 

plate to ensure a trustworthy baseline for comparisons. 

This evaluation was repeated after the implementation 

of the phase plates to characterize the alterations. The 

distorted PSF shapes were evident and one phase 

plate type was roughly in agreement with simulations 
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Figure 1 The concept of PSF engineering with immersed phase plates. (a) Schematic of our inverted light 

microscope with custom-built relay (comprehensive set-up description can be found in Materials & Methods). Lenses 1, 2 

and 3 are abbreviated as L1, L2 and L3, the waveplate as λ/4, filters 1,2 and 3 as F1, F2 and F3, and relay lenses 1 and 

2 as RL1 and RL2. Optical components cannot be inserted in the optical path within the dashed square. The saddle (b) 

and double vortex (c) phase plates are placed in the Fourier plane between the relay lenses (red ellipse), and their 

surface profiles induce the observed PSF distortion. (d-e) Schematic side view of the phase plates, whereby the pattern 

height without (d) and with (e) immersion substantially differ to introduce the same phase delay. Partially adapted from 

Hulleman et al., 2021 (Nature Communications) and Orange-Kedem et al., 2021 (Nature Communications). 

that were carried out beforehand. Yet, the other phase 

plate operated unsatisfactorily, perhaps as a 

consequence of its more troublesome structure. This 

presumably resulted in a production flaw that could not 

be detected by visual examination.  

 

Results 

 

The phase plate surface profile regulates how much 

and where phase shift occurs at different regions of the 

emitted beam. The pattern quality is pivotal to 

adequately engineer the PSF, so we want to challenge 

the abilities of our 3D printer, because we expect that 

smoother surfaces are easier to construct than rough, 

uneven surfaces with many disruptions. Therefore, two 

substantially different types of phase plates were 

investigated: the astigmatic phase plate (Fig. 1b) that 

is continuous, shaped like a saddle (henceforth 

referred to as saddle phase plate) and introduces 

astigmatism, and the vortex phase plate (Fig. 1c) that 

contains discontinuities, shaped like an upward spiral 

and introduces primary spherical aberration. Their 

surface profiles can be represented as follows:  

 

𝑠(𝑥) = 𝑎𝑠 ⋅ (𝑥
2 − 𝑦2) 

 

𝑣(𝑥) = 𝑎𝑣 ⋅
𝑐

𝜋
⋅ 𝑎𝑟𝑐𝑡𝑎𝑛

𝑦

𝑥
 

 

where x and y express any given point on the length 

and width axes of the phase plates; 𝑎𝑠 and 𝑎𝑣 are the 

amplitudes of the saddle and vortex phase plate 

respectively; and c/π is a normalization constant. The 

value of c is equivalent to the number of spirals.   

Systematically selecting the relay components to 

deduce the phase plate specifications  

The amount of phase delay we want to introduce calls 

for a predetermined plan for phase plate fabrication. 

Considering this, the phase plates’ amplitudes and 

material for their production are the foremost 

parameters to figure out (Fig. 2a). The astigmatism 

increases proportionally with the amplitude of the 

saddle phase plate, so any value could be selected, as 

long as the generated effect is significant. 

Contrastingly, the vortex phase plate’s amplitude is 

much more stringent due to the discontinuous shape. 

In general, the accumulated phase difference 

experienced by the light that traverses through any 

phase plate can be described as:  

 

𝛥𝜙(𝑥, 𝑦) =
2𝜋ℎ(𝑥, 𝑦)

𝜆
⋅ (𝑛𝐷𝑂𝐸 − 𝑛𝑚𝑒𝑑𝑖𝑎) 

 

where Δϕ is the accumulated phase difference; h is the 

height of the phase plate profile; λ is the wavelength; 

and nDOE and nmedia are the RIs of the phase plate and 

the surrounding media respectively. Their difference 

will be referred to as Δn. The permitted fabrication error 

can be estimated by describing the accumulated 

phase error:  

 

𝛿𝛥𝜙𝐸𝑟𝑟𝑜𝑟 = 𝛥𝜙𝐴𝑐𝑡𝑢𝑎𝑙 − 𝛥𝜙𝑇𝑎𝑟𝑔𝑒𝑡 

=
2𝜋

𝜆
⋅ (𝛥𝑛 + 𝛿𝑛) ⋅ (ℎ + 𝛿ℎ) −

2𝜋

𝜆
∙ ∆𝑛 ∙ ℎ 

𝛿𝑛,𝛿ℎ≪∆𝑛,ℎ
→        

2𝜋

𝜆
⋅ 𝛥𝑛 ⋅ 𝛿ℎ +

2𝜋

𝜆
⋅ ℎ ⋅ 𝛿𝑛 

(2) 

(1) 

(3) 

(4) 
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Figure 2 An overview of all steps taken to realize the phase plates. (a). A visual representation of all parameters that 

were considered before phase plate fabrication could commence. Apart from their surface profile, the only dissimilarity 

between the saddle and vortex phase plate was the phase plate height (h). The beam diameter at the phase plate 

position (dpp) was broadened with 0.3 mm (= extra) to make phase plate alignment simpler later on. (b) The fabrication 

workflow comprised of three main steps: the 3D modelling, the 3D printing and the immersion of the phase plates. Two 

quality checks were implemented in between to intercept phase plates with defects. 

where δΔϕError is the unwanted accumulated phase 

difference, deviating from the desired phase shift; δh 

is the height error from DOE fabrication; and δn is the 

error in RI difference between the DOE and the 

surrounding media. Most interestingly, Eq. (3) and Eq. 

(4) disclose that phase plates could be thicker with a 

more tolerable inaccuracy when Δn is smaller, but not 

zero. This improved tolerability is in our favour, since 

polymer structures fabricated with TPP can shrink22, 

which is the main reason why height errors emerge. 

On the other hand, very small values for Δn increase 

the required height and thus the printing time of the 

phase plates greatly. In essence, we are faced with a 

trade-off between the tolerable height inaccuracy 

(better when Δn is smaller) and production duration 

(better when Δn is larger).  

  Out of several options for printing material, IP-

S (n = 1.515) was chosen for phase plate fabrication, 

because it is ideal for mesoscale structures with a high 

proximity effect and has low shrinkage compared to 

other photoresists. The proximity effect refers to the 

variations in the linewidth of a feature as a function of 

the proximity of other nearby features. Large proximity 

effects in stereolithography are characterized by 

backscattered electrons that can travel many microns, 

thereby exposing photoresist at nearby features. 

Normally, when surrounded by air and λ = 560 nm, the 

phase plate h should be only slightly larger than one 

micron, but now that the phase plates will be immersed 

in photoresist IP-L (n = 1.519), their axial size and error 

tolerability are enlarged by almost 130 times owing to 
Δn = 0.004. The excitation laser was set at λ = 561 nm 

by reason of the phase plates’ transmittance. IP-S and 

IP-L reflect or absorb light at various wavelengths, but 

the extinction coefficient of these photoresists are very 

low at 560 nm23.  

  The desired phase delay is induced by the 

height of the phase plates, but also their length and 

width are important as the entire beam should fully hit 

a phase plate. The tube and relay lenses’ strength of 

convergence controls the beam size at the back focal 

plane of the first relay lens, which is equal to the 

minimum requisite lateral size of the phase plates:  
 

𝑑𝑝𝑝 = 𝑑𝑜𝑏𝑗,𝑡𝑢𝑏𝑒 ⋅
𝑓𝑅𝐿
𝑓𝑡𝑢𝑏𝑒

 

 

where dpp is the diameter of the beam when it passes 

through the phase plate; dobj,tube is the diameter of the 

beam in between the objective and tube lens; and fRL 

and ftube are the focal lengths of the relay lens and tube 

lens respectively. Two parameters are fixed due to the 

closed optical path of our microscope (Fig. 1a): dobj,tube 

= 6.0 mm and ftube = 200 mm. Thus, our choice which 

lenses to utilize for relaying the original image plane 

determines the lateral size of the phase plates. 

(5) 
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DeScribe, the software for preparing the printing job, 

implements a preview window wherein the printing 

time is predicted. We aim to develop a relatively rapid 

phase plate fabrication process, and therefore settled 

on a circular phase plate size with a diameter of 1.5 

mm that takes approximately four to five hours to print 

if h = 140 µm (calculated from Eq. 3). The alignment of 

phase plates will be easier if the beam size is narrower 

than the phase plate diameter, so relay lenses with fRL 

= 40 mm were chosen to make dpp = 1.2 mm. The ray 

and wavefront aberrations by these lenses were 

insubstantial, as assured by ray behaviour simulations 

throughout the relay lenses compartment (Fig. S1). 

Now, we meet all requisites to produce and 

subsequently test phase plates.  

 

The fabrication workflow: from outlined models to 

finalized apparatuses  

In pursuit of the decisions made with regard to the 

variables, phase plate fabrication involving three major 

steps was executed according to our plan of action 

(Fig. 2b). First, the phase plates and surrounding 

pillars to hold a cover slip were modelled as 3D solid 

structures in OpenSCAD, a computer-aided design 

(CAD) program. PSF simulations – discussed in more 

detail later – unveiled that at h = 200 µm, sufficient 

astigmatism would be introduced by the saddle phase 

plate, so this value was selected based on profound 

judgement. More methodologically exact, the vortex 

phase plate height was calculated from Eq. 3. 

However, the spiral’s apex exceeded the free working 

distance of the 3D printer’s objective, so its realization 

was impossible this way. To make the printing feasible, 

while keeping the anticipated phase delay, two spirals 

with half the height of the initial single spiral were 

integrated in the vortex phase plate (h = 140 µm). The 

generated effect is indistinguishable, because each 

spiral in the double vortex was now portrayed as a two 

quadrant inverse tangent over interval [½π ; +½π] 

with c = 2 instead of a four quadrant inverse tangent 

over interval [π; +π] with c = 1 in the single spiral case 

(see Eq. 2). An auxiliary benefit is that the structure of 

the double vortex phase plate embodies less volume, 

which reduces printing time. However, a second spiral 

also means a second discontinuity in the vortex phase 

plate, making it more arduous to print.  

  The second step was turning the 3D models 

into physical phase plates. Printing was done by 

polymerizing IP-S on glass substrates coated with 

indium tin oxide (ITO) on one side, making the glass 

highly transparent. The configuration used to write the 

structures, was dip-in laser lithography (DiLL). In this 

procedure, the objective lens is directly dipped into the 

liquid uncured photoresist, which acts as both a 

photosensitive and immersion medium. The 3D printer 

completed the manufacturing of one saddle (d = 1.5 

mm; h = 200 µm) and one double vortex (d = 1.5 mm; 

h = 140 µm) phase plate somewhere between four to 

five hours per phase plate. After printing and uncured 

IP-S removal through incubation, the devices were 

inspected with a digital microscope to guarantee the 

absence of defects (Fig. S2). In addition, the 

instrument reconstructed the phase plates and 

estimated their heights, which were 175.04 µm for the 

saddle phase plate and 133.91 µm for the double 

vortex phase plate. This would correspond to a 

shrinkage rate of 12.48% and 4.35% respectively. We 

reckoned that these rates were respectable, even for 

the saddle phase plate. Induced astigmatism 

intensifies and weakens in a progressive manner, so a 

phase plate height of 175 µm instead of 200 µm will 

still clearly stamp its mark on the PSF.  

  Finally, IP-L was poured over the phase plates 

with care and entirely solidified. Between these 

actions, a cover slip was placed on top of the printed 

pillars to create a planar perpendicular surface of IP-L 

with regard to the emitted beam. Otherwise, the light 

will experience an uneven delay because of the 

irregular IP-S surface, and the PSF will not represent 

the pure phase plate effect. Examination with the 

digital microscope verified that no uncured photoresist 

was left, and that the phase plates were not damaged 

during the immersion process (Fig. S3). Furthermore, 

the view of the cover slips being parallel to the 

substrates was now better perceptible. If they are not 

parallel, refraction will steer the beam with an angle 

larger than zero towards the phase plate, second relay 

lens and image plane. Also, the phase plate will delay 

the beam unfavourably, all ultimately resulting in a 

deformed final image. In total, the post-processing 

steps took about two to three hours. In brief, the phase 

plates were produced in one working day per phase 

plate and complied with the visual criteria, so now their 

quality could be assessed. However, before 

proceeding with phase plate experiments, the PSFs 

without and with phase plates were simulated to raise 

expectations.  

 
PSF simulations provide a good insight into the 

potential of the phase plates  

Understanding image formation is crucial when we 

want to generate these artificially. The PSF is the 

impulse response function of an optical imaging 

system. The image is then the convolution of that 

object and the PSF. Our optimal situation would be an 

infinite small point source as object depicted by a 

diffraction-limited and aberration-free imaging system. 

However, the size of fluorescent microspheres is a real 

number (diameter = 175 nm), and perfect alignment of 

microscope components is near-impossible. With this  
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Figure 3 Simulated PSFs that change in shape and intensity with inclusion of the phase plate effect. The XY 

(a,d,g), XZ (b,e,h) and YZ (c,f,i) appearances of artificially generated PSFs are demonstrated without any phase plate (a-

c), with the saddle phase plate (d-f) and with the double vortex phase plate (g-i). The saddle phase plate gives rise to a 

typical astigmatic effect on the microsphere, while a primary spherical aberration-like behaviour is perceived with the 

double vortex phase plate. 

in mind, our simulation defined the object and the 

aberration function, which was split into the 

aberrations by misalignment and aberration introduced 

by the phase plate effect. It is feasible to realistically 

mimic the microspheres and the phase plate effect, but 

too much uncertainty is present when addressing the 

total aberration function. Hence, we went for a forward 

simulation that convoluted the microspheres with the 

total aberration function. Herein was assumed that no 

misalignment aberrations will be introduced by the 

microscope and relay components, and that phase 

plates (with ideal height) behaved perfectly.  

  The PSF for a microsphere emitter with fixed or 

free dipole axis was calculated using the chirp Z-

transform (CZT) function with arbitrary windows and 

discretization in real and spatial frequency space. The 

original PSF of the emitter was a realistic portrayal of 

a microsphere in XY, but it was more elongated in the 

z-dimension (Fig. 3a-c). This PSF can be modified by 

adding a phase plate surface profile to the aberration 

function that partially defines the pupil matrix. With the 

saddle phase plate, unmistakable characteristics of 

astigmatism are discernible. The XY plane displays a 

cross shape, and the vertical and horizontal signals 

have different foci, which is best seen in the XZ and 

YZ planes (Fig. 3d-f). The double vortex phase plate  
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Figure 4 Experimentally obtained PSFs distorted by the 3D printed phase plates, and comparison with the 

artificially generated PSFs. The XY appearances of experimentally generated PSFs are demonstrated without any 

phase plate (a), with the saddle phase plate (b) and with the double vortex phase plate (c). The astigmatic effect by the 

saddle phase plate is undeniably recognizable. The double vortex phase plate induces only a very faint aberration and 

the PSF without phase plate is still largely present in these panels. The simulated and experimental data were compared 

quantitatively by plotting the intensity along the y-dimension (the (d) panel for the PSF without phase plate, the (e) panel 

for the PSF with the saddle phase plate, and the (f) panel for the PSF with the double vortex phase plate. 

causes a donut-shaped signal with zero intensity in the 

centre, and the signal gets increasingly more out-of-

focus when moved away from the focal plane (Fig. 3g-

i). Although we are already aware that there will be a 

disparity with reality, the simulations confirm the phase 

plates’ abilities and the effectiveness of our plan of 

action. 

 

The fabricated phase plates distorted the PSF, but 

only the saddle phase plate did it as anticipated 

The quality of the saddle and double vortex phase 

plates were methodically deduced through a side-by-

side comparison with the artificial data. A meticulous 

alignment was carried out in advance to appreciate the 

pure phase plate effect as much as possible. The 

shape of the original PSF did not deviate much from its 

simulated lookalike (Fig. 4a), which is a validation that 

all components were aligned properly. The intensity 

spectrum along the y-dimension was used to quantify 

the artificial and experimental PSF sizes through 

measuring the full width at half maximum (FWHM) 

(Fig. 4d). Compared to the actual width of 175 nm, the 

microsphere came out merely broader in the 

simulation with 200 nm, whereas the measured PSF  

was 450 nm. Incorporating the saddle phase plate into 

the relay set-up induced the expected astigmatism, as 

the characteristic cross shape was clearly present 

(Fig. 4b). The intensity spectrum of the PSF was also 

equivalent to the artificial data (Fig. 4e). The vastness 

of both the simulated and measured microsphere 

enlarged, now being 320 nm and 500 nm respectively. 

With the double vortex phase plate in the relay lay-out, 

the PSF was unfortunately not aberrated much, as the 

original PSF was still predominantly extant (Fig. 4c). 

Typically, as displayed by the simulation’s intensity 

spectrum, two peaks with a FWHM of 250 nm should 

arise with the double vortex phase plate is operated 

(Fig. 4f). However, the experimental PSF resembled 

more with the original PSF’s measured data (Fig. 4d), 

showing a peak with a FWHM of 400 nm (Fig. 4f). The 

most perceptible distortion created was the weak 

signal directly encircling the original PSF (Fig. 4c). A 

couple of explanations why the double vortex phase 

plate performed so unsuccessfully are plausible. First, 

the discontinuities in the double vortex phase plate 

pattern are important for the height difference, but are 
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also the most delicate features of the device. They 

could have been too problematic for our 3D printer, 

which would induce a decrease of the height difference 

and ultimately would disturb the intended accumulated 

phase difference. In addition, the shrinkage of IP-S 

could have been too severe, even though the 

shrinkage rate of the double vortex phase plate was 

estimated to be < 5%. Another reason could be the 

wavelength of the emission beam. The wavelength of 

the excitation laser is 561 nm, but the microspheres 

emitted photons that were lower in energy, meaning 

that the wavelength of the emission beam was longer. 

Thus, an according increase of the phase plate height 

is necessary if the wavelength increases, which can be 

derived from Eq. 3. We computed that the spectrally 

weighted average for the wavelength would be 585 nm 

with an excitation wavelength of 561 nm, but we stuck 

to the emission maximum (560 nm) for safety.   

  The axial resolution was also inspected, taking 

into account that it is always worse than the lateral 

resolution of fluorescent microscopes. The lateral 

resolution is inversely proportional to the numerical 

aperture (NA) of the objective lens, whereas the axial 

resolution is inversely proportional to the squared NA. 

However, all spectral intensity plots showed that the 

signal in the z-dimension was stretched out too 

excessively to be true. These data are unacceptable 

as results and are therefore not shown. However, it 

also implies that it emerged independently from the 

effects induced by the phase plates. In summary, The 

PSF evaluation disclosed that the experimental 

outcomes without any phase plate and with the saddle 

phase plate closely approximated their artificial 

counterparts. The double vortex phase plate did not 

live up to our presumptions, probably due to anomalies 

that arose during fabrication. However, the fabrication 

of our high-quality saddle phase plate was just one 

working day and we reckon that this can be done for 

any DOE through 3D printing.  

 

Discussion 

 

In this work, we demonstrated that the time span to 

self-manufacture 3D printed DOEs can be diminished 

significantly, while maintaining the functionality and the 

quality. We used phase plates for this purpose, that 

were immersed to augment their dimensions. The 

defined phase plate specifications, our selection of 

relay components, the 3D printing with DiLL and our 

way to immerse the phase plates all contributed to the 

quickness of our fabrication process. Through running 

simulations in advance, we concluded that the saddle 

phase plate adjusted the PSF as expected, whereas 

the aberration on the PSF by the double vortex phase 

plate was scarcely distinguishable. A fabrication error, 

small enough to not be spotted during our inspections 

with the digital microscope, was presumably the 

source of this malfunctioning. From other publications, 

it was clear that the difference between the designed 

3D model and the printed structure remains one of the 

biggest challenges in self-manufacturing DOEs24–26. 

Surface wrinkling, insufficient mechanical stability of 

structural features and (anisotropic) shrinkage are the 

most common reasons for fabrication errors. Several 

propositions to solve these issues have been explored 

and could be relevant for us. The phase plate height in 

the 3D model of the double vortex phase plate can be 

increased to compensate for the shrinkage27. The 

shrinkage rate could be determined by printing a range 

of thicker phase plates (1 or 2 µm increment for 

instance) and subsequently testing which one 

performs best. This would elucidate the required 

amount of enlargement. Another helpful adjustment to 

the 3D model would be the inclusion of so-called 

shrinkage guides that achieve a more uniform 

shrinkage28. Finally, for more mechanical stability, the 

laser exposure time could be extended to enhance the 

cross-linking density29. However, the emergence of air 

bubbles becomes a greater hazard by applying this 

procedure (Fig. S5). Thus, the delicacy of the 

discontinuities and the (anisotropic) shrinkage of IP-S 

are cumulative factors that probably caused the 

reduction of the accumulated phase difference, but 

various solutions exist to counteract these. We realize 

that the saddle phase plate is also subjected to these 

effects. However, the continuity of the pattern creates  

astigmatism in a progressive manner, so a shrunken 

phase plate would only induce a little less astigmatism 

than it normally would.  

  In addition to the double vortex phase plate, the 

emission beam also operated non-ideally during the 

experiments. In order to derive h from Eq. 3, λ = 560 

nm was taken, because it was the emission maximum 

of the fluorescent microspheres. However, photons 

emitted by the microspheres have experienced Stokes 

shift, resulting in an emission beam with a longer 

wavelength. Hence, according to Eq. 3, the double 

vortex phase plate height should be increased 

accordingly to the longer wavelength, for acquiring the 

optimal 2π accumulated phase difference. Although 

the spectrally weighted average of the emission 

wavelength was determined to be 585 nm, we used 

the known emission maximum to calculate h = 140 

mm, and aimed to print a double vortex phase plate 

with this height.  

  Lastly, the axial resolution was substantially 

less than expected. Microscopes frequently deploy 

high NA oil objective lenses to achieve high-resolution 

imaging. These lenses are designed and optimised to 

work with glass coverslips that are placed on top of 

biological samples. An immersion fluid is used to 

replace the air by a higher RI medium, and thus to 
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couple the sample onto the objective lens. Preferably, 

the sample and mounting medium should have a 

matching RI, but this rarely occurs, because most 

biological samples contain water or other solvents with 

RIs lower than the immersion oil. Ultrapure water (RI = 

1.33) was the main constituent of our microsphere 

samples as well, while we used an immersion fluid with 

RI = 1.52. It has been reported previously that this RI 

mismatch between the sample and mounting medium 

deteriorates the axial resolution in microscopy due to 

the spherical aberration30–32. It results in a general PSF 

broadening, a scaling error induced by a focal shift as 

a consequence of the distortion along the z-axis, and 

a decrease in peak signal intensity of the PSF with 

increasing penetration depth. These effects on the 

PSF and images definitely could explain the 

shortcomings in our observed PSFs. One group 

performed aberration correction with adaptive optics in 

a confocal microscope set-up33, but unfortunately 

these are not yet available on commercial 

microscopes.  

  Based on the saddle phase plate, we are 

convinced that DOEs can be self-manufactured 

through 3D printing without compromising on 

performance quality. The key condition is that a 

thorough performance inspection is indispensable, 

which could lead to optimizations in the DOE model. 

Since our proposed workflow is cheap and quick, 

redoing the fabrication of the optimized model would 

not be an impediment. Many different kinds of DOEs 

exist, making them broadly applicable for optical set-

ups. 
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Materials & Methods  

 

Relay lens alignment simulations  

Zemax OpticStudio software, version 17.5 (Zemax, 

Kirkland, Washington, USA) was used as simulation 

program to study the behaviour of rays through and the 

aberrations introduced by lenses with a focal length of 40 

mm. A straightforward model was created wherein two 

Thorlabs AC254-040-A-ML lenses (Thorlabs, Newton, New 

Jersey, USA) were positioned with two focal lengths in 

between (Fig. S1a). Their geometry and properties were 

retrieved from the built-in lens catalogue of Zemax 

OpticStudio. In addition, point sources that generated a 

cone of light were positioned at one focal length before the 

first lens, and at -6.5, -3, -1.5, 0, 1.5, 3 and 6.5 mm from its 

centre. An image plane was positioned at one focal length 

after the second lens. After ray tracing, the wavefront 

aberration, field curvature and f*tan(θ) distortion were 

calculated and plotted (Fig. S1b-d). The f*tan(θ) distortion 

refers to the displacement of the beam (which depends on 

the product of the effective focal length (f) and the tangent 

of the deflection angle θ).  

 

PSF simulations  

The effect on the PSF generated by the phase plates were 

calculated via a forward simulation in MATLAB, version 

R2022a (The MathWorks, Natick, Massachusetts, USA) that 

implemented the surface functions of the phase plates (see 

Code Availability). First, all parameters that affect the PSF 

were defined  after which the pupil matrix, field matrix and 

PSF were computed consecutively. Wavefront aberrations 

(described by the Zernike coefficients and the RI mismatch 

between the medium surrounding the sample and the 

medium from the lens to the sample) were included to mimic 

the real situation as closely as possible. The phase plate 

effect could be added during the pupil matrix calculation step 

if desired. Moreover, the amplitude values of the saddle and 

double vortex phase plate for the 3D printing step were 

determined. For the saddle phase plate, a range of values 

(steps of 50 µm) was tested until significant PSF distortion 

was achieved, which was at 200 µm. The double vortex 

phase plate amplitude was calculated with Eq. 3 and the 

simulated PSF distortion confirmed this value (= 140 µm). 

 

Preparation of job files for 3D printing  

The surface functions of the saddle and double vortex 

profiles were converted to solid 3D models by using the 

MATLAB function surf2solid()34. The resulting 3D models 

were converted into STL format by using stlwrite(). These 

STL files were imported in OpenSCAD to effortlessly 

change the size of the saddle (d = 1.5 mm; h = 200 µm) and 

double vortex (d = 1.5 mm; h = 140 µm) phase plates. 

Sixteen surrounding pillars (200x200x250 µm in the saddle 

phase plate model, and 200x200x200 µm in the double 

vortex phase plate model) to support the cover slip that will 

be added after immersion, were also included (Fig. S4).  

  The modified STL files of the saddle and double 

vortex 3D models were saved and imported into the 

DeScribe software, version 2.7 (Nanoscribe, Karlsruhe, 

Germany). The default values for most parameters of the IP-

S 25x ITO Solid (3D MF) recipe were chosen, including the 

slicing (distance between two adjacent layers) and hatching 

(distance between two adjacent lines within a plane). Only 

three parameters were adjusted: 1. The base slice count 

was set to 10, to embed more layers within the substrate. 2. 

The exposure was set to constant. 3. In rectangular splitting 

mode, the block size was set to 220x220x220 µm, because 

the phase plates with pillars exceeded the objective writing 

field. To prevent air bubble formation, the laser power and 

scan speed in the produced GWL job file were changed to 

be 70% and 70000 µm/s respectively, ascertained by a dose 

test (Fig. S5).  

 

3D printing phase plates  

Fabrication was executed by direct laser writing (DLW) 

using two-photon polymerization on a Nanoscribe Photonic 

Professional GT system (Nanoscribe, Karlsruhe, Germany). 
The 3D printer employs a pulsed femtosecond fibre laser 

source at a centre wavelength of 780 nm. The laser power 

ranges between 50 mW and 150 mW at a pulse length 

between 100 fs and 200 fs and at a repetition rate of 80 

MHz. The laser beam was focused onto the sample with a 

Zeiss LCI Plan-Neofluar 25×/0.8 Imm Corr DIC M27 

objective for water, silicone oil, glycerine, or oil immersion 

(Carl Zeiss, Oberkochen, Germany). The samples consisted 

of photosensitive material IP-S (Nanoscribe, Karlsruhe, 

Germany) on 17.5x17.5x0.7 mm glass, which were cut from 

their original size (30.0x30.0x0.7 mm) with a DISCO 

DAD3220 dicing saw (DISCO, Tokyo, Japan). The glass 

was coated with indium tin oxide (ITO) on one side. Prior to 

printing, the substrates were cleaned by rinsing with 

acetone and isopropanol, and subsequently blow-dried with 

air. Two circular phase plates were printed: one saddle (d = 

1.5 mm; h = 200 µm) and one double vortex (d = 1.5 mm; h 

= 140 µm) and were then incubated in propylene glycol 

monomethyl ether acetate for 25 min, and in isopropanol for 

5 min to remove uncross-linked IP-S.  

  The printed structures were examined with the 

Keyence VHX-6000 Digital Microscope with VH-ZST Dual 

Objective 20-2000x zoom (Keyence, Osaka, Japan), which 

also could reconstruct the phase plates in 3D to measure 

and verify if the printed height differences were (almost) 

matching the intended values (Fig. S2). The phase plates 

were immersed in IP-L (Nanoscribe, Karlsruhe, Germany), 

which has a Δn = 0.004 compared to IP-S, and a 15 mm Ø 

No. 1.5H cover glass (Marienfeld Superior, Lauda-

Königshofen, Germany) was laid on top of the surrounding 

pillars. Next, the phase plates were put inside a transparent 

compact storage container. This container incorporated two 

opposing tubes: one connected to an argon gas tank to let 

argon gas flow inside, and one to let it flow outside the 

container. After replacing air with argon gas in the container 

with the phase plates inside, it was placed under a UV nail 

lamp for 5 minutes to solidify IP-L. The phase plates were 

examined with the digital microscope again to verify that the 

phase plates and pillars were still intact, that all IP-L 

appeared as a solid and that the round cover slip was 

parallel to the substrate.  

 

Fluorescent microspheres preparation  

PS-SpeckTM Microscope Point Source microspheres 

(Invitrogen, Waltham, Massachusetts, USA) with diameter 
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of 0.175 +/- 0.005 µm (smaller than the ±188 nm resolution 

limit of our microscope set-up), and with excitation/emission 

wavelength of 540/560 nm (orange) were 1000x diluted with 

ultrapure water, sufficient to prevent the formation of large 

clumps of beads that would strongly cluster. Bead clump 

formation was further reduced by gently mixing the contents 

of the Eppendorf tube with diluted beads before pipetting. 
Samples were made by pipetting diluted beads on 76x26 

mm Menzel-Gläser microscope slides (Thermo Fisher 

Scientific, Waltham, Massachusetts USA), followed by 

waiting until they were dried up, and covering them with 

22x22 mm No. 1.5H cover glasses (Marienfeld Superior, 

Lauda-Königshofen, Germany). The microscope slides and 

cover slips were cleaned beforehand with Thorlabs 

Premium Optical Cleaning Tissues (Thorlabs, Newton, New 

Jersey, USA) moistened with 70% ethanol (v/v).  

 

Microscope set-up  

The inverted microscope Nikon Ti-E (Nikon, Tokyo, Japan) 

uses a Sapphire 561-150 CW excitation laser (Coherent, 

Santa Clara, California, USA), which is coupled into a fibre. 

The beam is collimated by the first lens towards a λ/4 

waveplate to convert the linearly polarized laser to circular 

polarization. Then, the beam is focused by the second lens 

onto the back focal plane of a Nikon CFI Apochromat TIRF 

100XC Oil (Nikon, Tokyo, Japan) objective with NA = 1.49. 

In between the two lenses, the excitation spectrum is filtered 

by a Chroma ZET405/488/561/640x filter (Chroma, Bellows 

Falls, Vermont, USA), and the excitation and emission path 

are split by a Chroma ZT405/488/561/640rpc dichroic mirror 

(Chroma, Bellows Falls, Vermont, USA). Only the 561 nm 

laser + filter + mirror combination was used. The emission 

spectrum is filtered by a Chroma ZET405/488/561/640m-

TRF filter (Chroma, Bellows Falls, Vermont, USA) before 

being focused by the tube lens. The beam went through a 

Semrock FF01-609/57-25 filter (Semrock, Lake Forest, 

Illinois, USA) that was screwed on the exit of the 

microscope’s optical path. The original image plane was 

relayed by two Thorlabs AC254-040-A-ML lenses (Thorlabs, 

Newton, New Jersey, USA) without additional magnification 

resulting in a 65 nm pixel size in object space. The 3D 

printed phase plates were positioned at the Fourier plane 

between the two relay lenses (Fig. S6). The emitted signal 

was detected by a Hamamatsu ORCAⅡDigital CCD 

camera C11090-22B (Hamamatsu, Hamamatsu, Japan). All 

components were calibrated and aligned properly before 

imaging. Specifically, the relay lenses and phase plates 

were held in Thorlabs CXYZ1/M mounts (Thorlabs, Newton, 

New Jersey, USA) which can translate in all three 

dimensions. This facilitated the fine re-alignment after phase 

plate substitution. The mounts with relay lenses were first 

solely aligned to each other via a general beam alignment 

procedure35, before their alignment within the microscope 

set-up. 

 

Imaging protocol  

The Z-stack acquisition of the microscope is controlled with 

the NIS-elements software (Nikon, Tokyo, Japan), whereas 

the CCD camera uses its own HCImage Live software 

(Hamamatsu, Hamamatsu, Japan) to record images. 

Therefore, the camera was externally triggered by the stage 

movement of the microscope. Z-stacks with 201 frames, a 

0.1 µm step size, 900 ms exposure and 10 mW intensity 

were made with and without the saddle or double vortex 

phase plate in a short period of time.  

 

Data analysis  

Z-stack data files were imported in ImageJ with Fiji as its 

distribution36,37. Across all Z-stacks, a rough cropping in xy-

dimensions was performed around the visually best-looking 

beads that were isolated from others. For each bead, the 

pixel with highest intensity was identified with the FindFoci 

option of the GDSC plugin38, and with further cropping, the 

beads were then centered around their respective highest 

intensity pixel. Thus, each pixel was positioned at x = 129 

pixels, y = 129 pixels and z = 51st frame in a Z-stack of a 

single bead with 257x257 pixels in x and y and 101 frames. 

These individual bead stacks were then normalized in 

MATLAB and loaded into the script that plotted the 

simulated PSFs and intensities along the y- and z-

dimensions, to make the same figures for the experimental 

data.

 
Code Availability 

 
MATLAB code for PSF simulations is available on https://github.com/KJurgensTUD/PhasePlate_project_KJ. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://github.com/KJurgensTUD/PhasePlate_project_KJ
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Supplementary Information 

 

 

 

 
 

 

Figure S1 Optical behaviour simulations of relay lenses. (a) Illustration of two Thorlabs AC254-040-A-ML lenses, the 

original and newly created image plane, and point sources initiating from the original image plane at 0 mm (gold), 1.5 mm 

(red and dark pink), 3.0 mm (green and light blue) and 6.5 mm (dark blue and violet blue) from the center. All rays focus 

at the Fourier plane, and confirmed was that the beam size was 1.2 mm. (b) The wavefront aberration of a beam with λ = 

560 nm, introduced by the relay lenses, is estimated by plotting an error map and calculating the root mean square (RMS) 

error (= 0.0100 waves). The RMS value expresses statistical deviation from the perfect reference spherical wavefront, 

averaged over the entire wavefront. (c) Plot of the field curvature in the XZ (dotted line) and YZ (solid line) planes of the 

beam for three wavelengths: 488 nm (green), 560 nm (blue) and 641 (red). (d) Plot of the f*tan(θ) distortion (the 

displacement of the beam) for the same wavelengths as in panel (c). 
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Figure S2 Phase plate height estimation. The digital microscope can reconstruct objects and implements 

miscellaneous tools to measure distances and determine highest / lowest values. Here, the phase plates were 

reconstructed in 3D by recording a Z stack and were displayed in (a) and (c) as 2D cross sections wherein the phase 

plates were automatically brought in focus by the microscope. In these cross sections, a round circle was drawn close to 

the edges of the phase plates (light blue), where the highest and lowest points on the phase plate are (indicated with red 

crosses). The yellow height values in (b) and (d) of the saddle (a-b) and double vortex (c-d) phase plate were found by 

subtracting the lowest minimum from highest maximum. 

 

 

 

 



 

16 

  
 

 

Figure S3 Checking the phase plates after the immersion process. These screenshots taken with the digital 

microscope display a consistent immersion of IP-L, covering the entire intact saddle (a) and double vortex (b) phase 

plates. The black stains are air bubbles, which could perturb the emission beam’s trajectory if their presence is large-

scale.  

 

 

 

 

 

   
 

Figure S4 Supporting pillars around the phase plate to carry the round cover slip. Sixteen pillars formed a grid and 

the distance between two neighbouring squares was 1400 µm. Their length and width were 200 µm; the height was 200 

µm for the saddle phase plate and 250 µm for the double vortex phase plate. 
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Figure S5 Dose test. Small cubes consisting of IP-S were 3D printed on a ITO coated glass substrate. The laser power 

varied from 20% to 100%, with steps of 10%. The scan speed varied from 20.000 to 100.000 µm/s, with steps of 10.000 

µm/s. A combination of 70% and 70.000 µm/s (red circle) was a safe decision for printing quick while avoiding printing too 

intensely. Printing with too little or too much intensity promotes air bubble formation (black spots). 

 

 

 

 

 

 
 

 

Figure S6 Cartoon representation of the relay path. Two Thorlabs AC254-040-A-ML lenses created a new image 

plane at exactly four times the focal length of these lenses (4f = 160 mm) from the original image plane. The beam 

diameter remained a constant 1.2 mm between the two lenses. The Fourier plane wherein the phase plates with 1.5 mm 

diameter were placed, was the back focal plane of the left relay lens. 
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