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ABSTRACT   

A method for creating achromatic lenses using affordable consumer grade 3D printing is presented, using nanoparticle 

doping of photopolymerization resins to enhance the refractive index of consumer grade polymer resins. Zirconium dioxide 

particles with 5 nm diameter are used to enhance the refractive index of a consumer grade resin from 1.504 to 1.516 and 

changing the material Abbe number from 60.6 to 50.5, with the detailed characterization approaches being presented. An 

achromatic doublet lens was created using the nanoparticle enhanced and unaltered resin, leading to a reduced chromatic 

focal shift from around 870 µm to 150 µm for a 30 mm focal length lens compared to a plan-convex singlet lens with same 

prescription.  

Keywords: 3D printed optics, Achromatic lenses, Nanoparticle doping, Optical design 

 

1. INTRODUCTION  

Over the past decade, 3D printing of optical components for imaging and sensing applications has advanced significantly, 

particularly through two-photon polymerization print approaches that have, amongst others, enabled complex lens 

assemblies on fibre tips and imaging sensors [1]. Alongside these high-resolution methods that require expensive 

fabrication systems, more accessible approaches using consumer-grade vat photopolymerization (VPP) 3D printer have 

emerged [2]. To enable optical performance prints these printers have been previously modified through approaches such 

as vibration-assisted printing [3], continuous exposure printing [4], or spin-coating post-processing [5] to create optical-

quality surfaces and parts. These affordable optical 3D printing approaches have however so far been limited to basic resin 

materials with fixed refractive index (RI). To expand the applicability of the free-form advantage, broader material options 

are needed, especially for tailoring the RI to enable direct achromatic optical element printing and integrating of elements 

that allow opto-mechanical functional integration.  

Doping of 3D printed resins has been previously shown for two photon polymerization print approaches, using either 

zirconium dioxoide nanoparticles [6] or titanium dioxide nanoparticles [7]. In lower cost consumer grade VPP approaches 

so far a conjugated polymer has been shown, with a complex and time-consuming polymer doping methodology [8]. 

In this work we therefore look at nanoparticle doping of off-the-shelf 3D printing resins to enhance refractive index and 

optical performance of 3D printed lenses. 
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2. MATERIALS AND METHODS 

Resin doping 

The base material for the affordable VPP approach taken in this work is a consumer grade resin (Anycubic Waterwash 

Clear, labelled Resin B). To modify the refractive index of the base resin, 5 nm zirconium dioxide (ZrO2) nanoparticles 

50 wt% in propylene glycol methyl ether acetate (Merck 915505) were mixed with the waterwash clear resin. A base 

doping concentration of 10 wt% was used between the two materials, with the created material mixture (labelled Resin A) 

stirred for 3h, followed by continuous mixing in a flask rotator (ThermoFishe) to keep a stable resin until printing.  

3D print approach for achromatic lens  

A consumer grade 3D printer (Elegoo Mars 5 Ultra) is modified to reduce the volume of resin needed in the resin vat for 

a given print. To use the created nanoparticle doped resin for an achromatic lens design, the process shown in Figure 1 is 

followed. Briefly, the process starts with creating a CAD design of the desired achromatic lens once the RI of the base 

resin (resin B) and nanoparticle enhanced resin (resin A) are known. Resin A is used to print the flint part of the achromat 

using a print base adapter to fit within the reduced volume resin vat, followed by a water wash step. The flint is kept on 

the print base adapter throughout, with a manual resin fill step with resin B of the concave element of the flint part. After 

UV curing the print base is re-inserted into the 3D printer and the curved part of the crown part of the achromatic lens is 

printed using resin B. Once completed, a further wash step and UV curing step is used. A final step consists of spin coating 

of the convex side of the achromatic lens with resin B to reduce the surface roughness and remove the staircase effect 

apparent after the print. 

 

Figure 1. 3D printed achromatic optics fabrication process for combined flint and crown prints 

 

Refractive index measurement setup 

For measurement of the base RI of the doped material, the optical setup shown as a schematic in Figure 2 is used with the 

lens under test (LUT) consisting of a singlet plan-convex lens. A commercial BK7 glass lens (Thorlabs LA1074) is used 

as reference for both the measurement as well as for a molding operation to create resin A and resin B test pieces with 

defined geometry. A silicon mold of the glass lens was filled with each resin, with a microscope slide closing the mold for 

completing a lens. The focal length of each LUT is determined by bringing the flat surface of the lens into focus on the re-

imaging setup consisting of a microscope objective, tube lens and CMOS camera. After this, a 532 nm laser is used for 

illumination and its focal point after the LUT is re-imaged onto the CMOS sensor by axially changing the LUT position. 

The difference between both positions is the back-focal length of the LUT and used to determine the RI of the lens material. 

To determine the Abbe number of any LUT, including achromatic lenses fabricated as described above, the same setup in 

Figure 2 is used. As Abbe numbers are determined by relative focal length shifts between different wavelengths of 

illumination, three laser lines were used for illumination using a multi diode laser module with 445 nm, 520 nm and 638 nm 

lasers (Odicforce OFL352-AW1000). The co-linear laser outputs allow for a sequential positioning determination, with 



 

 
 

 

 

 

the 520 nm illumination position taken as start point and a repositioning of the LUT with 10 µm positioning accuracy 

allowing a determination of the focal length shift and therefore Abbe number.  

 

 

Figure 2. Refractive index and focal shift measurement setup for 3D print resins and created singlet and doublet lenses. 

 

3. RESULTS 

Using the setup shown in Figure 2, the RI of both the un-doped resin (resin B) and the 10 wt% ZrO2 doped resin (resin A) 

was determined using the design of a f = 20 mm BK7 plan-convex lens for both resins and illumination at 532 nm. The 

resulting RI  is 1.504±0.004 and 1.516±0.001 for resins B and A respectively. 

Following the RI measurements, the Abbe number was determined by using the further illumination wavelengths with the 

same plan-convex lens design, leading to an Abbe number of 60.6 for resin B and 50.5 for resin A. 

This RI change and Abbe number allowed designing a 30 mm focal length achromatic lens using both resin A and B as 

flint and crown component respectively. The resulting lens is compared to the singlet lens design with resin B only, as well 

as a commercial glass achromat (Thorlabs AC127-030-A) and BK7 singlet lens (Thorlabs LA1289). The focal shifts for 

all four LUT with varying illumination wavelengths are shown in Figure 3. A clear reduction in focal shift is present for 

both the commercial and 3D printed achromat. The commercial glass lenses show a focal shift of around 450 µm for the 

singlet lens and 100 µm for the achromatic doublet lens over the full wavelength range, while the 3D printed lenses show 

a focal shift of around 870 µm for the single lens and 150 µm for the achromatic lens. 

Overall, this work shows that consumer grade materials and 3D printers could be used for creating achromatic lens designs 

for improved imaging performance and aberration correction, which will be tested in biological imaging approaches in the 

future and enable a widening of the design space for affordable 3D printed optical elements. 

 

Figure 3. Focal shift of singlet and achromatic doublet lenses for (a) commercial glass lenses with f = 30 mm nominal focal 

length, and (b) 3D printed lenses with f = 30 mm nominal focal length. 
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