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Since its introduction in the 1980s, 3D printing has advanced as a versatile and reliable tool with applications in different fields. Among the available 3D printing techniques, two-photon polymerization is regarded as one of the most promising technologies for microscale printing due to its ability to combine a high printing fidelity down to submicron scale with free-form structure design. Recently, the technology has been enhanced through the implementation of faster laser scanning strategies, as well as the development of new photoresists. This paves the way for a wide range of applications, which has resulted in an increasing number of available commercial systems. This work aims to provide an overview of the technology capability by comparing three commercial systems in a round-robin test. To cover a wide range of applications, six test structures with distinct features were designed, covering various aspects of interest, from single material objects with sub-micron feature sizes up to multi-material millimeter-sized objects. Application-specific structures were printed to evaluate surface roughness and the stitching capability of the printers. Moreover, the ability to generate free-hanging structures and complex surfaces required for cell scaffolds and microfluidic platform fabrication was quantitatively investigated. Finally, the influence of the numerical aperture of the fabrication objective on the printing quality was assessed. All three printers successfully fabricated samples comprising various three-dimensional features and achieved submicron resolution and feature sizes, demonstrating the versatility and precision of two-photon polymerization direct laser writing. Our study will facilitate the understanding of the technology maturity level, while highlighting specific aspects that characterise each of the investigated systems.

Introduction

3D printing, also referred to as additive manufacturing, was originally employed primarily for small-scale manufacturing of plastic components. The more recent development of new 3D printing technologies has led to a significant upscaling of the fabrication capabilities and a broadening of the materials that can be processed. Consequently, 3D printing has emerged as one of the major options for fabrication of freeform shapes in materials such as polymers, metals, ceramics, wood, or composites and today the technology is used frequently in different areas spanning e.g. medical technology, [START_REF] Nadagouda | A review on 3D printing techniques for medical applications[END_REF] civil engineering, [START_REF] El-Sayegh | A critical review of 3D printing in construction: benefits, challenges, and risks[END_REF] and even preparing food. [START_REF] Mantihal | 3D food printing of as the new way of preparing food: A review[END_REF] When smart materials that change shape in response to environmental cues are used, 3D printing is instead referred to as 4D printing, where the added dimension is time. [START_REF] Ryan | Future of additive manufacturing: Overview of 4D and 3D printed smart and advanced materials and their applications[END_REF] Typically, the resolution of 3D printing technologies is in the range of tens to hundreds of micrometers. The only 3D printing technology that can provide sub-micrometer resolution and lithographic fabrication of feature sizes beyond the diffraction limit [START_REF] Fischer | Three-dimensional optical laser lithography beyond the diffraction limit[END_REF][START_REF] Harinarayana | Two-photon lithography for three-dimensional fabrication in micro/nanoscale regime: A comprehensive review[END_REF] is two-photon polymerization (2PP) direct laser writing (DLW). In 2PP DLW, the focal spot of a visible or nearinfrared pulsed laser beam is scanned in 3D through a liquid resin, hence the name DLW. This triggers the photopolymerization of the resin in the areas where a rapid subsequent absorption of two photons occurs, hence the term 2PP. The localized absorption of two photons allows for accurate fabrication of micro-sized objects with complex geometries without the need for supporting structures. A noteworthy aspect is that the lengthy fabrication, which has been one of the greatest obstacles to scalable microfabrication by 2PP, has been addressed with the implementation of digital mirror devices which allow a serial scanning process. [START_REF] Bunea | Light-powered microrobots: Challenges and opportunities for hard and soft responsive microswimmers[END_REF] Previous work describes, in detail, the theoretical considerations for maximum resolution achievable [START_REF] Fischer | Three-dimensional optical laser lithography beyond the diffraction limit[END_REF], as well as the main factors influencing processing accuracy. [START_REF] Zhou | A review on the processing accuracy of two-photon polymerization[END_REF] Typically, when using high-resolution oil immersion objectives, the 2PP minimum feature size is ~200 nm in the XY plane and ~500 nm in the Z direction, whereas the XY resolution is ~500 nm. However, higher resolution can be achieved by post-processing, and feature sizes below 100 nm have been demonstrated using secondary processing steps based on pyrolysis and/or isotropic plasma etching. [START_REF] Seniutinas | Beyond 100 nm resolution in 3D laser lithography -Post processing solutions[END_REF] The focal spot of the laser beam typically has an ellipsoidal shape with an aspect ratio between 1.5 and 3.5, depending on the numerical aperture (NA) of the laser focusing objective. [START_REF] Bunea | Light-powered microrobots: Challenges and opportunities for hard and soft responsive microswimmers[END_REF] This means that the 2PP DLW resolution is 1.5-3.5 times lower on the Z-axis, along the laser beam's propagation direction, compared to the XY plane. This aspect is also quite different in 2PP DLW as opposed to other 3D printing techniques, where the Z-resolution is typically superior to the XY-resolution. 2PP DLW has previously been employed for e.g. biomedical applications, [START_REF] Nguyen | Two-photon polymerization for biological applications[END_REF][START_REF] Sabaté Rovira | Additive manufacturing of polymeric scaffolds for biomimetic cell membrane engineering[END_REF] microrobotics, [START_REF] Bunea | Light-powered microrobots: Challenges and opportunities for hard and soft responsive microswimmers[END_REF][START_REF] Bunea | Natural convection induced by an optically fabricated and actuated microtool with a thermoplasmonic disk[END_REF] biosensing, [START_REF] Park | Immobilized nanoneedle-like structures for intracellular delivery, biosensing and cellular surgery[END_REF][START_REF] Kim | Fiber-Optic SERS Probes Fabricated Using Two-Photon Polymerization For Rapid Detection of Bacteria[END_REF] bioinspired structural colours, [START_REF] Zyla | Generation of bioinspired structural colors via two-photon polymerization[END_REF][START_REF] Wetzel | Bioinspired Microstructured Polymer Surfaces with Antireflective Properties[END_REF] and metamaterials. [START_REF] Soukoulis | Past achievements and future challenges in the development of three-dimensional photonic metamaterials[END_REF][START_REF] Bückmann | Tailored 3D Mechanical Metamaterials Made by Dip-in Direct-Laser-Writing Optical Lithography[END_REF] Epoxy-based and acrylic polymers used to be the typical 2PP DLW materials, but the choice of photoresists has expanded tremendously over the recent years. [START_REF] Liao | A material odyssey for 3D nano/microstructures: two photon polymerization based nanolithography in bioapplications[END_REF][START_REF] Yang | Multi-material multi-photon 3D laser micro-and nanoprinting[END_REF] With the current broad applications in different fields, commercial 2PP photoresists include hybrid organic-inorganic materials, biocompatible hydrogels, and fused silica precursors, whereas home-made formulations often focus on functional materials [START_REF] Carlotti | Functional Materials for Two-Photon Polymerization in Microfabrication[END_REF] or on responsive materials for 4D printing, [START_REF] Spiegel | 4D Printing at the Microscale[END_REF] such as certain liquid crystalline elastomers, [START_REF] Nocentini | Photoresist Design for Elastomeric Light Tunable Photonic Devices[END_REF] hydrogels, [START_REF] Delaney | Direct laser writing of vapour-responsive photonic arrays[END_REF] or shape memory polymers. [START_REF] Zhang | Structural multi-colour invisible inks with submicron 4D printing of shape memory polymers[END_REF] The first experimental demonstration of 2PP DLW came in the late '90s from Maruo et al. [START_REF] Maruo | Three-dimensional microfabrication with twophoton-absorbed photopolymerization[END_REF]. Nanoscribe, a spin-off from the Karlsruhe Institute of Technology in Germany, launched the first commercial equipment for 2PP DLW in 2007, and today provides several 2PP printer models, as well as a selection of resins for 2PP. In the past decade, other companies followed suit and launched alternative systems for 2PP DLW and as of today there are seven main players on the market. Multiphoton Optics, a spin-off from Laser Zentrum Hannover, Germany, and Femtika, a Lithuanian company and a spin-off from the Vilnius University Laser Research Centre, were both established in 2013. Femtika provides a combination of additive and subtractive manufacturing using femtosecond pulsed lasers. More recent 2PP DLW commercial system companies are Microlight3D, a French spin-off from the University of Grenoble Alpes established in 2016, and UpNano, an Austrian spin-off from the Technological University of Vienna established in 2018. LightFab, a company from Aachen, Germany established in 2013, and WOP Altechna, a laser micromachining Lithuanian company established in 2003, both offer multifunctional 3D printers primarily meant for the selective laser etching of glass, while also capable of 2PP DLW.

With the rapid growth of the field and the fast appearance of new 2PP printers, it is not obvious from the perspective of new users what the technology can enable or how different systems actually differ. In this paper, we therefore aim to provide an overview of 2PP DLW commercial equipment, together with a round-robin style experimental comparison of three such systems, namely the NanoOne250 from UpNano, the Photonic Professional GT+ (PPGT+) from Nanoscribe, and the FemtoLAB from WOP Altechna (Table 1). It must be noted that there are several other types of 2PP DLW equipment commercially available both from these companies and from other manufacturers. The three printers described herein were selected in the study to cover a varied range of solutions, from a rather commonly-used printer produced by the first commercial 2PP printer manufacturer Nanoscribe to models from newer manufacturers which offer unique technological solutions such as high printing speed and embedded HEPA filters (UpNano) or hybrid additive and subtractive 2PP technology (WOP Altechna). While a complete evaluation of 2PP systems would not be realistic to obtain, given the pace the technology is evolving at, this work aims to address the most relevant types of features currently encountered in commercial 2PP printers and should thus prove highly valuable to anyone interested in the latest developments in the field. Furthermore, this work addresses suggestions for possible future improvements. 

Design

The round-robin test structures were designed using SolidWorks 2021 (Dassault Systems) and exported as .STL files. The six different designs investigated are described below.

Resolution test

An array of cylindrical pillars and rectangular walls (Figure 1), simply called Pillars and walls from here on, was designed to evaluate the capability of the printer to print basic structures at the sub-micrometer scale. Both geometries were printed with different spacing to identify the printing resolution, in addition to the minimum feature size. For a more detailed schematic, see S.I. Figure S1. 4) Walls with 0.3, 0.5 and 1 µm widths and with 0.5 µm height. [START_REF] Fischer | Three-dimensional optical laser lithography beyond the diffraction limit[END_REF]. Walls with 0.3 µm width, aspect ratio 5, and 0.3, 0.5, and 1µm pitch. ( 6) Walls with 0.5 µm width, aspect ratio 5 and with 0.5, 1, and 2µm pitch. [START_REF] Zhou | A review on the processing accuracy of two-photon polymerization[END_REF] Walls with 1 µm width, aspect ratio 5, and 1 and 2µm pitch [START_REF] Zhou | A review on the processing accuracy of two-photon polymerization[END_REF].

True 3D test

The Multiplane structure was designed to evaluate the minimal achievable feature sizes on a true 3D structure (Figure 2). For this purpose (1) pillars and (2) holes with both circular and square footprints were included on planes printed at different angles (0°, 30°, 60° and 90°). In addition, (3) a spiral geometry, (4) high-aspect ratio columns with a base of 5 × 5 µm 2 , aspect ratio 1:12, and pitches of 0.3, 0.5, 1, 2, and 4 µm, (5) concentric trenches (size 4, 2, 1, 0.5 µm), and (6) a horizontal ladder with step widths of 1, 0.6, 0.3, and 0.15 µm were included on a vertical wall to evaluate the printer's ability to produce such features in the Z-direction. The dimensions shown and listed here are for the high NA objective. The structure dimensions for the low NA objective was obtained by scaling up the design 7 times in all directions (S.I. Figure S2). 

Free-hanging test

The Free-hanging lines structure design (Figure 3) evaluated the capability of the systems to print 0.1 µm wide free-hanging lines. The free-hanging lines were printed at different angles (60°, 90° and 120°) within the XY plane. 

Surface roughness test

The AFM lens (Figure 4) was printed to determine the achieved roughness on curved surfaces using atomic force microscopy (AFM). For the high NA objective, the structure had a diameter of 100 µm and a maximum height of 10 µm. For the low NA objective, the structure was 7 times larger (S.I. Figure S3), with a diameter of 700 µm and a maximum height of 70 µm. 

Stitching test

A Honeycomb pattern (Figure 5) was designed to evaluate the stitching capability of the systems for different types of geometries, i.e., straight walls and truncated pyramids with a hexagonal base. Individual fields-of-view employed during the printing are squares with a size of 82.5 × 82.5 µm 2 . 

Multiscale and multimaterial test

To evaluate the capability of the printers to fabricate structures comprising feature sizes at different scales, as well as the possibility to obtain multimaterial objects, the Multiscale structure (Figure 6) was designed. The large trapezoidal prism base structure was printed with a low NA objective, and the array of mushroom-like objects on its top was printed using a high NA objective. The trapezoidal prism had a side length of 600 µm. The top circular feature, i.e. platter, was also printed with the low NA objective and had a diameter of 100 µm and a height of 10 µm. The mushroomlike pillars on top of the platter consist of a pillar with a 6 µm base diameter and 15 µm height, and a top with a 10 µm base diameter and 1.5 µm height. 

Fabrication

NanoOne250 system

The .STL files were imported into the Think 3D software (UpNano), where the print parameters were set and the .thinkage job file for 3D printing was generated. Fabrication was done by 2PP DLW on a NanoOne250 system (UpNano GmbH, Vienna, Austria), which uses 95 fs pulses emitted at 80 MHz by a 780 nm Ti-Sapphire laser. All prints were performed on a cube-shaped glass substrate (10×10×10 mm 3 ) (Figure 7 a), b)). Before printing, the glass substrates were surface functionalized with methacrylated silane to improve structure adhesion, as recommended by the manufacturer, using the following protocol. After an air-plasma cleaning (Power: 200 W, time: 1 min) using a Model 3 Atto, (Diener electronic GmbH, Ebhausen, Germany) the glass cubes were immersed in a solution of 47.7% w/w deionized water, 50% w/w ethanol, 2% w/w (3mercaptopropyl) trimethoxysilane, and 0.3% w/w acetic acid for 20 min at room temperature. Afterwards, the samples were washed three times with deionized water, dried under nitrogen gas and finally placed on a hot plate at 60˚C for 3 hours. The functionalized substrates were stored protected from light and used within 1 month from the functionalization. For printing, the glass substrates were mounted on the printer holder and all the prints were performed in vat mode with UpPhoto and UpBrix resin for the lowest NA objective (Olympus, 10×/0.40 NA Apochromat) and highest NA objective (Olympus, 60×/1.42 N.A, Apochromat), respectively. For the multiscale structure, after the removal of the non-crosslinked resin from the base structure no further surface salinization was done before printing with the high NA objective. For all the prints the substrateresin interface was identified by automated focusing. In the case of the multiscale structures, the autofocusing system was calibrated by exploiting the fluorescence intensity difference between the UpPhoto structure and the UpBrix resin.

After the 2PP DLW process, the substrates containing the 3D printed structures were developed by immersing the samples in two subsequent batches of propylene glycol methyl ether acetate (PGMEA) of 10 min each, followed by a 5 min isopropanol bath and drying at room temperature.

Photonic Professional GT+ system

The .STL files were imported into the DeScribe software (version 2.7), where the print parameters were set and the .GWL job file for 3D printing was generated. Fabrication was done by 2PP DLW on a Nanoscribe Photonic Profession GT+ (PPGT+) system (Nanoscribe GmbH, Karlsruhe, Germany), which uses 150 fs pulses emitted at 100 MHz by a 780 nm Ti-Sapphire laser. For the Plan-APOCHROMAT 63×/1.40 Oil DIC objective (Carl Zeiss, Oberkochen, Germany) objective, 30×30×0.7 mm 3 fused silica glasses were used as 3D printing substrates in dip-in configuration (Figure 7 c),d)), and the IP-Dip2 photoresist (Nanoscribe GmbH, Karlsruhe, Germany) was employed as polymer precursor. For the 10×/0.30 NA objective, 30×30×0.7 mm 3 silicon pieces were used as 3D printing substrates in dip-in configuration, and the IP-Q photoresist (Nanoscribe GmbH, Karlsruhe, Germany) was employed as polymer precursor. For all the prints, except for the Multiscale mushroom-like pillars, the substrate-resin interface was identified by automated focusing. For the mushroom-like pillars of the Multiscale structure, the substrate-resin interface was identified by automated focusing and a Z-axis offset equal to the approximate height of the base was added to the print such that the pillars were printed at the top of the base.

After the 2PP DLW process, the substrates containing the 3D printed structures were developed by 20 min immersion in PGMEA, followed by 5 min in isopropanol, then placed horizontally and allowed to dry at room temperature.

FemtoLAB system

The .STL files were imported into the SCA software provided by WOP (Altechna, Vilnius, Lithuania), where the print parameters were set and the structure was sliced for the fabrication process. The structures were fabricated via 2PP DWL on a FemtoLAB system (WOP Altechna, Vilnius, Lithuania), which uses 244 fs pulses emitted at 601.8 kHz by a laser using a 514 nm wavelength (Figure 7e,f). All prints were performed on a 170 µm thin glass substrate (18×18 mm²). The resist SZ2080 was applied onto the glass substrate using a pipette, then the sample was tempered by heating on a hotplate for 1 hour (20 min at 40°C, 20 min at 70°C and 20 min at 90°C), followed by a slow cool down to room temperature. For the Multiplane and Honeycomb pattern structure, the tempering was done with a longer heating time of the resist, (1 hour at 50°C and 5 hours at 100°C) and afterwards cooled down slowly inside an oven. After tempering, the glass slides were flipped and placed on the sample holder. The sample was then fixated using adhesive tape and vacuum. A 63×/1.46 Oil objective (Cark Zeiss, Oberkochen, Germany) was used in an oil immersion configuration.

After the 2PP DLW process, the substrates containing the 3D printed structures were developed by 20 min immersion in a solution consisting of 2/3 isobutyl methyl ketone and 1/3 isopropanol, followed by a rinsing with isopropanol and air drying on cleanroom paper at room temperature. 

Characterization

Scanning electron microscopy

Prior to scanning electron microscopy (SEM) imaging, the NanoOne250 structures were coated with a layer of gold with a thickness of ~ 3 nm using a sputter coater (Polaron SC7640, Quorum Technologies, Newhaven, UK). Imaging was done using a Zeiss LEO 1550 (Carl Zeiss AG, Oberkochen, Germany) SEM and the images were acquired either using the secondary electron detector or the InLens detector. An acceleration voltage of 3 kV in high vacuum mode was used for both detectors.

The PPGT+ samples were coated with a layer of gold with a thickness of ~ 15 nm using a sputter coater (Cressington Scientific Instruments, Watford, UK). Imaging was done using a Zeiss Supra 40 VP (Carl Zeiss AG, Oberkochen, Germany) SEM and the images were acquired either using the secondary electron detector or the InLens detector. An acceleration voltage of 3 kV in high vacuum mode was used for both detectors.

The FemtoLAB samples were coated with a thin layer of aluminum (70 nm) using an evaporator (DV-502B High Vacuum Evaporator from Denton Vacuum, Moorestown, NJ, USA). The samples of the Multiplane and Honeycomb pattern were coated with a 25 nm thick gold layer. The imaging was done using a Hitachi S-2700 (Hitachi High-Tech, Tokyo, Japan) SEM and a Gemini Ultra 55 (Carl Zeiss AG, Oberkochen, Germany). The images were acquired either using the secondary electron detector or the InLens detector. An acceleration voltage of 4 kV in high vacuum mode was used for both detectors.

Atomic force microscopy

AFM (Dimension Icon-PT from Bruker, Billerica, MA, USA) was used to measure the surface roughness of the AFM lens structures. The AFM lens structures were characterized by AFM prior to metallization for SEM imaging, to ensure that the structure roughness achieved by the printers is not affected. A 10×10 μm 2 area was chosen approximately halfway between the center and the edge of the lens-like structure and scanned to calculate the average roughness. Tapping mode imaging with Tap150-Al probe (BudgetSensors ®, Innovative Solutions Bulgaria Ltd, Sofia, Bulgaria) with a normal spring constant of 5 N/m and a resonance frequency of 150 kHz was performed to extract the topology of the specific area on the surface. After a plane flattening to remove the bow and tilt, the root-mean-square roughness (Rq) was obtained by NanoScope Analysis, an AFM data processing software. Rq is defined as the root-mean-square average of height deviations taken from the mean image data plan [START_REF] Rao | Study of the contact angle of water droplet on the surface of natural K-feldspar with the combination of Ar+ polishing and atomic force microscopy scanning[END_REF]:

𝑅 𝑞 = √ ∑ (𝑍 𝑖 -𝑍 ̅ ) 2 𝑛 𝑖=1
𝑛 where 𝑍 𝑖 is the current Z value, 𝑍 ̅ is the mean Z value of all points within the area and n is the number of points.

Optical profilometry

A Profilm3D optical profiler from Filmetrics (KLA Corporation, Milpitas, CA, USA) equipped with a 10×/0.30 NA objective was used for 3D topographic imaging of the large AFM lens structures in vertical scanning interferometry (VSI) mode. The data acquisition was done using the Profilm software, which was subsequently used to compute the maximum height of each structure from a line profile passing through the center of each AFM lens.

Image analysis

The computer-aided manufacturing vs. computer-aided design (CAM/CAD) mimicry was investigated using CellProfiler [START_REF] Lamprecht | CellProfiler TM : Free, versatile software for automated biological image analysis[END_REF] and FIJI. [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF] The quantitative analysis of the different objects´ features was performed as follows. For the Pillars and walls structure, all features were analysed with CellProfiler. For the Multiplane structure, the pillars and holes (0° and 30° planes) were analysed with CellProfiler, whereas the distance between the columns and the step width of the horizontal ladder were measured using FIJI. For the Free hanging lines structure, the width of the segments and the distance between segments were measured using FIJI. The mushroom-like pillars on the top of the Multiscale structure were analysed with Cell profiler. All Cell profiler pipelines are available as SI .

The aim of this work was to evaluate a large range of fabrication needs for diverse applications of 2PP DLW in the micro-, meso-and macroscale, and thus to provide information on the printing possibilities to interested users of 2PP as an additive manufacturing technique. In order to address different size scales, two distinct microscope objectives were chosen for the fabrication: the highest NA objective of each printer (60× or 63×), and a lower NA objective (10×), which is the standard solution for macroscale fabrication. In order to address different printing needs, which would reflect in different features of the 3D printed objects, 6 different designs were made, as described in Section 2.1. Most designs were fabricated using the highest NA objective, and two selected designs (the Multiplane and AFM lens structures) were also fabricated using the macroscale fabrication objective. Finally, one design (the Multiscale structure) was fabricated using the macroscale objective and the highest NA objective serially.

The fabrication parameters for all structures were optimized by users of each instrument. The aim of structure optimization was to improve the processing accuracy, i.e. dimensional accuracy, shape accuracy, and surface roughness. [START_REF] Zhou | A review on the processing accuracy of two-photon polymerization[END_REF] Several fabrication parameters were considered in the optimization: laser power, scan speed, infill line direction, hatching and slicing distances, and number of contour lines. For both the NanoOne250 and the PPGT+ systems, the starting point for the optimization was the standard recipe provided by the company (S.I. Table S1). The overall goal for the optimization was to identify fabrication parameters that allowed for a good trade-off between printing accuracy and printing time. However, several important aspects should be noted here. First, the investigated printers present different printing modes, laser sources and objectives making a comparison with the same printing parameters not suitable for a valid evaluation. Consequently, each user had to obtain the optimal structure with a trade-off of the different printing parameters specific to the printer. Second, different printers from the same manufacturer can be slightly different, so it is possible that simply using a different piece of equipment could generate slightly different results. Third, it is possible that the structures described herein could be further optimized, possibly by considering other fabrication parameters, such as the laser beam path, hatching angle, surface pre-treatment, using an improved development procedure [START_REF] Purtov | Improved development procedure to enhance the stability of microstructures created by two-photon polymerization[END_REF] or other post-processing methods such as UV curing and thermal treatments. [START_REF] Seniutinas | Beyond 100 nm resolution in 3D laser lithography -Post processing solutions[END_REF] Furthermore, the companies are continuously providing software updates, which contribute to improving the sample slicing, the laser path and tuning, and fabrication times. Finally, this study compares preset configurations wherever possible, i.e. the use of a certain microscope objective together with a certain resin, as recommended by the manufacturer. It is possible that installing a different microscope objective or employing a different resin could further improve the fabrication performance. However, in the context of this paper, preset configurations were deemed to be the most relevant, as this is what most new users of such equipment would normally have access to.

The make and model of every printer, as well as details about the microscope objectives, are listed in Section 2.2. For simplicity, this section will simply refer to the different printers using the printer model name and, where relevant, the objective employed for the fabrication. The printing parameters are reported in S.I. Table S2.

Besides the printing parameters discussed in Section 3.1, the hardware, software and resin employed for the fabrication process also play a key role in determining the quality of a print. Consequently, these aspects are discussed in Sections 3.2., 3.3 and 3.4, respectively.

Optimized structures

To assess the highest resolution and the minimal feature sizes achievable by each system, the highest NA objectives were employed to fabricate several designs, as described below. All three systems have a high NA objective, but there are differences in the magnification and NA of these objectives (see Section 2.2). One of the main parameters for evaluating the printing accuracy of the systems is the CAM/CAD ratio, which is defined as the measured size of a feature of the fabricated structure divided by the size of the same feature in the CAD 3D drawing. A CAM/CAD ratio of 1 signifies a perfect match between the designed and fabricated size of a feature. Another noteworthy parameter for circular features is the eccentricity. A perfect circle has an eccentricity of 0. An eccentricity higher than 0 means that the shape deviates from that of a perfect circle, with higher values meaning that the object is more elliptical.

Pillars and walls

The Pillars and walls design provides information about minimal feature sizes, resolution, and the influence of the aspect ratio (A.R.) over these two structure characteristics. Figure 8 shows SEM top views of the Pillars and walls design printed using all systems discussed in this paper, as well as results from the data analysis. All the investigated structures were printed with a low and high A.R. to investigate the A.R. influence over the minimal achievable feature size and printing fidelity. In addition, the structure stability and printer resolution were investigated by printing the A.R. structures at different distances (0.3, 0.5 and 1 µm).

As a general observation, both the eccentricity and CAM/CAD ratio improved as the feature size increased. The low A.R. structures showed CAM/CAD mimicry closer to 1 than the high A.R. samples, Figure 8 d), e) and f). The A.R. influence over the resolution and printing fidelity was associated with three main mechanisms. The first is related to the galvanometric scanning resolution and precision. [START_REF] Zhou | A review on the processing accuracy of two-photon polymerization[END_REF] The second is that the position-laser mismatch can cause submicron differences over multi-layer structures. [START_REF] Pearre | Fast micron-scale 3D printing with a resonant-scanning two-photon microscope[END_REF] The third is that undesired resin polymerization can occur due to voxel overlapping in multi-layer structures. [START_REF] Bauer | Programmable Mechanical Properties of Two-Photon Polymerized Materials: From Nanowires to Bulk[END_REF]. These mechanisms can occur simultaneously, influenced by the printing technique and fabrication parameters. Finally, vibrations in the environment can also influence the process, but all the systems described herein are equipped with a vibration isolation system.

For the pillar structures, no relevant differences in CAM/CAD mimicry were observed among the investigated systems and all printers displayed average diameter values bigger than the intended ones, Figure 8e). All the systems presented a clustered array for the shallow 0.3 µm pillars and only the FemtoLAB system managed to print the high A.R. pillars with a 0.5 µm inter-pillar distance. The higher fidelity was attributed to the lower wavelength of the FemtoLAB system, which ensures a smaller voxel size and thus enables higher resolution and minimal feature size. [START_REF] Kuebler | Design and application of high-sensitivity two-photon initiators for threedimensional microfabrication[END_REF] Such samples represented a challenge since they are at the systems' printing limit in terms of resolution and minimal feature size. The pillars were printed in 5×5 arrays to investigate the repeatability for small batches. The NanoOne250 presented 2 detached pillars in the 0.5 µm feature size pillars, which is most likely due to the development process, Figure 8 a).

The NanoOne250 system presented the closest wall CAM/CAD mimicry for both the low and the high A.R. structures, with values around 1 and 1.3, respectively. The FemtoLAB system displayed CAM/CAD values closer to 1 than the PPGT+ printer, Figure 8 d). Interestingly, both the NanoOne250 and FemtoLAB systems achieved 0.3 µm and 0.5 µm resolution for the low A.R. wall and pillar structures, respectively. The different outcome is probably related to the simpler wall geometry when compared to the pillar design, underlining the feature geometry´s influence effect on printing fidelity. [START_REF] Gonzalez-Hernandez | Micro-Optics 3D Printed via Multi-Photon Laser Lithography[END_REF] The PPGT+ presented the same 0.5 µm resolution for both geometries, S.I. Figure S4.

The FemtoLAB system displayed straight walls over all the tested conditions, while the PPTG+ and NanoOne250 presented for some conditions no resolved and collapsed walls, respectively, S.I. Figure S5). The collapsing/adhesion of dense and high aspect ratio structures is also a well-known challenge in single photon lithography caused by the surface tension of the developer solution. [START_REF] Tanaka | Mechanism Of Resist Pattern Collapse During Development Process[END_REF] The FemtoLAB system generally showed a uniform and smooth surface with well-defined edges for all the printed geometries. On the other hand, the structures obtained with NanoOne250 and PPGT+ generally presented a more irregular surface with a lower accuracy over the pillar eccentricity, Figure 8 a),b),c) and f). The different results can be associated with different printing strategies. For the NanoOne250,, a slower writing speed (10 mm/s) was chosen for writing the contours, while a faster printing speed (40 mm/s) was implemented for the structure core. On the PPGT+, both the contours and the structure core were written using the same parameters and a speed of 7.5 mm/s. The FemtoLAB system printed the structures as a monolith, i.e. with no contour lines, but with fine hatching and slicing dimension. Despite resulting in high-quality printing, this approach resulted in a lengthier fabrication time. The NanoOne250 and PPGT+ systems were around 23 and 17 times faster than the FemtoLAB printer, respectively. It should be noted that after a software update, the fabrication time for the Pillars and walls structure on the FemtoLAB printer was reduced to 1 min 58 s, which is still 11 and 7 times slower than the NanoOne250 and PPGT+, respectively. However, the use of contour lines for writing small features resulted in artefacts, which can be seen as an uneven surface at the edges of some structure geometries, e.g. the 1 µm diameter pillars (S.I. Figure S6). For a more detailed list of methods to improve the 2PP processing accuracy in terms of surface roughness, achievable feature sizes and resolution, the reader may refer to the following review. [START_REF] Zhou | A review on the processing accuracy of two-photon polymerization[END_REF] The shown printer capabilities can find applications in the functionalization of surfaces with micron or submicron features, including wetting properties [START_REF] Macgregor-Ramiasa | Questions and Answers on the Wettability of Nano-Engineered Surfaces[END_REF], antifouling and bacterial resistance [START_REF] Xu | Submicron-textured biomaterial surface reduces staphylococcal bacterial adhesion and biofilm formation[END_REF], diagnostic in microfluidic devices [START_REF] Kang | A continuous flow micro filtration device for plasma/blood separation using submicron vertical pillar gap structures[END_REF] and diffraction/focusing of light [START_REF] Sai | Light Trapping Effect of Submicron Surface Textures in Crystalline Si Solar Cells[END_REF]. In addition, the systems have the potential to create templates with structures down to submicron structures for replica moulding to achieve high throughput [START_REF] Delaney | Direct Laser Writing to Generate Molds for Polymer Nanopillar Replication[END_REF].

Multiplane structures

The Multiplane structure comprises numerous different features with both straight and curved lines and thus represents a more comprehensive assessment of the systems' capability to print true 3D objects with different features on the microscale, as the features are printed at various angles, from the XY plane (0°) to the Z-plane (90°). The ability to produce pillars such as those on the Multiplane structure is relevant for e.g. metasurfaces, [START_REF] Mclamb | Metasurfaces for the infrared spectral range fabricated using two-photon polymerization[END_REF] cell interaction with surfaces, [START_REF] Sharaf | Two-Photon Polymerization of 2.5D and 3D Microstructures Fostering a Ramified Resting Phenotype in Primary Microglia[END_REF] or mold fabrication, [START_REF] Barata | Development of a microfluidic platform integrating high-resolution microstructured biomaterials to study cell-material interactions[END_REF] while producing small holes can be of interest for e.g. human physiology mimicry, [START_REF] Heitz | Bone-forming cells with pronounced spread into the third dimension in polymer scaffolds fabricated by two-photon polymerization[END_REF] filtration systems, [START_REF] Perrucci | Optimization of a suspended two photon polymerized microfluidic filtration system[END_REF] and microfluidics. [START_REF] Wu | Ship-in-a-bottle femtosecond laser integration of optofluidic microlens arrays with center-pass units enabling coupling-free parallel cell counting with a 100% success rate[END_REF] The pillar and hole features were repeated on planes at different angles for a more comprehensive assessment of the processing accuracy, given the fact that the laser focal spot is known to have an ovoid shape. [START_REF] Bunea | Light-powered microrobots: Challenges and opportunities for hard and soft responsive microswimmers[END_REF] Due to stage tilting limitation in the SEM imaging, the quantitative analysis was performed just on the 0° and 30° planes. Results from data analysis: g -j) CAM/CAD ratio for the g, i) pillars and h, j) holes with g, h) square and i, j) round base. k, l) Eccentricity of the round i) pillars and l) holes.

Compared to the pillars and walls design, the multiplane structure includes convex and concave objects with submicro-, micro-and mesoscale feature sizes. Consequently, selecting a set of fabrication parameters that accommodate all such features on a relatively large structure represented a challenge.

The printing quality was indeed best on the 0° plane, as expected. The average CAM/CAD ratio was slightly higher on the 30° plane compared to the 0° plane, while the eccentricity was significantly higher for the 30° plane, Figure 9 g) -l). On the tilted planes, the surface also appeared rougher and the features were less uniform. An influence of the printing plane over the printing quality was expected as the voxel geometry presents an elongated shape along the Zaxis. [9] [47]. In particular, the layers on the NanoOne250 30° plane were more visible than for the 30° plane fabricated using the other two systems, Figure 9 a) -f). The typical 3D printing layerby-layer structure observed on the NanoOne250 system resulted from a different slicing distance, 1.7 and 2.5 times bigger than the PPGT+ and the FemtoLAB, respectively. Such parameters probably also caused the absence of the 0.3 and 0.5 µm pillars on the NanoOne250 for 60° and 90° degree planes, while contributing to the reduced printing time (NanoOne250: 00:10:33, PPGT+ 1:01:06 and FemtoLAB: 0:38:20). Despite the less stringent slicing interval, the NanoOne250 was the only system to display the submicron holes on the tilted planes, probably due to using the lowest area hatching (2.25 and 9 time smaller than the PPGT+ and FemtoLAB, respectively). Occluded cavities in the PPGT+ and FemtoLAB prints could also occur as a consequence of resin over-exposure in the case of the, due to the reduced layer thickness / increased number of layers employed in the fabrication. While the PPGT+ prints displayed results comparable to the Pillars and walls structure observations, the FemtoLAB prints showed a lower resolution. The different result was attributed to the combination of bigger hatching and higher scattering due to the multiplane structure height that affected the adopted bottom-up printing technique. [START_REF] Dobos | On-chip high-definition bioprinting of microvascular structures[END_REF] The structures fabricated with the FemtoLAB also show a shape deviation of the 0° plane, Figure 9e). This curvature is a result of the SZ2080 resist preparation. The tempering test indicated that the influence of time and temperature is significant for producing a flat surface. Further testing must be performed to improve the preparation of this resist for fabricating tall structures. The Multiplane structure from FemtoLAB shown in this paper had the lowest overall curvature achieved among structures tested with various tempering parameters. However, it is likely that further optimizing the tempering process could result in a Multiplane structure of better overall quality, as the issues encountered seem to come from resist tempering rather than from the printing capabilities of the FemtoLAB system itself.

All three systems successfully printed all pillar sizes on the 0° plane, while the 0.3 µm pillars were broken for the NanoOne250 system on the 30° plane, Figure 9 a) -f). The FemtoLAB system printed pillars with a smaller height than the CAD file, associated with either a software artefact or the oil immersion printing mode, Figure 9 e) f). The holes with sizes below 1 µm were clogged on both planes of the PPGT+ system and the FemtoLAB system prints, Figure 9 d) -f). The NanoOne250 system printed all the holes down to 0.3 µm and 0.5 µm on the 30° and 0° plane, respectively, Figure 9b).

On the 0° and 30° planes, both the CAM/CAD ratio and the eccentricity generally improved as the feature size decreased, Figure 9 g)-l), as also observed for the pillars and walls samples (Section 3.1.1). Specifically, the fabricated pillars had a higher diameter than the CAD drawing, while the holes had a lower diameter. This behavior can be attributed to two factors. First, in the hatching of a structure, a "point" corresponds to the center of the laser beam focal spot, so it is expected that polymerization will occur in the surrounding area. Second, including contour lines during fabrication stabilizes and improves the features, but presents the drawback of increasing the pillar thickness and decreasing the hole aperture. [START_REF] Lim | Contour offset algorithm for precise patterning in twophoton polymerization[END_REF] Naturally, this effect is more noticeable for smaller features. While the printers displayed similar results for the standing pillars, the NanoOne250 system presented a better CAM/CAD mimicry for the hole features on both the 0°and 30° planes. Interestingly, for both the NanoOne250 and the PPGT+ systems, square pillars displayed a higher CAM/CAD mimicry compared to round pillars, while the opposite can be seen for the FemtoLAB system. This could be explained by differences in the laser scanning path defined in the different software. For the holes, all printers showed a better CAM/CAD mimicry for square features. Such behavior can be related to the simpler geometry as also observed when comparing the resolution between pillars and walls in Section 3.1.1.

The tested features demonstrated the capability of the systems to create pillars at different angles that may find application as a platform to investigate the interaction and adhesion of cells and small organisms with materials, as shown in previous studies [START_REF] Sharaf | Two-Photon Polymerization of 2.5D and 3D Microstructures Fostering a Ramified Resting Phenotype in Primary Microglia[END_REF]. In addition, the obtained holes at different plane angles pave the way for the fabrication of complex microfluidic platforms with channels not confined to the XY plane [START_REF] Mclennan | Nano-liter perfusion microfluidic device made entirely by two-photon polymerization for dynamic cell culture with easy cell recovery[END_REF] [START_REF] Picot-Clémente | Laser technologies for micro and nanofluidics systems[END_REF]. In the back of the Multiplane structure, the spiral feature was fabricated to investigate the capability of the systems to fabricate intersecting curved surfaces at the microscale. All the systems successfully printed the spiral and the trenches running along the structure. However, the PPGT+ and FemtoLAB spirals resulted smoother than that printed using the NanoOne250 system, similar to what was observed on the 30° plane, Figure 10 a), b) andc).

The column structure combines high-aspect ratio and distance intervals down to the submicron scale, which represents a challenge for the printers, in terms of resolution and structure stability. The smallest resolved distance between the columns was 0.3 µm with the NanoOne250, 0.5 µm with the PPGT+ and 1 µm with the FemtoLAB system, Figure 10 d). Both the NanoOne250 and PPGT+ systems presented a bending column, Figure 10 a) andb). The bending of the column caused CAM/CAD ratio bigger than 1 for one of the distance intervals in the NanoOne250 and PPGT+ systems. The columns displayed a solid base-substrate adhesion excluding a detachment issue for both systems. Deformations caused by shrinking/swelling of the material were also discarded as defects such as bending, cracks or structure detachment over the printed samples were not observed. Considering the fact that the bending occurs for a tight spacing between the columns, the deformation was hypothesized to occur due to the capillary forces exerted during the drying of the development solution

The recent development of droplet microfluidics has benefited from the development of concentric channels for the fabrication of droplets [START_REF] Erfle | Goodbye fouling: a unique coaxial lamination mixer (CLM) enabled by two-photon polymerization for the stable production of monodisperse drug carrier nanoparticles[END_REF]. Concentric trenches can represent a simplified design of such a system. For this structure, the NanoOne250 system obtained trenches down to 0.3 µm while the PPGT+ and FemtoLAB systems displayed clogged sections in the 0.3 and 0.5 µm features localized along the Z-axis of the trenches.

The horizontal staircase step scope was to investigate the XY minimal feature size of the printers. The NanoOne250 and FemtoLAB systems displayed a better CAD/CAM ratio than the PPGT+ for features sizes below 0.5 µm. The systems displayed comparable results starting from 0.5 µm steps sizes, Figure 10 

e).

As observed for the features printed on the front of the structures, the structure tolerance drastically reduces when the feature size moves from submicron to micron scale. The same multiplane structure design was printed with the low NA objective with a 7× larger size compared to the high NA print. This was meant to demonstrate the capability of the systems to fabricate a millimeter-scale sample and to investigate the influence of the NA on the printing fidelity.

Similarly, as in the case of the high NA Multiplane structure, the surface quality was superior for the 0° than the 30° plane. No relevant differences were observed between the pillar and hole eccentricity of the two systems, Figure 11 h). The NanoOne250 system displayed an apparently rougher surface on the 0° degree plane, which can be attributed to the 1.6 times bigger hatching dimension compared to the PPGT+ printer. On the other hand, a 4 times smaller slicing interval than the PPGT+ resulted in a smoother surface on the tilted printing surface, Figure 11 c) andd).

Interestingly, the pillars on the NanoOne250 0° plane showed a reduced surface quality when compared to the structure plane surface of the same printer. This quality difference could be attributed to the printing software or to the properties of the resin employed for the fabrication. The holes resulted in CAM/CAD ratios smaller than 1 for both systems, with the exception of the 3.5 µm diameter square holes printed using the PPGT+ system. Overall, the PPGT+ printer achieved hole diameters closer to the intended size than the NanoOne250 system that did not resolve the smallest circular holes on the 0° plane, Figure 11 f). The pillar base and tops resulted in bigger and smaller diameters, respectively, than the intended value in both systems The NanoOne250 displaying a slightly better pillar CAM/CAD mimicry compared to the PPGT+ printer, Figure 11 e) and g). As observed for the high NA, both printers´ fabrication quality improved as the feature size increased.

Both systems presented pillars with a conical pyramid shape, with more tilted side walls for the PPGT+ printer than the NanoOne250 system, Figure 11 c) andd). This observed shape is related to the bigger and more elongated voxel size of low NA objectives. It is also expected that the effect is more noticeable on the PPGT+ system, which has a NA of 0.3 as opposed to 0.4 on the NanoOne250 system. This caused the pillar to print bigger in diameter, because of undesired material crosslinking during the laser fabrication of the plane surface, while the top of the pillars were smaller than intended. The smaller NA effect on the printing quality was even more visible on the 30° degree tilted plane of both printers. The pillar side facing the substrate displayed a tilted wall instead of being perpendicular to the plane, Figure 11 c) andd). A similar artefact is expected to happen inside the holes as well, even if it was not possible to visualize with the SEM microscope. 

c, g) High aspect ratio columns. d, h) Concentric trenches. i) CAM/CAD for the spacing between the high aspect ratio columns. j) CAM/CAD for the step height of the staircase feature.

Despite the spiral being printed by both printing systems, the trenches were poorly visible (top) or absent (side), Figure 12 a) and e). As for the 30°degree plane, the smaller slicing dimension resulted in a better spiral surface quality for the NanoOne250 system. Regarding the columns, both systems presented upright columns without any bending. The PPGT+ presented CAM/CAD ratio closer to 1 for distances ranging from 3.5 µm up to 7 µm than the NanoOne250, Figure 12 c), g) andi). The trenches of both printers presented clogged sections in the Z direction due to the elongated shape of the voxel. The PPGT+ system also presented a more layer-by-layer structure visible at the edge of the trenches, Figure 12 d) andh). For the staircase steps the PPGT+ system presented a better CAD mimicry for the smaller features while the NanoOne250 printer performed better for the bigger staircase steps, Figure 12 l). The structure was printed in 29 min and 44 min by the NanoOne250 and the PPGT+, respectively.

As observed for the high NA, the two printers' tolerance reduced as the feature size increased. The low NA objective allowed faster printing for the fabrication of objects to achieve an mm-scale object with micron resolution features. The bigger voxel drastically increases the printing speed but also limits the printing fidelity for features below 10 µm. In particular, the obtained pillars on the 30˚ plane demonstrated how structures on tilted planes can be affected. The small NA objective still maintains the capability to realize free-standing objects and hollow structures but the generation of artefacts of a few microns due to the voxel size has to be taken into account [START_REF] Weisgrab | 3D Printing of large-scale and highly porous biodegradable tissue engineering scaffolds from poly(trimethylene-carbonate) using two-photonpolymerization[END_REF].

Free-hanging structure

Free-hanging structures, which are necessary designs in some fields, are challenging to produce by lithography, extrusion or single photon-based printing techniques. The possibility to generate such structures at different angles by 2PP DLW, without the need for supports or sacrificial layers, has paved the way for studies in fields including sensor [START_REF] Melvås | A free-hanging strain-gauge for ultraminiaturized pressure sensors[END_REF], photonics [START_REF] Sun | Freestanding and movable photonic microstructures fabricated by photopolymerization with femtosecond laser pulses[END_REF], two-component metamaterial [START_REF] Qu | Micro-Structured Two-Component 3D Metamaterials with Negative Thermal-Expansion Coefficient from Positive Constituents[END_REF] and biology with scaffolds [START_REF] Sharaf | Two-Photon Polymerization of 2.5D and 3D Microstructures Fostering a Ramified Resting Phenotype in Primary Microglia[END_REF] [57] [58] [START_REF] Jayne | Direct laser writing for cardiac tissue engineering: a microfluidic heart on a chip with integrated transducers[END_REF] for cell force measurements [START_REF] Klein | Elastic Fully Three-dimensional Microstructure Scaffolds for Cell Force Measurements[END_REF]. Thus, a Free-hanging lines design was included in this study.

All the systems successfully fabricated free-hanging structures, Figure 13a-c). However, the 0.1 µm thickness of the overhanging segments represented a challenge for all printers, which is natural, given that the voxel size in the XY plane is bigger than 0.1 µm. The PPGT+ printer displayed the closest CAD mimicry, with a CAM/CAD ratio of ~3 and a decreasing printing quality from -60˚ to +60˚. The FemtoLAB and the NanoOne250 systems showed a CAM/CAD ratio of ~4 and ~5, respectively. No significant difference was measured between the overhanging lines printed at different angles for the PPGT+ and the NanoOne250, whereas the FemtoLAB system displayed better results for the lines printed at 0˚, Figure 13d).

No significant bending of the overhanging lines was observed, as demonstrated by the CAM/CAD pitch values of ~1 measured for all printers. The PPGT+ system properly resolved the lines as placed entirely on the top of the pillars. At the opposite end, the overhanging lines were fully embedded into the cylindrical support pillars for the FemtoLAB print. The NanoOne250 print lines appear to be also on top of the pillars, albeit less defined than on the PPGT+ print. On the other hand, the pillar surface appeared smoother on the NanoOne250 and FemtoLAB prints when compared to the PPGT+. This could be due to the reduced exposure dose used on the PPGT+ to fabricate the thinnest overhanging lines, which likely resulted in an incomplete crosslinking of the pillar structure, Figure 13b) and S.I. Table S2. The printing time was around 38 s for NanoOne250 system, 32 s for the PPGT+ and around 22 min for the FemtoLAB printer. After a software update, the FemtoLAB system fabricated this structure in 7 min 26 s. The NanoOne250 and the PPGT+ prints showed a polygon-like pillar base attributed to the .STL file resolution, while the FemtoLAB printer pillars displayed a smooth lateral pillar surface, most likely due to the resin properties, Figure 13 a-c). 

AFM

The roughness of a structure plays a key role in e.g. cell biology [START_REF] Majhy | Effect of surface energy and roughness on cell adhesion and growthfacile surface modification for enhanced cell culture[END_REF], the wetting behavior [START_REF] Kubiak | Wettability versus roughness of engineering surfaces[END_REF] of a surface, or the quality of optical components [START_REF] Vaidya | 3D printed optics with nanometer scale surface roughness[END_REF]. Optical components typically require a very low roughness tolerance and defects to reduce artefacts. The AFM lens structure is a simple design that allows us to investigate the surface roughness of a curved object fabricated by the 2PP DLW systems investigate here. The AFM measurement was conducted at the half height of the lens. From a visual inspection, the FemtoLAB prints displayed a very smooth surface with no noticeable Z-layer lines, Figure 14 c). Z-layer lines are instead visible on the PPGT+ prints, Figure 14 b) and the NanoOne250 prints, Figure 14 a). The root-mean-square roughness (Rq) obtained using the high NA objective was of 8.6 ± 2.5, 11.3 ± 0.1 and 7.6 ± 0.8 for the NanoOne250, PPGT+ and FemtoLAB prints, respectively, Figure 14. Scanning electron micrographs of the AFM lens structures.

Roughness of the samples fabricated using the high and low NA objectives, as calculated from AFM measurements.The measured roughness is likely a consequence of several factors, including fabrication parameters, as well as properties of the resin and factors related to the software which controls the printing process. The presence of surface roughness could be further reduced by postprocessing treatment using thermal reflow of polymer-based resins [START_REF] Kirchner | Thermal reflow of polymers for innovative and smart 3D structures: A review[END_REF] and pyrolysis. [START_REF] Sharipova | Effect of pyrolysis on microstructures made of various photoresists by two-photon polymerization: comparative study[END_REF] As expected, the 10× objectives fabricated structures with higher roughness and a more visible step-like profile, with an Rq or 154 ± 31 and 29.3 ± 15 for the NanoOne250 and PPGT+ prints, respectively, Figure 14 f). The resulting roughness might not be suitable for fabricating optical components or other structures where surface roughness represents a critical factor. The NanoOne250 print obtained with the low magnification objective, Figure 14 d) showed a Rq around 5 times higher than the equivalent print from the PPGT+ system, Figure 14 e).

The lens displayed the longest printing time when normalized to the structure volume due to the very stringent printing parameters to achieve the smoothest surface (High NA: FemtoLAB: 27:40, PPGT+: 07:38, NanoOne250: 08:53. Low NA: PPGT+: 09:53 NanoOne250: 02:17).

Stitching

The first 2PP systems were extremely slow, and the single microscale object fabrication took several hours. With the implementation of faster printing strategies enabled by galvanometric mirror systems, 2PP started allowing for mesoscale structure fabrication with micron feature sizes in more reasonable time intervals. Every microscope objective has a certain field of view, as well as a certain effective writing field for 2PP DLW when using galvanometric mirror scanning. Outside of this effective writing field, aberrations occur, so large objects need to be fabricated by stitching several independent print areas. [START_REF] Bunea | Micro 3D printing by two-photon polymerization: Configurations and parameters for the Nanoscribe system[END_REF] This can lead to imperfections, i.e. stitching errors, in the final product. The Honeycomb pattern was made to investigate this effect. As an alternative, the FemtoLAB system uses the infinitive field of view (IFOV) technology to print structures larger than the field of view by simultaneously using stage motion together with the galvanometric scanner to create a continuous processing flow. [START_REF] Kühne | Insights into challenges and potentials of two-photon lithography[END_REF] As can be seen in Figure 15, all systems successfully printed the structure, even if stitching lines can be seen in the higher magnification images for the NanoOne250 and PPGT+ systems. From a visual inspection, the NanoOne250 prints displayed more surface artefacts and poorer surface quality in the overlapping zones. On the other hand, The PPGT+ system prints presented a smoother surface, but a higher degree of misalignment, Figure 15 a-b). While for most applications, the quality should be suitable, a more thorough study should be performed for structures where small imperfections might be critical, such as optical or microfluidic components, or structures intended for mechanical properties testing, where such imperfections are likely to be the source of mechanical failure. In contrast, the FemtoLAB system displayed a remarkable structure without showing any defects or alignment marks thanks to the IFOV system, Figure 15 c). The IFOV setting extends the field of view of by combining the motion of both linear axes with the galvanometric scanner. While the slow stage is moving in the direction of the hatching path, the fast galvanometric scanner controls the laser path and writes the lines that are in the field of view while the stage is in motion. Thus, simple lines that go beyond the field of view of a single stage position can be printed following the hatching path.

Multiscale structure

The need to combine large structures with micro-sized features still represents a challenge in 3D printing. Fabrication of submicron features requires a high NA objective that in turn results in a remarkable increase in printing time and risk of obtaining stitching errors. As an alternative, a twostep printing strategy combines the printing speed of a low NA objective for large structures with the fabrication of the smallest features by using a high NA objective. This approach, which involves the delicate step of aligning the small feature print with the already printed object, was investigated with the Multiscale design. The alignment was performed by the operator as neither system is equipped with an automated aligning system. However, because of the sequential nature, this strategy can cover applications where multi-material structures are required, such as Metamaterials. [START_REF] Qu | Micro-Structured Two-Component 3D Metamaterials with Negative Thermal-Expansion Coefficient from Positive Constituents[END_REF] This structure was not printed using the FemtoLAB system because this was not equipped with a low NA objective. The fabrication of the Multiscale structure was successful with both printers, and no significant printing fidelity differences were identified. In both cases, all of the mushroom-like pillars remained upright with a CAM/CAD ratio of ~1 (1.02 ± 0.00 and 0.99 ± 0.02 for the NanoOne250 and PPGT+ systems, respectively), and an eccentricity of ~0.2 (0.18 ± 0.03 and 0.21 ± 0.06 for the NanoOne250 and PPGT+ systems, respectively), Figure 16 a) -f). Interestingly, the PPGT+ presented mushroom stems with a larger base than the top. Some of the top features were tilted towards the centre of the array. The base structure, obtained with the low NA objective, displayed bent corners indicating deformation and a local detachment of the structure, Figure 16 d) andf). The base surface of the NanoOne250 sample displayed radial lines as .STL file facet artefacts, Figure 16 a). The total printing time was of 2 min 22 s and 9 min on the NanoOne250 and PPGT+, respectively. However, this strategy resulted in a time-consuming multistep protocol involving the removal of the sample from the printer for development and drying steps, followed by reintroducing the structure into the system with the new resin and writing the fine features with the high NA objective. The overall fabrication process took several hours on both systems, with the sample drying being the most time-consuming step. Besides being a lengthy process, this entailed that the sample was exposed to contaminants and possible damage. As an alternative, the use of a single resin removes the laborious ink exchange while still requiring the delicate objective exchange and structure alignment.

Beyond the alignment, the interaction of the different materials and the resin exchange technique can play a key role. While the first was resolved here by using materials (polyacrylates) with similar chemistry and shrinking/swelling to prevent deformations, the second aspect still represents a challenge despite the multiple applications for multi-material printing, including 4D printing [START_REF] Qu | Micro-Structured Two-Component 3D Metamaterials with Negative Thermal-Expansion Coefficient from Positive Constituents[END_REF][68] [START_REF] Nishiguchi | In-Gel Direct Laser Writing for 3D-Designed Hydrogel Composites That Undergo Complex Self-Shaping[END_REF] and biology [START_REF] Richter | Guiding Cell Attachment in 3D Microscaffolds Selectively Functionalized with Two Distinct Adhesion Proteins[END_REF]. More examples can be found in a recent review [START_REF] Yang | Multi-material multi-photon 3D laser micro-and nanoprinting[END_REF].

Another approach includes the use of microfluidics, as previously done for stereolithography printers, [START_REF] Ortiz-Cárdenas | Towards spatially-organized organs-on-chip: Photopatterning cell-laden thiol-ene and methacryloyl hydrogels in a microfluidic device[END_REF] to quickly exchange the resins in situ. This strategy uses small volumes of resin to allow a fast exchange of the inks while maintaining the sample in a protected environment. However, the print quality can be negatively affected due to the sub-optimal printing distance between the substrate and the objective. Moreover, the structure height would be confined to the geometry of the microfluidic device. Recently, a commercial solution for efficient and automated resin replacement directly at the objective in dip-in mode was developed and is commercialized by HETEROMERGE. [START_REF] Gao | Large area multi-material-multiphoton 3D printing with fast in-situ material replacement[END_REF] The system simplifies the resin exchange significantly when using a single objective but does not solve the problem of switching objectives when various feature sizes are required.

Hardware

In addition to the design of the structures printed, laser power and wavelength have a significant influence on a system's capability. Besides increasing the printing speed, a powerful laser enables the use of low NA objectives for the generation of millimetre and centimetre scale objects. In addition, a powerful laser increases the range of ink availability, enabling the printing of poorly sensitive materials, such as hydrogels and single-photon resins with low two-photon absorption. [START_REF] Huang | Study on a series of water-soluble photoinitiators for fabrication of 3D hydrogels by two-photon polymerization[END_REF] The laser wavelength, which is 780 nm for the NanoOne250 and the PPGT+ and 514 nm for the FemtoLAB system, contributes to defining the light penetration depth and the voxel size (V ∼ λ 3 ) and, therefore, the minimal achievable feature dimension. [START_REF] Kuebler | Design and application of high-sensitivity two-photon initiators for threedimensional microfabrication[END_REF] It should be noted that the reduction of undesired light penetration results in printing depth limitations for the bottom-up and top-down modes, commonly used for direct 3D printing inside a carrier such as a microfluidic chip. [START_REF] Mandt | Fabrication of biomimetic placental barrier structures within a microfluidic device utilizing two-photon polymerization[END_REF] The laser scanning to generate the object layer-by-layer is performed by galvanometric scanners (NanoOne250, PPGT+, FemtoLAB) or by using a piezoelectric XY stage (PPGT+, FemtoLAB). The galvanometric scanners provide printing rates around 2 orders of magnitude higher than the stage scanning technology. [START_REF] Pearre | Fast micron-scale 3D printing with a resonant-scanning two-photon microscope[END_REF] However, the galvanometric scanners have the major drawback of vignetting and stitching lines for samples bigger than the objective effective writing field. If submicron features are not critical, objectives with a small NA offer a larger field of view, which reduces the number of stitching lines needed, as well as the print time.

The laser scanning process to generate the sample represents the technology's throughput bottleneck. New developments have shown promising results in integrating digital micromirror devices (DMD) to increase the technology's productivity, as previously shown for single photon applications. [74][75] Alternatively, the fabrication time can be decreased by using the "core-shell" printing mode, i.e. writing only the outer shell of the structure, developing and then crosslinking the remaining resin trapped in the core by flood UV light exposure [START_REF] Malinauskas | Femtosecond laser polymerization of hybrid/integrated micro-optical elements and their characterization[END_REF].

The printer optics' configuration has an influence in defining the suitable application of the printer. An inverted system (NanoOne250, PPGT+), with the objective located under the sample, is more suitable than an upright printer (FemtoLAB) for printing 2PP ink collected in an open containerlike structure, i.e. a well-plate and open microfluidics. However, in such a system the components are more exposed to spillage or leakage.

The printing mode is influenced by the system, the application and the resin. Upright systems, such as the FemtoLAB, are compatible with dip-in and oil printing modes, where the objective is immersed in the resin or in oil, respectively. In addition to such methods, inverted systems, such as the NanoOne250 and PPGT+, can also operate in vat mode. The investigated printers used different modes for the fabrication of the structures discussed herein: the NanoOne250 prints were done in vat mode, the PPGT+ prints were done in dip-in (DiLL) mode, and The FemtoLAB prints were done in oil immersion mode. In the oil immersion printing mode (FemtoLAB), the objects are built in a bottom-up approach. This approach requires transparent substrates that match the 2PP ink refractive index to achieve submicron resolution. The structure height achievable with the oil approach is limited by the objective working distance and artefacts may appear for structures above a few microns since the laser light passes through the crosslinked material. [START_REF] Dobos | On-chip high-definition bioprinting of microvascular structures[END_REF] In contrast to the oil immersion printing mode, the dip-in (PPGT+) and vat mode (NanoOne250) are top-down modes. In both approaches, the objective is always at optimal printing distance to ensure the highest printing performance. In the dip-in mode, the objective is in direct contact with the resin during the printing process, resulting in the need to clean the objective after every print session, which in turn might compromise the quality of the objective over time. The vat mode avoids the direct objective-resin contact by collecting the ink in a tank where the print is performed. The vat approach gives more freedom regarding the ink choice while removing the dip-in mode's need of cleaning the delicate objective at the end of each print. However, the storage of the ink in the vat system generally requires a higher initial ink amount and suffers from dust contamination over several uses if not properly handled in a dust-free environment. A HEPA filter (NanoOne250) is implemented in the printing chamber to reduce the possible contamination while opening to biological applications as well. The dip-in mode allows printing on large XY areas, i.e. several centimetres, while limiting the height to a few millimetres according to the resin surface tension. On the contrary, the vat mode enables the fabrication of structures up to a few centimetres tall, with a limitation in the XY plane to a few centimetres, according to the vat diameter. While in principle it is possible to increase the vat diameter, this comes with the drawback of increasing the initial volume of ink.

A levelled substrate is essential to avoid printing issues related to structure partial printing or detachment. The PPGT+ system performs automatically autofocusing at each tile to detect the inkresin interface. Despite preventing structure detachment, such a strategy can lead to the generation of objects with "steps" at each Z-adjustment performed on a tilted substrate. The NanoOne250 system offers an autofocusing system combined with a stage tilting system to level the substrate before starting the printing ensuring optimal and faster printing of the object. Despite a motorized tilting stage being available, the used system presented automated focusing with manual levelling before printing. The FemtoLAB system has an integrated autofocus device to detect sample tilts. The SCA software performs an algorithm to find the focus at three points, which can be used to correct the machining algorithm or adjust the stage for levelling. The PPGT+ system offers a similar option for stage levelling.

2PP has been explored as an innovative and flexible technology in different fields for a wide range of applications that requires different substrates. The investigated printers present holders for e.g. glass slides, silicon/glass wafers and direct printing on optical fibres for photonic applications. In addition, printer functionalities can be added for bioprinting (NanoOne250biomodule) and multimaterial printing (PPGT+ -HETEROMERGE). It is expected that further modules will be developed to satisfy the increasing application-driven demand from the scientific community and industry.

Software

All the investigated printers have proprietary software to visualize the structure and set the printing parameters. It is important to underline that among the different factors influencing the printed structure fidelity, the .STL file plays a key role. The finer the mesh size, the better the surface mimicry for curved structures. In the presented study, the mesh was set to "fine" while exporting the .STL file, in order to ensure sufficient detail for the features of interest.

The software from UpNano for the NanoOne250, think3D, has a user-friendly interface to load .STL files or create simple structures starting from preloaded geometries (sphere, cylinder, cube, canal and lens). The edit and option panels allow setting the printing parameters while visualizing the structure slicing preview. All the proprietary resins are provided with "coarse" and "fine" settings as a guideline for further optimisations by the user. The software also offers several settings to facilitate the user´s optimization including screening arrays, power distribution patterns and printing time. However, the printing time was inaccurate by around 10-40% when forecasting the processing time, depending on the print size and geometry. Besides the parameters reported in S.I. Table S2, the user can prioritize either concave or convex structures with three different slicing modes (conservative, simple and voxel). The user can also choose between a fine and an adaptive printing mode. The latter mode allows core-shell printing where the software automatically set the printing parameters of the structure core. The printing settings as well as the print monitoring can be performed remotely and the company provides online support.

The software from Nanoscribe for the PPGT+, DeScribe, allows users to load and process .STL files. Users can orient and scale the model within the software itself, as well as adjust print parameters such as the slicing, hatching, contour count etc. Core-shell printing is also possible, and the parameters for the core structure can be adjusted manually if the default parameters are not satisfactory. The laser power and scan speed can be adjusted in a text editor. The text editor can also allow users to program special instructions that the printer can execute, such as printing different structures in a single print job without the need to issue commands manually. Likewise, the print job can be previewed and the software provides an estimated print time which is usually quite accurate, within 10 % of the fabrication time. Users can also select a predefined recipe for each proprietary resin from a list given by the company. This allows inexperienced users to print structures with acceptable quality without having to modify the parameters themselves. Furthermore, the software also provides a feature to facilitate the optimization of certain print parameters, called a parameter sweep. For example, a single structure can be printed several times on a substrate, but with different laser powers and scan speeds. The structures can then be inspected after development to determine the optimal exposure dose for the best print quality. Nanoscribe also provides access to an online repository for customers that contains guides regarding advanced printing techniques. For printing structures, another software by Nanoscribe called NanoWrite is used. NanoWrite communicates with the PPGT+ and sends commands to the printer's components based on the print job that was loaded in the software.

The process parameters of the FemtoLAB system can be controlled with the SCA software. A fabrication code has to be written to produce structure, where the different system settings can be defined using variables. The user has the option to create structures out of predefined shapes (lines, circle) or to upload different types of 3D models into the software. Based on programming languages, loops can be created and structures can be produced in an array with different parameter settings. The software allows to see a preview of the structures and hatching (slice by slice), while displaying the approximate fabrication time. The software has two predefined writing strategies, the density and the frequency mode, in which one of these parameters is constant and the other is adjusted according to the writing speed. Once the system is prepared for fabrication, the writing process can be started using conventional remote access software. The manufacturer WOP Altechna provides an online support for problems or questions regarding the system or the software, including timely solutions or the option to test fabrication files on their own system. Both think3D and DeScribe have a set of standard recipes for fabrication, unlike the SCA software. A visual comparison between the structures produced using the standard recipes and the optimized parameters discussed in this paper are shown in the S.I., Figure S7-S15.

Resins

The selection of inks to use for the printing also plays an important role in defining the success of a print. Since the commercialization of the first 2PP DLW system, new inks have been developed to meet the requirements of ever-expanding applications. Commercially available 2PP inks are commonly in a liquid state and contain a photoinitiator, a monomer, a crosslinker and a solvent. Most of the resins can be directly used to fabricate the structure without requiring any preparation. The most commonly available inks on the market are acrylate-based (UpNano, Nanoscribe), organic-inorganic hybrids (Microresist technology and OrmoComp materials). [START_REF] Winfield | Two-photon polymerization of an epoxy-acrylate resin material system[END_REF]. For a more indepth analysis of the mentioned resins, the reader may refer to the following review. [START_REF] Farsari | Multiphoton polymerization of hybrid materials[END_REF] After polymerization, the non-crosslinked resin is removed by development with organic solvents such as propylene glycol methyl ether acetate (PGMEA), isopropanol or ethanol. The solvent is chosen so as to remove the residual ink while preventing deformations due to capillary forces and structure swelling/shrinking [START_REF] Gonzalez-Hernandez | Micro-Optics 3D Printed via Multi-Photon Laser Lithography[END_REF].

Among the analysed systems, Nanoscribe and UpNano commercialize inks developed specifically for these systems, in collaboration with various ink producers, S.I. Table S3. The inks cover feature sizes ranging from submicron up to the macro scale. The UpNano resins require the substrate to be pre-treated with a methacrylated silanization coating after a surface activation by plasma to enhance the structure adhesion and prevent detachment.

Despite the high performances with submicron feature size structures and resolution provided by traditional inks, polymer-based photoresists often present poor transparency, reduced thermal and electrical conductivity and low radiation stability, which limits the practical applications of 2PP. The recent use of 2PP DLW systems for microfluidics and optics led to the release of resins with properties similar to glass and PDMS from Nanoscribe. [START_REF] Kotz | Two-Photon Polymerization of Nanocomposites for the Fabrication of Transparent Fused Silica Glass Microstructures[END_REF] In addition, a wide choice of evergrowing third-party resins is available and has been included in S.I. Table S3. Traditional 2PP resins include cytotoxic and fluorescent photoinitiators, which are not suitable for cell cultures. [START_REF] Nakayama | Photoinitiator-Free Two-Photon Polymerization of Biocompatible Materials for 3D Micro/Nanofabrication[END_REF] Biocompatible inks with low fluorescent signal have recently been developed to meet biomedical application needs (e.g. from Bio-INX®, Ghent, Belgium). Despite such inks allowing cell encapsulation, a highly-efficient and biocompatible photoinitiator suitable for a water-based printing environment still represents an unaddressed challenge.

Conclusions

In this study, the printing capabilities of three commercial two-photon printers have been investigated. Even if all the tested systems achieved submicron feature sizes and resolution when using the highest NA objective available, the printing fidelity drastically decreased for feature sizes below 1 µm. In particular, printing on a tilted surface negatively affected the structure fidelity, as a consequence of the ellipsoidal voxel shape. The bigger voxel size of low NA objectives enabled faster printing, with the downside of a reduced printing quality. Both the NanoOne250 and the PPGT+ systems successfully allowed for multi-material printing with the alignment capability of consecutive prints in the micrometre range. The FemtoLAB prints presented the lowest surface roughness, below 8 nm, and benefitted from the IFOV technology to not display stitching artefacts. The NanoOne250 system generally displayed the fastest printing time without compromising the printing fidelity when compared to the other two systems.

The successful printing of all the designed test structures shows the versatility of the systems for a wide range of potential applications. New technical developments and photoresists are expected in the coming years to further increase the capability and freedom of the two-photon polymerization technology.

Figure 1 :

 1 Figure 1: Pillars and walls array. a) Isometric view. b) Top view. The pillars have a diameter of: (1) 1 µm, (2). 0.5 µm, (3). 0.3 µm. (4) Walls with 0.3, 0.5 and 1 µm widths and with 0.5 µm height.[START_REF] Fischer | Three-dimensional optical laser lithography beyond the diffraction limit[END_REF]. Walls with 0.3 µm width, aspect ratio 5, and 0.3, 0.5, and 1µm pitch. (6) Walls with 0.5 µm width, aspect ratio 5 and with 0.5, 1, and 2µm pitch.[START_REF] Zhou | A review on the processing accuracy of two-photon polymerization[END_REF] Walls with 1 µm width, aspect ratio 5, and 1 and 2µm pitch[START_REF] Zhou | A review on the processing accuracy of two-photon polymerization[END_REF].

Figure 2 :

 2 Figure 2: Multiplane structure. a, b) Isometric view of the a) front side and b) back side. c) Top view. d) 30° view The features included in this design are: (1) Array of cube/circle based pillars with feature sizes of 0.3, 0.5, 1, 2 and 4 µm. (2) Array of cube/circle based holes with feature sizes of 0.3, 0.5, 1, 2 and 4 µm. (3) Spiral. (4) High aspect ratio columns with 0.3, 0.5, 1, 2 and 4 µm pitch. (5) Concentric trenches of 0.3, 0.5, 1, 2 and 4 µm width. (6) Horizontal step structure ( step width 0.15, 0.3, 0.5, 1 µm) . The dimensions shown are for the high NA prints.

Figure 3 :

 3 Figure 3: The free-hanging lines structure. a) Isometric view. b) Top view. The cylindrical pillars with diameters of 14 µm provide support for the free-hanging lines with submicron width and height (0.1 µm × 0.25µm).

Figure 4 :

 4 Figure 4: AFM lens structure for surface roughness investigation. a) Side view, b) Top view. The dimensions shown are for the high NA prints.

Figure 5

 5 Figure 5 Honeycomb pattern for stitching investigations. The stitching lines are shown as dashed red lines. a) Isometric view. Inset shows a magnified area where two stitching lines intersect. b) Top view. The structure was printed by stitching square blocks with a size of 82.5 × 82.5 µm 2 .

Figure 6 :

 6 Figure 6: Multiscale structure, where the base is printed with the low NA objective and the top pillars with the high NA objective. a) Isometric view of the overall structure. Inset shows a magnified view of the pillar area. b) Top view of the pillar area.

Figure 7 :

 7 Figure 7: Sample holders and printing setups for the: a, b) NanoOne250, c, d) PPGT+, and e, f) FemtoLAB systems.

Figure 8 .

 8 Figure 8. a-d) Scanning electron micrographs of the 3D printed structures fabricated using the a) NanoOne250, b) PPGT+, and c) FemtoLAB printers. Scale bar is 10 µm. d, e) CAM/CAD ratio for the d) walls and e) pillars. f) Eccentricity of the pillars.

Figure 9 .

 9 Figure 9. Multiplane structure printed with the high magnification objective. a-f) Scanning electron micrographs. a, c, e) Overview of the structure.b, d, f) Pillar and hole arrays (scale bar = 5µm). The structures were fabricated using the a, b) NanoOne250, c, d) PPGT+, and e, f) FemtoLAB systems. g-l)Results from data analysis: g -j) CAM/CAD ratio for the g, i) pillars and h, j) holes with g, h) square and i, j) round base. k, l) Eccentricity of the round i) pillars and l) holes.

Figure 10 .

 10 Figure 10. a-c) Scanning electron micrographs of the back of the Multiplane structure printed using the a) NanoOne250, b) PPGT+ and c) FemtoLAB systems. d) CAM/CAD for the spacing between the high aspect ratio columns. e) CAM/CAD for the step height of the staircase feature.

Figure 11 .

 11 Figure 11. Multiplane structure printed with the low magnification (10×) objective . a-f) Scanning electron micrographs. a, b) Overview of the structure. c, d) Side view. The structures were fabricated using the a, c) NanoOne250 system, and b, d) PPGT+ systems e-g) CAM/CAD ratio for the features fabricated on th e) square pillars, f) round pillars, and g) holes. h) Eccentricity of the round pillars and holes..

Figure 12 .

 12 Figure 12. a -h) Scanning electron micrographs of the back of the Multiplane structure printed using the a-d) NanoOne250, and e-h) PPGT+ systems. b, f) Overviw of the back of the structure. a, e) Spiral feature. c, g) High aspect ratio columns. d, h) Concentric trenches. i) CAM/CAD for the spacing between the high aspect ratio columns. j) CAM/CAD for the step height of the staircase feature.

Figure 13 .

 13 Figure 13. a-c) Scanning electron micrographs of the Free hanging structure taken at an angle of 30°. The structures were printed using the a) NanoOne250, b) PPGT+, and c) FemtoLAB systems. d) CAM/CAD ratio for the hanging lines and the pitch between them.

Figure 14 .

 14 Figure 14. Scanning electron micrographs of the AFM lens structures. Roughness of the samples fabricated using the high and low NA objectives, as calculated from AFM measurements.

Figure 15 :

 15 Figure 15: Scanning electron micrographs of the Honeycomb pattern printed using the a) NanoOne250, b) PPGT+ and FemtoLAB systems. The higher magnification images show the stitching lines in more detail.

Figure 16 :

 16 Figure 16: Scanning electron micrographs of the Multiscale structure. a, d) Overview. b, c, e, f) Mushroom-like structures printed on top imaged using an angle of b, e) 0° and c, f) 30°. The structures were fabricated using a ac) NanoOne250 and d-f) PPGT+ system.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Commercial two-photon polymerization systems tested in this study and their typical parameters. Listed values are for the highest NA objective available.

	Manufacturer	UpNano	Nanoscribe	WOP Altechna
	System	NanoOne250	Photonic Professional GT+	FemtoLAB
	Laser wavelength (nm)	780	780	514
	Pulse duration (fs)	95	100 -200	< 250
	Repetition rate (MHz)	80	80	0.6
	Average laser output power (mW)	125	50 -150	10 -700
	Minimum XY feature size (nm)*	220	200	200
	XY resolution (nm)*	500	500	500
	Z resolution (μm)*	0.45	1.5	3
	Maximum object height (mm)	42	8	40
	Maximum scan speed (mm/s)	250	100	100
	Surface roughness (nm)	10	20	10
	Special features	HEPA filter, plug in for biological applications. Tilt compensation stage	Wide online repository of documentation, including literature from system users (NanoGuide)	Infinite field of view (IFOV) mode for stitchless printing. Hybrid additive and subtractive manufacturing
	System size (cm)	58.5 × 70 × 66	110 × 110 × 130	150 × 135 × 140
			Photonic	
	Other available models	NanoOne1000	Professional GT, GT2, QuantumX,	FemtoMPP
			QuantumXShape	
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