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Stitchless support-free 3D printing
of free-form micromechanical
structures with feature size on-
demand

Linas Jonusauskas?*, Tomas Baravykas?, Dovilé Andrijec’?, Tomas Gadisauskas’3 &
Vytautas Purlyst2

Femtosecond laser based 3D nanolithography is a powerful tool for fabricating various functional micro-
and nano-objects. In this work we present several advances needed to push it from the laboratory

level use to the industrial production lines. First, linear stage and galvo-scanners synchronization

is employed to produce stitch-free mm-sized structures. Furthermore, it is shown that by varying
objective numerical apertures (NA) from 1.4 NA to 0.45 NA, voxel size can be tuned in the range from
sub pum to tens of mm, resulting in structuring rates between 1809 um?3/s and 313312 um3/s at 1cm/s
translation velocity achieved via simultaneous movement of linear stages and scanners. Discovered
voxelfthroughput scaling peculiarities show good agreement to ones acquired with numerical modeling.
Furthermore, support-free 3D printing of complex structures is demonstrated. It is achieved by
choosing pre-polymer that is in hard gel form during laser writing and acts as a dissolvable support
during manufacturing. All of this is combined to fabricate micromechanical structures. First, 1:40 aspect
ratio cantilever and 1.5 mm diameter single-helix spring capable of sustaining extreme deformations
for prolonged movement times (up to 10000 deformation cycles) are shown. Then, free-movable highly
articulated intertwined micromechanical spider and squids (overall size up to 10 mm) are printed and
their movement is tested. The presented results are discussed in the broader sense, touching on the
stitching/throughput dilemma and comparing it to the standard microstereolithography. It is shown
where multiphoton polymerization can outpace standard stereolithography in terms of throughput
while still maintaining superior resolution and higher degree of freedom in terms of printable
geometries.

With ever growing demand for miniaturized and integrated devices, current fabrication techniques are stretched
to their limits. It is mandatory to provide an adequate functionality and a reasonable price of the manufactured
structures. This dictates that the fabrication processes have to be extremely precise, flexible and, at the same time,
sustain the high throughput. High precision and flexibility are extremely well covered by two photon polymeri-
zation (referred to 2PP or TPP) based 3D laser lithography (3DLL)". Over two decades it was applied to a variety
of fields: biomedicine*?, microfluidics*®, microoptics®” and photonics®®. This is due to some inherent strengths
of this technique, including possibility to produce nearly unlimited 3D geometry"!°, huge array of materials
available!"!? and capability to produce structures directly on functional substrates'>!*. Additionally, structures
can be made to be in meso-scale. The definition of meso-scale object states that it is a mm to cm sized object with
nm-pm features'. This allows to achieve nano- and micro-feature enabled functionality in macro structures.
Micromechanics are an especially interesting field for 3DLL as it allows assembly-free objects that can achieve
various kinds of movement via either deformation'” or being intertwined'®. While 3D manufacturing of this kind
is becoming increasingly widespread due to complete commercial systems available on the market'”%, the adop-
tion of multi-photon polymerization in industry is slow. The reason lies in its point-by-point structuring nature,
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which can be considered to have relatively low throughput insufficient for the industry®. Thus, in order to move
it beyond laboratory level use, severe advances in terms of structuring rate need to be made.

This is a well recognized challenge. The variety of ways to increase throughput has been suggested over
the years. Parallel manufacturing using several focal points seems as an attractive solution®*?!. However, in
order to implement spatial light modulator (SLM) severe modifications to optical chain have to be performed.
Furthermore, all focal points are confined to the working area of an objective, which is rather small for high
numerical aperture (NA) objectives (from hundred to several hundreds pm). Thus, only arrays of small and
identical objects can be made this way, lessening one of the main selling points of 3DLL - the flexibility of manu-
facturing. Alternatively, the shape of the voxel can be manipulated. This can be achieved with advanced spatial*>*
or spatiotemporal?* manipulations of the beam or choosing the objective with appropriate NA. While the first
solution is rather complicated, the second one was applied successfully in various works when bigger voxel is
advantageous®2°. Nevertheless, increasing voxel size is still insufficient in most cases. Fast sample scanning is
also required. Due to inherently slow movement or substantial inertia, piezo and linear stages cannot provide
it. Scanners, based on freely addressable galvanometrically actuated mirrors, seem as the superb solution due to
low nominal inertia, allowing to achieve cm/s translation velocities even when fabricating complex shapes. The
problem with scanners lies in limitation induced by the working field of an objective used. A lot of structures with
practical potential usage are in meso-scale, making them bigger than the working field of the objective. Therefore,
the necessity to print objects segment-by-segment arises, leading to the mechanically*” and optically***° detri-
mental “stitching”. Hence, scanners are also insufficient to meet all necessities posed by the advances in the field.

In this work on-demand control of feature size and optimization of throughput are presented. It is achieved by
employing objectives with different NA in conjunction with linear stage and galvo-scanner synchronization. The
presented results give insights into the true effective resolution and throughput tuning range of standard 3DLL
setup in terms of the voxel volume and structuring rate. In order to demonstrate the potency of the approach,
various micromechanical structures are fabricated. Deformable high aspect ratio cantilevers as well as mm-sized
springs are made, their deformation characteristics are tested. Furthermore, intertwined micromechanical objects
are made and tested. Finally, an extensive discussion is provided, highlighting the advantages of chosen fabrica-
tion strategies and overall 3DLL position in relation to other common optical 3D printing techniques.

Results

Resolution on demand with different focusing optics. 3DLL is based on non-linear fs pulse absorp-
tion in pre-polymer material®’. Thus, this reaction has a material-specific intensity threshold I, at which polym-
erization starts, and upper intensity limit I; at which material is damaged. The intensity I interval between I, and
I, is called fabrication window for the given set of other exposure parameters (translation velocity (v,), NA, repeti-
tion rate (f), wavelength (), pulse duration (7), etc.)'. It is important to note that if all other exposure parameters
are kept constant and I is varied, then fabricated feature size should follow laws of Gaussian laser spot scaling':

2 52

(1)

here r is the distance from the optical axis and z is the distance from the focal plane, w, is the spot radius, I, -
peak intensity at the center of the focus (r=0, z=0). The average laser power (P) is usually measured during
experiments and can be tied to I, using classical formula':

I 2PTM?

" fugmr @)
with T denoting objective/system transmission coeflicient (for the power measured at the entrance of the focus-
ing optics), M? being M-factor or deviation of the real beam from the perfect Gaussian beam and w,=0.61\/NA
(NA =n @ is the numerical aperture of an objective lens defined by the cone angle 6 of the focusing optics and the
refractive index n of the material). Gaussian focusing formalism allows to predict voxels to be elongated along
longitudinal direction, with line width being D and height L. Thus, single voxel volume V and polymerization

rate (i.e. volume structured per time) R can be calculated by knowing translation velocity v and considering voxel
cross section to be near-elliptical®*:

I
V = —nD’L,
6 (3)

R = 0.257DLy. (4)

Different 3DLL applications might require voxels with either higher resolution or higher volume for faster
structuring if feature size is not an issue. Here we apply resolution bridge technique®® to measure feature sizes
produced with 1.4, 0.95, 0.8 and 0.45 NA objectives [Fig. 1(a)]. P (after an objective) is used as the main laser
radiation parameter. Other laser parameters: A=>515nm, f=1MHz, 7=250fs. While P does not say much about
nonlinear process peculiarities it is tied to I’’, it is a lot easier to measure during an experiment and can be used
directly in the setup for P dependant resolution calibration. Standard hybrid organic-inorganic photopolymer
$Z2080 with 1% w.t. photoinitiator Irgacure 369 (IRG) was used for the experiment®.

Acquired results allow to estimate that D can go from sub-wavelength 0.3 ;zm with NA = 1.4 while operating
near the I;;, to 2.18 um with NA = 0.45 near the I,;. Resulting L values are respectively 0.77 um and 18.32 um
highlighting the tendency for L to increase a lot more rapidly than D. Consequently, V varies in the range from
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Figure 1. (a) Measured transverse (D, squares in graph) and longitudinal (L, triangles in graph) dimensions of
lines fabricated with 1.4, 0.95, 0.8 and 0.45 NA objectives and corresponding voxel volumes (V) and structuring
rates (R). The smooth feature size transition between objectives with different NAs allows to easily choose the
fabrication resolution/throughput combination needed for the particular experiment. The colored areas show
fabrication windows of each objective. (b) Comparison between modeled I distributions in focal point with
measured line dimensions (white oval). Distributions are normalized to the highest value in each case. Red
dashed lines in part (a) show what powers were used for the modeling. These are also listed in part (b). A good
agreement between theory and experiment is evident with I, = 1.7 £ 1 TW/cm?.

0.036 um? to 45.51 pm® with R being from 1809 ym?*/s to 313312 um?/s. It means that by virtue of varying NA
from 1.4 to 0.45 and P in entire fabrication window, it is possible to smoothly choose the V and R in the range of
more than two orders of magnitude. This is due to the maximal feature size with higher NA objective being about
the same as the smallest lines with objective with lower NA. However, the care should be taken when fabricating
same sized structures with varying objectives as while final feature size might be similar, polymerization degree
might differ, influencing mechanical and optical properties of the printed object'>**%.

Finally, the numerical modeling of intensity distributions with each objective was performed using standard
Gaussian distribution and M? value of 1.2 (as determined by the producer of the laser). The P values were chosen
to be above the middle of fabrication window. The values were 0.1, 0.5, 1.2 and 2.2 mW for all the objectives from
the highest to the lowest NA. The goal was to determine how accurately one can predict feature sizes before the
fabrication using just Gaussian formalism. As shown in [Fig. 1(b)] modeling is relatively close to the measured
values, especially at smaller NAs. Also, this modeling showed that it is safe to consider that I, =1.7 &1 TW/cm?
for all the given cases. The £1 TW/cm? appears due to the fabrication window for each objective being differ-
ent. Interestingly, in all cases voxel expanded beyond the main focusing volume as the I at the border of meas-
ured D and L were in the range of W/cm?, i.e. more than ten orders of magnitude smaller. Therefore, it might
be considered that when working in the upper part of fabrication window and the polymer is photosensitized,
the reaction easily expands beyond high-I zone due to radical diffusion®® and some defocusing of laser beam
by already produced polymeric features. However, with I closer to the bottom of the fabrication window, it is
offset by the very small volume where radicals are generated and lower defocusing due to smaller difference
between refractive indexes of pre-polymer and modified volume®. For this reason non-photosensitized®! or even
photo-inhibited materials® are sometimes used in conjugation to minimal suitable I when extra-small features
are needed. Finally, voxels expand more in Z direction when NA is reduced. This can be again attributed to some
degree of self-focusing, which was shown to sometimes influence laser material processing. Indeed, at special
cases, it makes features extremely elongated®”,

Deformable objects. Polymers used in 3DLL can be considered rigid, unless special elastomer-based mate-
rials are applied®+*’. However, downsizing 3D features and applying special geometries can yield deformable 3D
printed structures. This was exploited in micromechanics'®*! and metamaterials'>*2. Yet, objects of this kind
demonstrated so far are mostly in the size range of 100 ;um, because it fits into the single working field of a stand-
ard high NA objective. Furthermore, it means relatively small structure volume and, in turn, potentially fast
fabrication.

Here we show the possibility to easily produce high aspect ratio flexible and porous cantilevers. Cantilever in
general is elegantly simple, but potent structure for the huge variety of sensors such as AFMs probes'* or flowme-
ters in microfluidics*’. Indeed, in the later application it could be used to detect flow rates down to nl/min. With
such precision it should find applications in high precision drug delivery. 3DLL can be applied for the great effect
in fabricating such objects, because they can be printed directly where the measurements have to be performed
and their shape can be made to best suite particular application. It is in sharp contrast to currently popular
planar lithography techniques that lack this versatility*’. As an example structure, an upright 200 ym tall, 5 um
wide (aspect ratio 1:40) and 225 pym long cantilevers were 3D printed on glass substrate [Fig. 2(a)]. Additionally,
8.5 um sized pores were embedded in structures during printing. Pores were needed to achieve higher structure
flexibility. It is important to note that with 3DLL pore size and shape can be easily tuned on-demand. Due to
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Figure 2. (a) A SEM image of cantilever, showing its size and porosity. The aspect ratio of the cantilever is 1:40.
(b,c) show still shots from cantilever bending experiments, demonstrating possibility to bend them up to 70 pm.
It can be done extremely violently with metal probe for up to 10 deformation cycles without any adverse effects
to the structure.

Figure 3. (a) A SEM image of 1.5 mm diameter spring with working field of NA = 0.45 objective shown.
Layering in the spring is visible. However, despite of that, 100 zzm compression (from 700 zm in (b) to 600 m
in (c), images show side view of the spring) can be carried out 10000 times without any adverse effect to the
structure, showing that layering is not a severe problem in such structures.

these requirements 0.8 NA objective was chosen for the task. In that case voxel was short enough for pores to be
manufactured, yet long enough for faster printing in comparison to 1.4 NA objective. While this structure would
have fit in the working field of the 20 x 0.8 NA objective (300 m square) it was still fabricated using stage syn-
chronization as to show that it has not adverse impact on the quality of such a delicate object. Deformation exper-
iments with metal probe demonstrated possibility to bend cantilevers up to 70 um [Fig. 2(b,c)]. The testing was
performed up to 10 deformation cycles as the main goal was to see how polymer cantilever will react to extremely
violent bending by metal probe. Even after multiple bending cycles objects retained their original shape, indi-
cating potentially long lifetimes even at extremely adverse experimental conditions. Keeping in mind that 3DLL
has a wide array of materials suitable for 3D printing using multiphoton interaction!'"'2, deformable integrated
free-form cantilevers seem to be great candidates for the variety of different cantilever-based applications, some
of which are already shown to be 3DLL-compatible'*.

Next, we moved to the polymeric spring manufacturing. Springs are used in the huge variety of different fields
and possibility to print them on demand at any size is an interesting prospect for the technology as it expands
possible applications to mm-sized actuators with the necessity for the component to return to its original posi-
tion and watches. We chose 1.5 mm diameter, 0.7 mm height and single helix two turn design with the helix itself
being 0.5 mm tall, 80 um thick in Z direction and 120 gm in the horizontal plane. With such parameters 20 x 0.45
NA objective was used as the resolution requirements were not high. Continuous writing was also employed to
avoid any weak points in the supporting disk or the helix. The print was successful, with spring showing good
quality [Fig. 3(a)]. At the same time, the distinction of each printed layer was visible. We will call it “layering”
It appears due to the relatively big slicing step (in this case 9 ;zm, which is close to 50% of L) allowing to main-
tain maximal possible R. The question posed was whether the layering caused mechanical weak points. It was
answered by performing deformation experiment with the spring [Fig. 3(b,c)]. Deformation of up to 100 ym
(20% of overall height of the helix) was shown to have no negative impact on the mechanical quality of the
structure. Furthermore, deformation was repeated for 10000 consecutive times. Even after such huge amount of
compressions, spring showed no signs of damage. Therefore, we showed that layering does not have inherently
bad effect on the 3DLL made springs and such objects can sustain enough deformation cycles to consider them
useful for real world applications.

Single-step fabrication of intertwined structures. Movement of continuous polymeric structures due
to the deformation is widely exploited phenomena'>'®4!42, However, next step introduces a special intertwined
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Figure 4. (a) An overall view of the movable spider with flexible joint enlarged in (b). (c) Shows slight
movement of spider after it is pushed with metal probe. Movement distance is in tens of ;zm, best visible at the
slight difference at the bend of top left leg. The working field of an NA = 1.4 objective (side length - 125 ym) is
also provided, showing that even a single leg fragment would not fit into it if only scanners were applied.

3D geometries allowing free and unconstrained movement of different parts of the object after it is printed*-**.
3DLL is a superb manufacturing method for such structures because these could be of any required shape, pro-
duced at specific sample positions and have precision down to tens of nm*. It was used to produce various
rotors* or assembly-ready components®. Nevertheless, most of these structures are still less than hundred of ym
in overall size. Here we present hinge-based micromechanical structures with overall size up to millimeters, while
relying on micro-sized features for highly articulated movement.

First, a spider structure was printed. It had 8 legs attached to the glass substrate (body was free hanging), each
consisting of 3 segments, joined together by micro-hinges. Because SZ2080 is the hard gel, different parts that
are not joined together or to the glass substrate can be printed without additional supports. This is somewhat
similar to metal 3D printing where unused metal powder acts as the support for features that are being printed.
Therefore, the whole manufacturing process is extremely straightforward. No special attachment optimisation
or supports are needed creating sharp contrast to cases where liquid resin is used. As structures had to be freely
movable after printing, 1.4 NA objective was chosen because it provides the voxel with the lowest and best defined
L. Nevertheless, P of 80% of fabrication window was chosen to exploit highest R achievable with 1.4 NA. The
distance between separated parts of the hinge were put apart by 5 um in the model to ensure easy development
and to increase the range of movement. The SEM of acquired structure is shown in [Fig. 4(a,b)] showing superb
quality of the print. As the working field of the NA = 1.4 objective is a 125 um square, even a single leg segment
would not fit into it [Fig. 4(a)], meaning that scanner-only printing could potentially yield stitching in critical
parts of the object. During post-development manipulation, a probe was used to push the spider’s body and
proved that it is movable [Fig. 4(c)]. Due to the chosen hinge geometry and angle between the legs, only limited
(tens of ym) movement was possible, making it barely visible with optical imaging. Spider broke during more
aggressive manipulation.

Next, a structure with more moving parts was modeled - a 2 mm long squid with 8 tentacles, attached to the
substrate at the body [Fig. 5(a,b)]. Same 1.4 NA objective was applied with gaps in hinges in Z direction being no
smaller than 5 m. For more convenient printing tentacles were modeled to be straight. The tentacles were held
together by 10 m pins, allowing free and highly articulated movement. Additionally, gecko-inspired suction
cup-like structures were modeled on the legs. While they were not tested, it shows that different types of poten-
tially functional geometries at different size scales can be produced on the same object during the same fabrica-
tion step. After development the squid was left in the developer and probe was used to create meniscus which
in turn moved the structure [Fig. 5(d)]. Tentacles proved to be highly articulated and strong enough to survive
the manipulation without breaking. Finally, using 3DPoli software, the same model was stretched by the factor
of 4.5 (it is a built-in feature of this software), making the overall printed length 10 mm [Fig. 5(c)]. In order to
compensate for the sharp increase in the volume of the structure, objective was changed to 20 x 0.45. Due to the
uniform scaling, gap in the model in Z direction grew from 5 yzm to 22.5 pum. L at the parameters used was 15 ypm
which was sufficient to avoid different segments of the tentacles being attached to each other during structuring.
Printing was successful with single features of tentacles showing superb feature quality [Fig. 5(c)]. It is important
to stress that the stretching of the 3D model was done entirely by the software, making it almost hands-free and
extremely convenient for the user. Finally, working fields of the NA = 1.4 and NA = 0.45 were plotted on SEM
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Figure 5. (a) An overall view of the movable 2 mm long squid with flexible tentacles with gecko-like suction
cups held together by 10 um pins (b). Inset in part (a) shows 3D model used for fabrication. (¢) 10 mm squid
printed using the same model, but stretched via the software 4.5 times. Inset shows enhanced view of tentacles
proving very good manufacturing quality. (d) Shows floating of squid tentacles after they are moved by
meniscus formed in the thin layer of liquid. Working fields of NA = 1.4 and NA =0.45 objectives (side length -
125 pgm and 350 pm respectively) are also shown in part (b,d) as white rectangles. It is evident that a single
segment of tentacle barely fits in them for both small and big squid.

images of both squids [Fig. 5(b,c)]. In both cases even a single segment of tentacle would not fit into it. Thus, we
can conclude that continuous writing strategy achieved via synchronizing galvo-scanners and linear stages is
imperative for defect-free 3D printing of meso-scale mechanical structures.

Discussion

Changing NA to achieve application-required voxel size is a popular technique applied in 3DLL for years by var-
ious groups>”?2%. However, in most cases the application-specific voxel size is found and then used with minimal
explanation on what feature sizes could be expected while changing NA in a relatively wide range with the same
material and the same setup. The information on full voxel size calibration for several objectives at once is severely
lacking in the literature. Also, while there are some works trying to tie voxel size dynamics with some theoretical
models*®¥, in most cases the theory is rather complicated and requires some very specific knowledge about the
material (for instance, second order absorption cross-section o,) and the process (for example, order of nonline-
arity), rendering it too complicated to be used on daily basis. In this article we present full and continuous voxel
size calibration and tie it with very simple Gaussian focusing modeling. While more complex electrical field dis-
tributions are present at focal point when focusing with objectives having NA > 0.2, Gaussian-based calculations
yield the result which differs from the real voxel sizes less than 10%, which is completely acceptable for approx-
imate calculations. Furthermore, we show that finding the fabrication window with one objective allows calcu-
lating the structuring-suitable I, which can be reverse calculated to P to find structuring parameters with other
NAs. Only basic laser system parameters (P, T, A, f, 7, NA) and very simple arithmetic operations are needed for
it, making it extremely simple to use on daily basis. What is more, the feature sizes presented here mimic very well
what was found in other works. For instance, when high NA immersion objectives were used with materials like
acrylate-based SR500**, hybrid organic-inorganic ORMOCER®"*, lithography-oriented SU8> or 3DLL specific
IP-Dip*¥, D was well into hundreds of nm with aspect ratio 3.5 +1. This is very close to values measured here with
NA = 1.4 objective and photosensitized SZ2080 material: D = 0.3-0.45 ;m with aspect ratio at around 2.5-3.
The only exceptions can be expected with materials having heavily modified photosensitivity*>*¢. The agreement
continues with lower NAs as well. For instance, when 20 x 0.8 NA objective was used to structure bio-derived
polymer D=1-1.4 um>, which is relatively close to the results presented here (D=0.9-1.2 um). At NA =0.55,
D varied in the range of 0.8-3.4 ym using ORMOCER material®*. The closest objective employed in this study
was NA =0.45, where D = 1.4-2.18 um, which coincides well to interval acquired with ORMOCER. The overall
bigger D interval might be tied to potentially wider fabrication window of ORMOCER. However, aspect ratio is
very close in both cases (around 10 for ORMOCER and around 9 for SZ2080 with 1% w.t. IRG). With NA=0.3
and SUS, D goes from 1 um to even 6 um?>>™° - a result that can be expected by considering D increase dynamics
with decreased NA visible in Fig. 1(a). The main difference in all of these studies lies in P used to achieve the same
feature sizes. It varies from tenths of mW to more than 10mW (especially at lower NAs). Such a huge discrep-
ancy is a result of differences in laser system parameters, namely 7 (from tens to hundreds of fs), A (most popular
ones: 780/800 nm and 1030/1045 nm with appropriate harmonics) and f (from hundreds of kHz to tens of MHz).
However, when recalculated to I, the values mostly fall in TW/cm? range. Thus, the results provided here can be
considered as a very generalized guideline for approximately evaluating what feature sizes can be achieved with
various objectives. What is more, it is not limited to just tested laser system and material.

There were numerous attempts to apply 3DLL for microrobotics®**’. Straightforward manufacturing of inter-
twined structures puts an interesting prospect in the field, as these hard objects can act as a “bone” structure for
a complex microrobot that could then be propelled by some other means. Therefore, due to 4D structuring capa-
bility of 3DLL**!, elastic materials could be printed on such hard parts, creating bio-mimicking system. Having
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Figure 6. Schematics explaining how shadowing and shrinkage influence the severity of stitching defects.
Simple bulk structure will be shown at 10%, 60% and 100% completion with the pre-fabrication model denoted
in black dashed lines. Using only scanners two segments have to be produced due to the limited working field
(shown as white doted lines). (a) After the first segment is produced, it is blocking some of the laser beam
needed to properly structure the bottom of the next segment. This effect is called “shadowing” and is marked

as green dashes on the laser beam. The severity of shadowing depends on n mismatch between polymerized
and unpolymerized resin, height of the first segment and particular objective (as NA = nsin ). Furthermore,
each segment shrinks independently from the previous one making their connection harder. In the continuous
writing case (b) layers produced after each other do not obstruct the light and the shrinkage happens uniformly.
Thus, while sides of the structure might be somewhat distorted depending on how much the material shrinks,
overall structure has a lot better quality. Also, if all other parameters are chosen appropriately, structure’s quality
is not inherently influenced by such parameters as # mismatch or the NA of the objective.

in mind fast developments in the field of optostructurable artificial muscles®®™, it points to a very powerful future
application of the technology. It is especially true keeping in mind that, as shown in this work, sub-cm stitchless
3D meso-printing with on demand resolution is easy to realize in current state-of-the-art 3DLL systems.

Stitching is quite controversial topic in the field right now. The problem lies in somewhat different view by
various groups to what exactly should and should not be considered a stitch. While it mostly refers to seems
between segments fabricated using scanners, it is important to realize that on the technical level it can be consid-
ered to go beyond it. Technically, all serial production, to some extent, is based on it. In fact, pulsed laser-based
point-by-point manufacturing has multiple levels of stitching. First, single pulses of laser join together to form
aline. Then, lines are joined together. Finally, layers are formed one by one. However, while all of these joining
points can be considered “stitches’, practically it has minimal impact. When fs laser is used for 3DLL, distance
traveled between pulses rarely exceeds 10% of a laser spot, forming continuous line*. Line and layer overlap
depends on the application and has to be in accordance with the functionality of an object®. Spring demonstrated
in Fig. 3 is a good example, because it has clear layering (i.e. “stitching” in Z direction) but it has no negative
impact on the mechanical functionality of an object. This would not be acceptable in microoptics”>2.

Thus, what is the difference between all of the discussed cases and stitching between segments made by single
working field? The answer lies in the material shrinkage and shadowing of laser beam by already produced struc-
ture [Fig. 6]. While there are materials with minimal shrinkage, it is rarely smaller than 1-2%°". Therefore, when
a segment is produced, it shrinks in the volume of pre-polymer deviating from the desired shape. This happens
even if the formed segment is attached to the glass substrate. Such deviations in segments start to accumulate and
become visible in the form of stitches. If the continuous scanning is applied, the whole layer shrinks together. It
still results in some sort of deformation, but in that case it is distributed more equally in the structure and is not
concentrated at the edges of segments. Furthermore, when high enough segment is produced, it has the potential
to block part of focused laser light when other segment is made close by. This effect is called “shadowing” and was
observed when using 3DLL to integrate structures to channels® or producing different parts of an object in con-
secutive manner®. Additionally, n mismatch between polymerized and unpolymerized resin starts to play a role
in the severity of the effect. It is in sharp contrast to continuous writing where # of material before and after struc-
turing does not influence the quality. The process is also more pronounced in objectives with higher NAs, because
then @ is increased, resulting in more of a focusing cone being blocked by the surrounding segments while scan-
ning. Overall, it means that additional steps have to be taken either designing the structure or optimizing the
manufacturing algorithm in order to avoid these effects®. While it can sometimes be done in relatively simple
and generic way; it is still an additional operation that has to be performed in otherwise relatively straightforward
fabrication process. Finally, stitching can be realized by making all the segments of a single layer, i.e. avoid block
stitching and shadowing. However, then, the inertia of mechanical axes become a limiting factor and the whole
process starts to resemble continuous writing. Indeed, during synchronized manufacturing the whole layer is
produced in one go with minimal segmenting and with maximal possible speed. Thus, shadowing is completely
averted and shrinkage is distributed through the whole structure.
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Figure 7. A 3D gyroid structure printed with scanners (a) and using continuous writing via synchronized
linear stages and galvo-scanners (b) at v=1cm/s. Objective - 63 x 1.4. NA, working field - 125 yim square

is marked as white dashed rectangle. Clear stitching is visible in part (a) with some defects resulting in near
breaking of the objects. These appear due to the segment shrinkage and shadowing of already made parts of the
structure. It completely compromises 3D gyroid structure because it should be extremely mechanically strong.
In contrast, using continuous writing, there are no such defects and the structure is of superb quality.

But are there general guidelines when inter-segment stitching becomes unacceptable? The answer depends
whether the stitching compromises the functionality of an object. Indeed, scanners still offer an advantage of
faster and simpler fabrication if mass production of relatively small objects is required or stitching-associated
defects are not an issue. However, in some cases stitching can completely compromise the functionality of an
object. This is extremely relevant for optics**?’ and for micromechanics?. In the latter case stitching would create
mechanical weaknesses in the structure. In order to demonstrate that an example structure of 3D gyroid was
made. In the stitched case clear cracks are visible [Fig. 7(a)], undermining the main idea behind 3D printed
gyroid structure - extreme mechanical resilience with minimal weight®. This would also apply to all other
objects tested in this work. Therefore, stitching has the tendency to severely undermine meso-scale structures.
Stitches are nm-um level defects that potentially prevent structures from having some highly desirable function-
ality. On the other hand, continuous writing provides good quality structure that does not have any inherent
manufacturing-induced defects [Fig. 7(b)]. Thus, usage of synchronized positioning for continuous writing is
a powerful way to supplement scanners. This is especially true, because each system equipped with both scan-
ners and linear stages can always be used in unsynchronized manner, meaning that the user can freely choose
between using just scanners for higher speed or scanners synchronized with linear stages for higher quality of
meso structures.

Presented feature size and polymerization rate R results allow to compare 3DLL to stereolithography (SLA).
Thinking in a conventional way, it should be obvious that 3DLL is superior in terms of resolution and SLA can
make bigger things faster. However, as this work showed with relatively small NA, 3DLL R;p;; can be relatively
high (up to 313312 um®/s at v=1cm/s). In comparison, micro-SLA can yield feature size of Dg; , =7.5 um and
Lg 4 =20 pm at v=>500 mm/s°. If we apply the same R formula, we get that Rg; , = 58875000 zm?/s. So far nothing
unexpected - due to bigger voxel and higher v, Rg; 4 exceeds R;p;; by two orders of magnitude. However, when
dealing with SLA one must not forget the time needed to recast polymer after each structure layer is made'.
This means that after each layer is made there are approximately 2-10 seconds down time®”. Indeed, this is
one of the main bottlenecks in SLA, sometimes taking up to 90% of overall printing time®®. Exact value depends
on the viscosity of the material and required layer thickness®®® and can be expected to differ in some special
cases. In contrast, the down time between layers is not present in 3DLL where all material drop is present from
the beginning of the fabrication. In order to demonstrate the implications of this, let’s consider fabrication of
100 x 100 x 100 pm cube. For the simplicity we will not consider voxel overlap for this example, although it is
very important parameter during 3DLL manufacturing. If we only consider the volume fabrication time, 3DLL
should fill such volume in 3.19s, SLA in 0.02 s. However, keeping in mind that Lg; , =20 pum, 5 layer recasts will
be needed which will last 25 s total if 5s down time is considered. In such case, 3DLL will outpace SLA as it never
stops. Interestingly, if the same volume was fabricated with just one layer recast, the overall printing time would
be almost the same. Thus, it means that SLA is benefiting from wide and low structures with minimal layer num-
ber, while in 3DLL case there is no difference. However, if the structure size is increased to 1 x 1 X 1 mm, even
considering 50 layer recasts SLA will be faster than 3DLL 267 s vs 3192 s). Therefore, currently, 3DLL can have
a throughput edge only in sub-mm printing. The situation is not much different with dynamic mirror device
(DMD) based SLA printers. On one hand, these 3D printers manufacture the whole layer in one exposure, elimi-
nating scanning'. On the other hand, the exposure time of one layer can go from several (for optimized materials)
to tens (for unoptimized polymers, for instance bio-derived) of seconds’, adding to layer recast times. In con-
trast, with 3DLL, due to very sharp and relatively aggressive energy introduction mechanism, even unoptimized
materials can be structured relatively fast™. Finally, all polymers designed to be used in SLA and DMD have to
be liquid for already mentioned polymer layer recast. 3DLL can employ both liquid and hard materials. In the
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Figure 8. Schematics of “Laser Nanofactory” used in this work. Markings: M - mirror, DM - dichroic mirror,
BE - automated beam expander, F-var lens - variable focal distance lens, Obj. - objective.

latter case material can act as a support (somewhat similar to unstructured powder in selective laser melting')
eliminating the need of supports. This is another area where 3DLL is superior to SLA/DMD. Therefore, it can
be considered that currently 3DLL with low NA objectives can actually outperform the throughput of SLA and
DMD 3D printing at sub-mm structure manufacturing while still maintaining the edge in terms of resolution and
applicable geometries.

Finally, one might expect 3DLL throughput to grow in the future. Here, making voxels bigger is not an option
due to the loss of one of the key advantages of 3DLL - very well-defined 3D structures. An option would be to
increase translation velocity up to m/s. Indeed, with translation velocity reaching 1 m/s and considering the same
voxel dimensions R=31331200. Then, 1 mm? cube can be fabricated in around 32 s, outpacing previously consid-
ered SLA where total fabrication time was 267 s. Even if layer recast down time is not considered, the result is close
as pure printing time with SLA in that case is around 17s. Such v can be considered completely realistic for spe-
cialized 3DLL setups even now. Indeed, it was already shown that modern positioning can support such transla-
tion velocities if relatively low quality structures are acceptable (for instance, scaffolds for cell growth!). However,
relatively slower cm/s level v is still required for highly complex high-quality structures. Further advances in
hardware and software are needed to achieve better printing quality at v>> 1 m/s. New ways to project laser beam
might be applied in the future for 3DLL, like polygon scanners’ or acousto-optical deflectors”®. They might pose
some limitations like limited flexibility for polygon scanners or temporal ultrashort pulse distortion in the case
of acousto-optical deflectors. However, the possibility to achieve translation velocities well into tens of m/s is
extremely attractive, potentially transforming 3DLL into technology which is both: more precise/flexible and
faster than the standard single photon absorption-based SLA/DLP.

Methods
$Z2080 photopolymer was chosen for this work as it exhibits low shrinkage®', good mechanical stability’! and
low optical absorption for the whole visible part of the spectrum’. It was photosensitized with 1% w.t. photoini-
tiator Irgacure 369. To allow easier observation under optical microscope it was also mixed with rhodamine? for
some of the micromechanical structure fabrication. Mixing rhodamine and SZ2080 had no significant impact to
voxel size or mechanical properties of the material making its usage simple and straightforward. Samples were
prepared by drop casting material on the glass slide and then pre-baking them on 50 °C for 1 hour. Development
was performed in isobutyl methyl ketone for up to 45 minutes. Then, they were dried in ambient conditions.
Characterization of the samples was carried out using SEM TM-1000 (Hitachi), various optical microscopes
and mobile phone cameras. Keep note that they appear as rectangles in SEM images captured at 45° angle. More
information about it can be found in previous article dealing with feature sizes at SEM images at various angles®.
Sample fabrication was performed using “Laser Nanofactory” (Femtika) setup [Fig. 8]. The main light source
in this setup is femtosecond laser “Carbide” (Light Conversion), outputting either fundamental (1030 nm) or
second harmonic (515 nm) radiation at repetition rates in the range of 60-1000kHz and pulse duration between
2501fs and 10 ps. Average power is controlled with acousto-optical element integrated in the laser as well. Laser
light is then guided to automatic beam expander with magnification range from 2x to 10x. This tunability is
needed to precisely match laser beam diameter to entrance aperture of arbitrary objective. Finally, it is directed
to the scanner system (AGV-10HPO (Aerotech Inc.)) and then to a focusing objective. Scanners work in tandem
with linear stages (ANT130XY-160 (Aerotech Inc.) for XY and ANT130LZS-060 (Aerotech Inc.) for Z axis) allow-
ing synchronized movement and, in turn, stitch-free positioning. User in such system only inputs the general
3D model and/or manually programmed trajectory of writing. It is done in proprietary software 3DPoli. The
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distribution of movements between linear stages and scanners is done automatically by the controlling software
reducing the workload of a user and assuring superb optimization. The idea behind it is taking the whole move-
ment and, depending on what acceleration rates are possible with linear stages and scanners, dividing it between
them. First ones get long “slow” movements, while galvo-scanners perform short “fast” movements”. For this rea-
son linear stages and galvo-scanners are moving simultaneously all the time, hence the term “continuous writing”
While 5 axis synchronization and simultaneous movement is possible (3 linear stages and 2 scanners) with such
system® allowing true 3D writing trajectories, in this work all structures were fabricated in layer-by-layer fashion
using STL models. It was done for simplicity reasons. Whole process is imaged through built-in visualization sys-
tem, employing CMOS camera, variable focal length lens (needed for imaging with different objectives) and a red
LED. Objectives tested in this work: 63 x 1.4 NA (Zeiss), 40 x 0.95 NA (Zeiss), 20 x 0.8 NA (Zeiss) and 20 x 0.45
NA (Nikon). All the components in the system are controlled with 3DPoli software (Femtika). Working fields for
these objectives were squares with side lengths of 125 ym, 200 ym, 300 ym and 350 pm respectively.

Received: 21 June 2019; Accepted: 5 November 2019;
Published online: 26 November 2019

References

1. Jonu$auskas, L., Juodkazis, S. & Malinauskas, M. Optical 3D printing: bridging the gaps in the mesoscale. J. Opt. 20, 053001, https://
doi.org/10.1088/2040-8986/aab3fe (2018).

2. Maciulaitis, J. et al. Preclinical study of SZ2080 material 3D microstructured scaffolds for cartilage tissue engineering made by
femtosecond direct laser writing lithography. Biofabrication 7, 015015, https://doi.org/10.1088/1758-5090/7/1/015015 (2015).

3. Richter, B. et al. Guiding cell attachment in 3D microscaffolds selectively functionalized with two distinct adhesion proteins. Adv.
Mater. 29, 1604342, https://doi.org/10.1002/adma.201604342 (2017).

4. Wu, D. et al. Hybrid femtosecond laser microfabrication to achieve true 3D glass/polymer composite biochips with multiscale
features and high performance: the concept of ship-in-a-bottle biochip. Laser Photonics Rev. 8, 458-467, https://doi.org/10.1002/
Ipor.201400005 (2014).

5. Jonusauskas, L. et al. Hybrid subtractive-additive-welding microfabrication for lab-on-chip (LOC) applications via single amplified
femtosecond laser source. Opt. Eng. 56, 094108, https://doi.org/10.1117/1.0E.56.9.094108 (2017).

6. Liberale, C. et al. Integrated microfluidic device for single-cell trapping and spectroscopy. Sci. Rep. 3, 1258, https://doi.org/10.1038/
srep01258 (2013).

7. Gissibl, T., Thiele, S., Herkommer, A. & Giessen, H. Two-photon direct laser writing of ultracompact multi-lens objectives. Nat.
Photonics 10, 554-560, https://doi.org/10.1038/nphoton.2016.121 (2016).

8. Maigyte, L. et al. Flat lensing in the visible frequency range by woodpile photonic crystals. Opt. Lett. 38, 2376-2378, https://doi.
org/10.1364/0OL.38.002376 (2013).

9. Aristov, A. I et al. 3D plasmonic crystal metamaterials for ultra-sensitive biosensing. Sci. Rep. 6, 25380, https://doi.org/10.1038/
srep25380 (2016).

10. Ha, C. W,, Prabhakaran, P. & Lee, K.-S. Versatile applications of three-dimensional objects fabricated by two-photoninitiated
polymerization. MRS Commun. 1-14, https://doi.org/10.1557/mrc.2018.218 (2018).

11. Farsari, M., Vamvakaki, M. & Chichkov, B. N. Multiphoton polymerization of hybrid materials. J. Opt. 12, 124001, https://doi.
org/10.1088/2040-8978/12/12/124001 (2010).

12. Barner-Kowollik, C. et al. 3D laser micro- and nanoprinting: Challenges for chemistry. Angew. Chem. Int. Ed. 56, 15828-15845,
https://doi.org/10.1002/anie.201704695 (2017).

13. Lightman, S., Gvishi, R., Hurvitz, G. & Arie, A. Shaping of light beams by 3D direct laser writing on facets of nonlinear crystals. Opt.
Lett. 40, 4460-4463, https://doi.org/10.1364/01.40.004460 (2015).

14. Suriano, R. et al. Nanomechanical probing of soft matter through hydrophobic AFM tips fabricated by two-photon polymerization.
Nanotechnology 27, 155702, https://doi.org/10.1088/0957-4484/27/15/155702 (2016).

15. Qu, J., Kadic, M., Naber, A. & Wegener, M. Micro-structured two-component 3D metamaterials with negative thermalexpansion
coefficient from positive constituents. Sci. Rep. 7, 40643, https://doi.org/10.1038/srep40643 (2017).

16. Power, M., Thompson, A. J., Anastasova, S. & Yang, G.-Z. A monolithic force-sensitive 3D microgripper fabricated on the tip of an
optical fiber using 2-photon polymerization. Small 14, 1703964, https://doi.org/10.1002/smll.201703964 (2018).

17. Niesler, F. & Hermatschweiler, M. Two-photon polymerization - a versatile microfabrication tool. Laser Tech. J. 12, 44-47, https://
doi.org/10.1002/1atj.201500019 (2015).

18. Rodriguez, S. & Frolich, A. 3D micro-printing goes macro. Laser Tech. J. 14, 31-33, https://doi.org/10.1002/1atj.201700027 (2017).

19. Jonusauskas, L., Mackeviciaté, D., Kontenis, G. & Purlys, V. Femtosecond lasers: the ultimate tool for high-precision 3D
manufacturing. Adv. Opt. Technol. accepted, https://doi.org/10.1515/a0t-2019-0012 (2019).

20. Obata, K., Koch, J., Hinze, U. & Chichkov, B. N. Multi-focus two-photon polymerization technique based on individually controlled
phase modulation. Opt. Express 18, 17193-17200, https://doi.org/10.1364/0e.18.017193 (2010).

21. Gittard, S. D. et al. Fabrication of microscale medical devices by two-photon polymerization with multiple foci via a spatial light
modulator. Biomed. Opt. Express 2, 3167-3178, https://doi.org/10.1364/boe.2.003167 (2011).

22. Yang, D., Liu, L., Gong, Q. & Li, Y. Rapid two-photon polymerization of an arbitrary 3D microstructure with 3D focal field
engineering. Macromol. Rapid Commun. 40, 1900041, https://doi.org/10.1002/marc.201900041 (2019).

23. Cheng, H., Xia, C., Zhang, M., Kuebler, S. M. & Yu, X. Fabrication of high-aspect-ratio structures using bessel-beamactivated
photopolymerization. Appl. Opt. 58, D91-D97, https://doi.org/10.1364/a20.58.000d91 (2019).

24. Tan, Y. et al. High-throughput multi-resolution three dimensional laser printing. Phys. Scr. 94, 015501, https://doi.org/10.1088/1402-
4896/aaec99 (2018).

25. Teh, W. H., Durig, U,, Drechsler, U., Smith, C. G. & Guntherodt, H.-]. Effect of low numerical-aperture femtosecond two-photon
absorption on (SU-8) resist for ultrahigh-aspect-ratio microstereolithography. J. Appl. Phys. 97, 054907, https://doi.org/10.1063/
1.1856214 (2005).

26. Danilevicius, P. et al. Direct laser fabrication of polymeric implants for cardiovascular surgery. Mater. Sci. 18, 145-149, https://doi.
org/10.5755/j01.ms.18.2.1917 (2012).

27. Oakdale, ]. S. et al. Direct laser writing of low-density interdigitated foams for plasma drive shaping. Adv. Funct. Mater. 27, 1702425,
https://doi.org/10.1002/adfm.201702425 (2017).

28. Li, J. et al. Two-photon polymerisation 3D printed freeform micro-optics for optical coherence tomography fibre probes. Sci. Rep. 8,
14789, https://doi.org/10.1038/s41598-018-32407-0 (2018).

29. Ni, H. et al. Large-scale high-numerical-aperture super-oscillatory lens fabricated by direct laser writing lithography. RSC Adv. 8,
20117-20123, https://doi.org/10.1039/c8ra02644k (2018).

30. Malinauskas, M., Zukauskas, A., Bi¢kauskaité, G., Gadonas, R. & Juodkazis, S. Mechanisms of three-dimensional structuring of
photo-polymers by tightly focussed femtosecond laser pulses. Opt. Express 18, 10209, https://doi.org/10.1364/OE.18.010209 (2010).

SCIENTIFIC REPORTS |

(2019) 9:17533 | https://doi.org/10.1038/s41598-019-54024-1


https://doi.org/10.1038/s41598-019-54024-1
https://doi.org/10.1088/2040-8986/aab3fe
https://doi.org/10.1088/2040-8986/aab3fe
https://doi.org/10.1088/1758-5090/7/1/015015
https://doi.org/10.1002/adma.201604342
https://doi.org/10.1002/lpor.201400005
https://doi.org/10.1002/lpor.201400005
https://doi.org/10.1117/1.OE.56.9.094108
https://doi.org/10.1038/srep01258
https://doi.org/10.1038/srep01258
https://doi.org/10.1038/nphoton.2016.121
https://doi.org/10.1364/OL.38.002376
https://doi.org/10.1364/OL.38.002376
https://doi.org/10.1038/srep25380
https://doi.org/10.1038/srep25380
https://doi.org/10.1557/mrc.2018.218
https://doi.org/10.1088/2040-8978/12/12/124001
https://doi.org/10.1088/2040-8978/12/12/124001
https://doi.org/10.1002/anie.201704695
https://doi.org/10.1364/ol.40.004460
https://doi.org/10.1088/0957-4484/27/15/155702
https://doi.org/10.1038/srep40643
https://doi.org/10.1002/smll.201703964
https://doi.org/10.1002/latj.201500019
https://doi.org/10.1002/latj.201500019
https://doi.org/10.1002/latj.201700027
https://doi.org/10.1515/aot-2019-0012
https://doi.org/10.1364/oe.18.017193
https://doi.org/10.1364/boe.2.003167
https://doi.org/10.1002/marc.201900041
https://doi.org/10.1364/ao.58.000d91
https://doi.org/10.1088/1402-4896/aaec99
https://doi.org/10.1088/1402-4896/aaec99
https://doi.org/10.1063/1.1856214
https://doi.org/10.1063/1.1856214
https://doi.org/10.5755/j01.ms.18.2.1917
https://doi.org/10.5755/j01.ms.18.2.1917
https://doi.org/10.1002/adfm.201702425
https://doi.org/10.1038/s41598-018-32407-0
https://doi.org/10.1039/c8ra02644k
https://doi.org/10.1364/OE.18.010209

www.nature.com/scientificreports/

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Jonusauskas, L. et al. Optically clear and resilient free-form m-optics 3D-printed via ultrafast laser lithography. Materials 10, 12,
https://doi.org/10.3390/ma10010012 (2017).

Jonusauskas, L. et al. Mesoscale laser 3D printing. Opt. Express 27, 15205-15221, https://doi.org/10.20944/preprints201810.0384.v1
(2019).

Jonusauskas, L. et al. Plasmon assisted 3D microstructuring of gold nanoparticle-doped polymers. Nanotechnology 27, 154001,
https://doi.org/10.1088/0957-4484/27/15/154001 (2016).

Zukauskas, A. et al. Tuning the refractive index in 3D direct laser writing lithography: towards GRIN microoptics. Laser Photon. Rev.
9, 706-712, https://doi.org/10.1002/lpor.201500170 (2015).

Prabhakaran, P. et al. Optical materials forming tightly polymerized voxels during laser direct writing. Adv. Eng. Mater. 20, 1800320,
https://doi.org/10.1002/adem.201800320 (2018).

Sakellari, I. et al. Diffusion-assisted high-resolution direct femtosecond laser writing. ACS Nano 6, 2302-2311, https://doi.
org/10.1021/nn204454c (2012).

Butkus, S. et al. Rapid microfabrication of transparent materials using filamented femtosecond laser pulses. Appl. Phys. A 114,
81-90, https://doi.org/10.1007/s00339-013-8108-2 (2013).

Jonusauskas, L., Skliutas, E., Butkus, S. & Malinauskas, M. Custom on demand 3D printing of functional microstructures. Lith. J.
Phys. 55, 227-236, https://doi.org/10.3952/physics.v55i3.3151 (2015).

Buividas, R., Rekstyté, S., Malinauskas, M. & Juodkazis, S. Nano-groove and 3D fabrication by controlled avalanche using
femtosecond laser pulses. Opt. Mater. Express 3, 1674-1686, https://doi.org/10.1364/OME.3.001674 (2013).

Obata, K. et al. UV laser direct writing of 2D/3D structures using photo-curable polydimethylsiloxane (PDMS). Appl. Phys. A 123,
495, https://doi.org/10.1007/s00339-017-1104-1 (2017).

Rekstyté, S., Paipulas, D., Malinauskas, M. & Mizeikis, V. Microactuation and sensing using reversible deformations of laser-written
polymeric structures. Nanotechnology 28, 124001, https://doi.org/10.1088/1361-6528/aa5d4d (2017).

Qu, J., Kadic, M. & Wegener, M. Three-dimensional poroelastic metamaterials with extremely negative or positive effective static
volume compressibility. Extrem. Mech. Lett. 22, 165-171, https://doi.org/10.1016/j.em1.2018.06.007 (2018).

Noeth, N., Keller, S. S. & Boisen, A. Integrated cantilever-based flow sensors with tunable sensitivity for in-line monitoring of flow
fluctuations in microfluidic systems. Sensors 14, 229-244, https://doi.org/10.3390/s140100229 (2013).

Maruo, S. & Inoue, H. Optically driven micropump produced by three-dimensional two-photon microfabrication. Appl. Phys. Lett.
89, 144101, https://doi.org/10.1063/1.2358820 (2006).

Kohler, J., Ksouri, S. L, Esen, C. & Ostendorf, A. Optical screw-wrench for microassembly. Microsyst. Nanoeng. 3, 16083, https://doi.
org/10.1038/micronano.2016.83 (2017).

Rekstyte, S. et al. Nanoscale precision of 3D polymerization via polarization control. Adv. Opt. Mater. 4, 1209-1214, https://doi.
org/10.1002/adom.201600155 (2016).

Guney, M. G. & Fedder, G. K. Estimation of line dimensions in 3D direct laser writing lithography. J. Micromech. Microeng. 26,
105011, https://doi.org/10.1088/0960-1317/26/10/105011 (2016).

Bomzon, Z., Gu, M. & Shamir, J. Angular momentum and geometrical phases in tight-focused circularly polarized plane waves.
Appl. Phys. Lett. 89, 241104, https://doi.org/10.1063/1.2402909 (2006).

Sun, H.-B., Tanaka, T. & Kawata, S. Three-dimensional focal spots related to two-photon excitation. Appl. Phys. Lett. 80, 3673-3675,
https://doi.org/10.1063/1.1478128 (2002).

Sun, H.-B., Takada, K., Kim, M.-S., Lee, K.-S. & Kawata, S. Scaling laws of voxels in two-photon photopolymerization
nanofabrication. Appl. Phys. Lett. 83, 1104-1106, https://doi.org/10.1063/1.1599968 (2003).

Burmeister, F. et al. Materials and technologies for fabrication of three-dimensional microstructures with sub-100 nm feature sizes
by two-photon polymerization. J. Laser Appl. 24, 042014, https://doi.org/10.2351/1.4730807 (2012).

Serbin, J., Ovsianikov, A. & Chichkov, B. Fabrication of woodpile structures by two-photon polymerization and investigation of their
optical properties. Opt. Express 12, 5221-5228 (2004).

Lebedevaité, M., Ostrauskaité, J., Skliutas, E. & Malinauskas, M. Photoinitiator free resins composed of plant-derived monomers for
the optical m-3D printing of thermosets. Polymers 11, 116, https://doi.org/10.3390/polym11010116 (2019).

Jeon, H., Hidai, H., Hwang, D. ]. & Grigoropoulos, C. P. Fabrication of arbitrary polymer patterns for cell study by two-photon
polymerization process. J. Biomed. Mater. Res. 9999A, 56-66, https://doi.org/10.1002/jbm.a.32517 (2009).

Teh, W. H. et al. SU-8 for real three-dimensional subdiffraction-limit two-photon microfabrication. Appl. Phys. Lett. 84, 4095-4097
(2004).

Suter, M. et al. Superparamagnetic microrobots: fabrication by two-photon polymerization and biocompatibility. Biomed.
Microdevices 15, 997-1003, https://doi.org/10.1007/s10544-013-9791-7 (2013).

Kim, S. et al. Fabrication and characterization of magnetic microrobots for three-dimensional cell culture and targeted
transportation. Adv. Mater. 25, 5863-5868, https://doi.org/10.1002/adma.201301484 (2013).

Buguin, A., Li, M.-H,, Silberzan, P., Ladoux, B. & Keller, P. Micro-actuators: When artificial muscles made of nematic liquid crystal
elastomers meet soft lithography. J. Am. Chem. Soc. 128, 1088-1089, https://doi.org/10.1021/ja0575070 (2006).

Peele, B. N., Wallin, T. J., Zhao, H. & Shepherd, R. E. 3D printing antagonistic systems of artificial muscle using projection
stereolithography. Bioinspiration Biomim. 10, 055003, https://doi.org/10.1088/1748-3190/10/5/055003 (2015).

He, Z., Lee, Y.-H., Chanda, D. & Wu, S.-T. Adaptive liquid crystal microlens array enabled by two-photon polymerization. Opt.
Express 26,21184-21193, https://doi.org/10.1364/0e.26.021184 (2018).

Ovsianikov, A. et al. Ultra-low shrinkage hybrid photosensitive material for two-photon polymerization microfabrication. ACS
Nano 2, 2257-2262, https://doi.org/10.1021/nn800451w (2008).

Lamont, A. C., Alsharhan, A. T. & Sochol, R. D. Geometric determinants of in-situ direct laser writing. Sci. Rep. 9, 394, https://doi.
org/10.1038/s41598-018-36727-z (2019).

Jonusauskas, L., Rekstyté, S. & Malinauskas, M. Augmentation of direct laser writing fabrication throughput for three-dimensional
structures by varying focusing conditions. Opt. Eng. 53, 125102, https://doi.org/10.1117/1.0E.53.12.125102 (2014).

Dehaeck, S., Scheid, B. & Lambert, P. Adaptive stitching for meso-scale printing with two-photon lithography. Addit. Manuf. 21,
589-597, https://doi.org/10.1016/j.addma.2018.03.026 (2018).

Abueidda, D. W. et al. Mechanical properties of 3D printed polymeric gyroid cellular structures: Experimental and finite element
study. Mater. Des. 165, 107597, https://doi.org/10.1016/j.matdes.2019.107597 (2019).

Stampfl, J. et al. Photopolymers with tunable mechanical properties processed by laser-based high-resolution stereolithography. J.
Micromech. Microeng. 18, 125014, https://doi.org/10.1088/0960-1317/18/12/125014 (2008).

Beke, S., Farkas, B., Romano, I. & Brandi, F. 3D scaffold fabrication by mask projection excimer laser stereolithography. Opt. Mater.
Express 4, 2032-2041, https://doi.org/10.1364/0me.4.002032 (2014).

Pham, D. T. & Ji, C. A study of recoating in stereolithography. Proc. Inst. Mech. Eng. 217, 105-117, https://doi.
org/10.1243/095440603762554659 (2003).

Renap, K. & Kruth, ]. Recoating issues in stereolithography. Rapid Prototyp. J. 1, 4-16, https://doi.org/10.1108/13552549510094223
(1995).

Skliutas, E., Kasetaité, S., Jonusauskas, L., Ostrauskaité, J. & Malinauskas, M. Photosensitive naturally derived resins toward optical
3-D printing. Opt. Eng. 57, 1, https://doi.org/10.1117/1.0e.57.4.041412 (2018).

SCIENTIFIC REPORTS |

(2019) 9:17533 | https://doi.org/10.1038/s41598-019-54024-1


https://doi.org/10.1038/s41598-019-54024-1
https://doi.org/10.3390/ma10010012
https://doi.org/10.20944/preprints201810.0384.v1
https://doi.org/10.1088/0957-4484/27/15/154001
https://doi.org/10.1002/lpor.201500170
https://doi.org/10.1002/adem.201800320
https://doi.org/10.1021/nn204454c
https://doi.org/10.1021/nn204454c
https://doi.org/10.1007/s00339-013-8108-2
https://doi.org/10.3952/physics.v55i3.3151
https://doi.org/10.1364/OME.3.001674
https://doi.org/10.1007/s00339-017-1104-1
https://doi.org/10.1088/1361-6528/aa5d4d
https://doi.org/10.1016/j.eml.2018.06.007
https://doi.org/10.3390/s140100229
https://doi.org/10.1063/1.2358820
https://doi.org/10.1038/micronano.2016.83
https://doi.org/10.1038/micronano.2016.83
https://doi.org/10.1002/adom.201600155
https://doi.org/10.1002/adom.201600155
https://doi.org/10.1088/0960-1317/26/10/105011
https://doi.org/10.1063/1.2402909
https://doi.org/10.1063/1.1478128
https://doi.org/10.1063/1.1599968
https://doi.org/10.2351/1.4730807
https://doi.org/10.3390/polym11010116
https://doi.org/10.1002/jbm.a.32517
https://doi.org/10.1007/s10544-013-9791-7
https://doi.org/10.1002/adma.201301484
https://doi.org/10.1021/ja0575070
https://doi.org/10.1088/1748-3190/10/5/055003
https://doi.org/10.1364/oe.26.021184
https://doi.org/10.1021/nn800451w
https://doi.org/10.1038/s41598-018-36727-z
https://doi.org/10.1038/s41598-018-36727-z
https://doi.org/10.1117/1.OE.53.12.125102
https://doi.org/10.1016/j.addma.2018.03.026
https://doi.org/10.1016/j.matdes.2019.107597
https://doi.org/10.1088/0960-1317/18/12/125014
https://doi.org/10.1364/ome.4.002032
https://doi.org/10.1243/095440603762554659
https://doi.org/10.1243/095440603762554659
https://doi.org/10.1108/13552549510094223
https://doi.org/10.1117/1.oe.57.4.041412

www.nature.com/scientificreports/

71. Petrochenko, P. E. et al. Laser 3D printing with sub-microscale resolution of porous elastomeric scaffolds for supporting human
bone stem cells. Adv. Heal. Mater. 4, 739-747, https://doi.org/10.1002/adhm.201400442 (2014).

72. Loor, R. D. Polygon scanner system for ultra short pulsed laser micro-machining applications. Phys. Procedia 41, 544-551, https://
doi.org/10.1016/j.phpro.2013.03.114 (2013).

73. Romer, G. R. B. E. & Bechtold, P. Electro-optic and acousto-optic laser beam scanners. Phys. Procedia 56, 29-39, https://doi.
org/10.1016/j.phpro.2014.08.092 (2014).

74. Zukauskas, A. et al. Effect of the photoinitiator presence and exposure conditions on laser-induced damage threshold of ORMOSIL
(522080). Opt. Mater. 39, 224-231, https://doi.org/10.1016/j.optmat.2014.11.031 (2015).

75. Aerotech 3200 Manual (Aerotech Inc., USA, 2019).

Acknowledgements

We would like to acknowledge the financial support from the Lithuanian Business Support Agency project No.
J05-LVPA-K-03-0006. The adopted 3D gyroid model was taken from the web page www.myminifactory.com
(uploaded by Stephanie Piper). Authors thank dr. Andreas Frolich for the extensive comments regarding the
presented results and discussion. Dovil é Poskut ¢ is acknowledged for proofreading.

Author contributions

L.J. coordinated the project, performed fabrication and characterization of all micromechanical structures and
wrote the manuscript. T.B. prepared all the 3D models for fabrication and did the numerical intensity modeling.
D.A. performed resolution measurement experiments and subsequent rate calculations. T.G. did cantilever
deformation experiments. V.P. gave critical insights needed for discussion. All authors contributed in preparing
the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:17533 | https://doi.org/10.1038/s41598-019-54024-1


https://doi.org/10.1038/s41598-019-54024-1
https://doi.org/10.1002/adhm.201400442
https://doi.org/10.1016/j.phpro.2013.03.114
https://doi.org/10.1016/j.phpro.2013.03.114
https://doi.org/10.1016/j.phpro.2014.08.092
https://doi.org/10.1016/j.phpro.2014.08.092
https://doi.org/10.1016/j.optmat.2014.11.031
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Stitchless support-free 3D printing of free-form micromechanical structures with feature size on-demand

	Results

	Resolution on demand with different focusing optics. 
	Deformable objects. 
	Single-step fabrication of intertwined structures. 

	Discussion

	Methods

	Acknowledgements

	Figure 1 (a) Measured transverse (D, squares in graph) and longitudinal (L, triangles in graph) dimensions of lines fabricated with 1.
	Figure 2 (a) A SEM image of cantilever, showing its size and porosity.
	Figure 3 (a) A SEM image of 1.
	Figure 4 (a) An overall view of the movable spider with flexible joint enlarged in (b).
	Figure 5 (a) An overall view of the movable 2 mm long squid with flexible tentacles with gecko-like suction cups held together by 10 μm pins (b).
	Figure 6 Schematics explaining how shadowing and shrinkage influence the severity of stitching defects.
	Figure 7 A 3D gyroid structure printed with scanners (a) and using continuous writing via synchronized linear stages and galvo-scanners (b) at v = 1 cm/s.
	Figure 8 Schematics of “Laser Nanofactory” used in this work.




