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We demonstrate the effectiveness of phase only aberration corrections of

structured light and their application to versatile optical trapping setups. We

calculate phase corrections before (ex-situ) and after (in-situ) a high numerical

aperture microscope objective using a spatial light modulator (SLM), and

investigate how these corrections can be used to improve the efficiency and

resolution of micro-structures fabricated through two-photon-

photopolymerisation (2PP). We apply a phase retrieval algorithm to correct

for distortions in a femtosecond laser that enables the fabrication of 3D

structures using as many as 50 simultaneous foci. The inclusion of

aberration correction in the fabrication process shows improved

confinement of optically trapped particles and more efficient polymerisation

whileminimising intensity variations at individual foci, which potentially damage

the structure during fabrication. We find that phase corrections allow for

consistent voxel sizes, increased sharpness, and an expanded effective

printing range when using an SLM, while also allowing for closer proximity

of individual trap foci, minimising interference effects that hinder fabrication

resolution.
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1 Introduction

Microfabrication using two-photon-polymerisation (2PP) provides a means to study

biological systems within a broad range of length-scales, from single-cell organisms

(Vizsnyiczai et al., 2020) tomacroscopic environments (Galajda et al., 2007). The ability to

consistently and efficiently fabricate high resolution micromachines and patterned

environments is dependent on one’s ability to precisely control feature sizes by

limiting aberrations present within a given optical system. Several variations on
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printing using a scanning stage (Maruo et al., 1997) are

frequently used, such as image projection (Yang et al., 2014),

using computer-controlled holograms (Kelemen et al., 2007) or

scanning using synchronised galvo-mirrors (Farsari et al., 2006).

Each method has select applications, though each ultimately with

the goal of rapidly fabricating devices with high resolution. In this

work we examine how we can use a modified holographic optical

tweezers apparatus to rapidly fabricate micron-scale structures

while simultaneously mitigating aberrations that prevent optimal

performance.

Diffraction limited focusing of laser light is commonplace in

optical systems utilising high numerical aperture objectives. It is also

used extensively in optical trapping systems and more generally in

optical imaging. A prerequisite for optimal focusing is a near-perfect

Gaussian spot. In practice, deviations from this approximation may

arise due to imperfections in the laser’s output beam, or distortions

introduced by any number of optical elements within the

experimental system, ultimately limiting optical trap quality

((Vermeulen et al., 2006), (Wulff et al., 2006)). Aberrations can,

however, be compensated for by altering the beam’s phase with the

use of holographic plates (Ward et al., 1971), or more commonly,

computer generated holograms (Jesacher et al., 2007).

Apart fromoptimising holographic optical traps, correcting beam

aberrations is also shown to be a crucial step in nanofabrication

systems that utilise dynamic holographic patterns ((Kelemen et al.,

2011),(Stichel et al., 2016)). Nanofabrication has proven to be

exceptionally useful for laboratories to carry out controlled

experiments in fields such as fluid dynamics (Schizas et al., 2010),

optical trapping (Knöner et al., 2006), cell sorting (Reichhardt and

Reichhardt, 2017) and micromachines (Otuka et al., 2021). In this

paper we outline how a spatial light modulator (SLM) can be used to

fabricate small-scale structures with exceptional precision and control.

We demonstrate how an SLM can be used to improve focused beam

quality and structure resolution as well as incorporating dynamic

power control, fabrication using many beams, and polymerisation of

photosensitive resin using complex light patterns.

Commonly, phase corrections are performed in the

conjugate plane of the SLM. The correction found at this

point likely differs from the correction at the optical trap

location (Fourier plane), since the beam typically has to pass

though additional optical components, including a high

numerical aperture objective, introducing additional

aberrations which would otherwise not be accounted for. We

examine benefits of phase-only aberration correction, performed

before and after the microscope objective in order to determine if

such corrections are necessary for many-foci fabrication, and if

so, what factor of quality improvement can be obtained.

1.1 Aberration correction

Optimal focusing of light and hence voxel resolution is

achieved in the case that the beam entering the high NA

objective has an amplitude profile closely resembling a

Gaussian beam. Distortions from the laser beam output, or

any number of elements within the optical system can lead to

optical aberrations that prove detrimental to the quality of the

beam focus. One of the most prevalent methods of aberration

corrections are the Zernike polynomials (Zernike, 1934). These

are polynomial functions, whose radial and azimuthal

components describe common beam aberrations, can be

displayed on an SLM to correct for specific beam distortions

(Born andWolf, 2013). Phase retrieval algorithms, however, have

the ability to correct aberrations even if the type of distortion is

unknown or involves a combination of several complex beam

defects (Čižmár et al., 2010). The principle behind this method

involves maximising the interference signal between two regions

of the SLM, as one area is kept at a constant phase and the other is

varied over the range 0 → 2π. Furthermore, the method

employed here (Stilgoe and Rubinsztein-Dunlop, 2021) is

capable of correcting for non-uniform modes on the SLM in a

single pass. These phase retrieval methods are particularly useful

for optical trapping and 2PP applications, since the only

requirement for the interference signal is that it is measured

at the focus of the beam in the conjugate or Fourier plane of the

SLM. This includes phase retrieval after the high NA objective,

allowing for phase corrections within a sample.

We show how such corrections prove particularly useful

when fabricating micro-structures using complex light, and

become necessary when many simultaneous foci are used.

Because high throughput power is required, small beam

distortions translate to significant power differences at

individual foci, which are compensated for by incorporating

phase-only correcting holograms to the calculated phase

patterns.

1.2 Two-photon-photopolymerisation

Two-photon-photopolymerisation (2PP) is the process of

polymerising microscopic volumes of photosensitive resin,

typically through cross-linking of polymer molecules which is

achieved through a threshold process at sufficiently high energies

(Sun and Kawata, 2004). 2PP is especially attractive for

nanofabrication due to the ability to polymerise 3D volumes

as opposed to single-photon-polymerisation events which are

linearly proportional to laser intensity and are therefore

restricted to polymerising 2D surfaces. 2PP on the other hand

scales with square dependence on intensity I2 (Kawata et al.,

2001) through the existence of a virtual state in the excitation

process. For one of these polymer molecules to undergo a

transition to an excited state, a second photon must interact

with the same molecule within the virtual state’s lifetime

(< 10−15s). Conventional continuous-wave lasers do not have

the photon density for this transition to consistently occur. This

process is easily achieved with a femtosecond laser with a
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considerably higher output power per pulse than is achievable

with a continuous wavelength laser. This square-intensity

dependence means that volumes smaller than the diffraction-

limit can be achieved (Odian, 2004), as the high intensity needed

for the process to occur will be only in the focal spot of the beam,

leading to remarkable resolution of individual volumetric pixels

(voxels).

The application to nanofabrication naturally extends to

stacking these voxels to form complex 3D structures. Since

the demonstration of micro-structure fabrication in 1997,

(Maruo et al., 1997), research applications were rapidly

realised, leading to a range of commercial micro-machines

and purpose-designed photo-initiators used in the process.

These purpose-built devices typically use scanning beams that

are capable of remarkable resolution, particularly when used with

tailored photosensitive resins, generally located in clean-rooms.

We focus on optimising small scale in-house setups aimed at

those who are wanting to print versatile structures using

structured light, or looking to expand the capabilities of

optical trapping setups. Printing using structured light enables

intricately patterned structures to be produced that might be of

broad use in a variety of situations such as microfluidic devices (Ji

et al., 2019), cell trapping (Xu et al., 2020), holographic tweezers

(Agate et al., 2004) and many more.

1.3 Single-beam fabrication

In the simplest 2PP implementations, a sample containing

photosensitive resin can be placed at the focus of an inverted

microscope configuration, where structures are then fabricated by

scanning a nanopositioning stage. Installing a synchronised shutter

allows for voxel-by-voxel printing with high resolution. Whilst this

configuration may be suitable for fabricating single structures, the

fabrication speed is often limited by the time required to polymerise

individual voxel sites. This time restriction is dependent on many

experimental factors, particularly, laser power, resin thickness and

the type of photosensitive material used. In the case of the Norlands

(NOA63) adhesive used in this study, we previously found that for a

given threshold power of 10 mW, at least 40 ms exposure is required

to produce voxels ~ 200 nm in diameter (Asavei et al., 2009). Such a

time restriction means that producing 3D structures quickly

becomes unfeasible as the volume of the structure is increased.

Computer controlled diffractive optical elements such as Digital

Micromirror Devices (DMDs) (Gauthier et al., 2016) or Spatial Light

Modulators (SLMs) (Obata et al., 2010) are able to control the

amplitude or phase of light respectively through beam modulation

(Gauthier et al., 2021). In this study we use an SLM for several

applications in the fabrication process including; beam positioning,

power control and phase-only corrections. SLMs and DMDs also

have benefits for ensuring fabrication consistency for structures

printed by scanning single beams. Blazed gratings can control

lateral positions, as well as controlling the axial position of the

beam focus with a spherical lens function. If the device has non-

uniform illumination the diffracted power is likely to decrease with

distance from the zero order. This effect can be compensated for by

mapping the intensity variation over a given area and subsequently

applying a dithering pattern to normalise power, and consequently

voxel size. This dithering function has been shown to be effective at

scattering > 90% of beam power, allowing for dynamic, position

dependent power control during fabrication.

1.4 2PP with structured light

A diffractive optical element can be used to split an incoming

beam to produce independent foci, simply by adding grating and

lens phase functions (Jones et al., 2015). Such a beam can then be

used to polymerise multiple sites simultaneously. The procedure,

however, is only effective for a small number of trapping sites

(typically ~ 5) and offers poor efficiency (Andrews, 2011) before

interference between traps becomes an issue. A more effective

method of producing complex light fields with the aim of

decreasing fabrication time is using one of several variations of

the Gerchberg-Saxton (GS) algorithm (Gerchberg, 1972). Either by

polymerising a 2D surface, or generating many independently

controllable foci. In its’ traditional implementation, the GS

algorithm is an iterative phase-retrieval process that finds the

phase mask required to produce an arbitary amplitude intensity

given a Gaussian input beam.

Whilst 2D regions can be polymerised given a sufficient input

power, we find more versatility in fabricating single structures using

many independent foci. In this instance, each foci traces out a pre-

defined region of a given bitmap to ensure maximal separation of all

foci during the fabrication process. When producing phase masks

that generate many foci, we follow the method outlined in, (Di

Leonardo et al., 2007), which uses a weighted algorithm that seeks to

minimise amplitude deviations for point-like traps. Additionally

being able to weight the amplitude of each point allows for

exceptional spatially-dependent, dynamic power control.

In this study we examine how various fabrication methods

can be optimised with an SLM, using phase-only aberration

corrections. This is an important step when fabricating structures

which are hollow or tall (Kelemen et al., 2011), due to the effect of

beam distortions present in the output of the laser, or due to

numerous optical elements. The print time scales with the cube of

the object length for a volume, but hollow shells will print with

times scaling with the square of the length. Creating hollow

structures that are able to withstand the washing process can

drastically reduce the fabrication time for large structures.

1.5 Optical tweezers

Another case where a high-quality tightly-focused focal spot is

very important is optical tweezers (Ashkin et al., 1986; Jones et al.,
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2015). Typically, optimum trapping requires an aberration-free focal

spot. Structured light is often used in optical trapping, such as

Laguerre-Gauss beams for optical rotation (Asavei et al., 2009), or

multiple Gaussian spots for simultaneous trapping of multiple

particles. Optical tweezers systems using structured light are often

called “holographic optical tweezers” (HOT) (Jones et al., 2015).

Therefore, just as aberration correction can benefit 2PP, it can also

benefit optical trapping. This includes single Gaussian beams,

multiple Gaussian focal spots, and more complex structured light

fields.

Here, we will examine using phase-only aberration corrections

to optimise single and multiple beam optical tweezers. We will also

use optical tweezers to provide a quantitative measurement of the

improvement of the focal spot volume.

2 Methodology

2.1 Experimental setup

Our setup, shown in Figure 1A consists of a 532 nm laser

(Millennia 15 W), used to pump a femtosecond laser (Coherent

Mira 900 F) tuned to 790 nm, producing < 115fs pulses with an

average output power of 500 mW. The 2 mm diameter output

beam is collimated and expanded × 5, before being projected

onto a (Meadowlark 512 × 512) Spatial Light Modulator with a

12 mm active screen area. Transfer optics are used to reduce to

the beam size by a factor of 2 to approximately match the input of

an inverted 1.3 NA 100× oil-immersion objective (Olympus),

with a 0.2 mm working distance. The sample is illuminated with

an overhead blue LED, and the printing process is imaged in real-

time using a CMOS camera (Mikrotron MC1362, 1280 ×

1024)).A 2PP sample is prepared by applying ~ 10μL of

photosensitive optical adhesive (Norlands NOA63) placed

between two 150 μm thick coverslips separated by a ~ 200 μm

spacer (Parafilm M). Structures are printed upside-down from

the top coverslip to avoid focusing light through resin which has

already been polymerised. Once printed, the coverslips are

carefully separated and unpolymerised resin is washed with

acetone.

The same setup (Figure 1A) is used for optical trapping. The

trapping beam is produced by the femtosecond laser operating in

CW mode. The xy-position of a microsphere is used to quantity

optical trap performance, as measured using the CMOS camera.

A dilute solution of 3 μm polystyrene microspheres and

deionised water are loaded into a sealed sample chamber

consisting of two microscope coverslips adhered using double-

sided tape.

FIGURE 1
(A) Experimental setup for holographic optical tweezers/two-photon-photopolymerisation. A CoherentMira 900 F femtosecond laser tuned to
780 nm, produces < 115fs pulses at 80 MHz, with an average output power of 500 mW. Power output can be initially set using a λ/2 waveplate and a
polarising beam-splitter. A 5× beam expander is used to approximately match the beam size to that of the spatial light modulator (SLM). The beam
radius is then reduced back down by a factor of 2 in order to match the size of the microscope objective input. The system is illuminated by an
overhead blue LED, for real-time imaging using a CMOS camera. (B) Aberration correction carried out ex-situ, in the imaging plane, conjugate to the
spatial light modulator. (C) In-situ correction technique, obtained through imaging reflections off a gold nanoparticle adhered to a microscope
coverslip.
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2.2 Aberration correction technique

The beam can be highly distorted due to the numerous

optical elements present in the system, or through

imperfections present in the original laser beam and

correcting beam aberrations has been shown to be an

important step in order to provide the most precise light

structure needed for the best operation of 2PP. These

aberration corrections are also of upmost importance when

printing structures with are hollow or tall (Kelemen et al., 2011).

The correction technique applied here seeks to optimise the

beam’s points spread function through interference between

distinct modes on an SLM ((Čižmár et al., 2010), (Stilgoe and

Rubinsztein-Dunlop, 2021)). In principle, each mode could

correspond to a single pixel of the device, although in practice

the time to carry out this correction in conjunction with the low

light-level reflected makes this not feasible. Therefore the SLM is

segmented into sub-regions, where the phase correction for each

element is extracted. All elements can be corrected for

simultaneously by measuring the intensity variation resulting

from interference with a central region of the device where the

phase is static throughout the procedure. The phase of every

other patch is modulated between 0 and 2π at a specific

frequency. Each of these frequencies are chosen to be odd

integers, resulting in a unique correlation signal for each

region (Stilgoe and Rubinsztein-Dunlop, 2021). What is

implemented here is inspired by this work, but easier to

implement. Consider the odd frequency correlation of two

regions of an SLM that is divided into N × N regions:

F odd � Ap
0An, 2n − 1, ∀ n ≤ 2N{ }, (1)

where N refers to the total number of SLM regions (patches), A0

is the Fourier component of the stationary region of the SLM and

An is the component of the dynamic region cycling through 0→
2π phases at an odd frequency of n. In an experiment, this process

will appear as a sequence of intensity variations. The integer

components of the Fourier transform of the signal trace are

extracted. The odd-integer frequency components, fn, will only

correspond to a unique contribution of one of the time changing

patches in correlation with the stationary patch A0. The

correlation phase for the two device regions is the argument

of F odd, the average correction over the patch is thus:

ϕ(fn) � −Arg(F odd).If the beam is not aberrated the

correlations are high and will saturate the camera response.

To overcome this, a random phase (ϕr) is assigned as the

starting phase for each patch. Including any mixed in patterns

to offset the correlation image (ϕg) away from the zero-order

reflection we will have the final correction:

ψn � Arg e−iϕge−iϕreiϕ fn( )( ), (2)

where ϕ(fn) is the phase corresponding each odd-integer

frequency mode fn, and ψn is the correction for patch, n.

This method has the benefit of being able to account for all

optical aberrations throughout the optical train up until that

point, including any from the SLM itself. Although this method

was implemented before the microscope objective, the process

can be used in-situ at the focus after the objective by using

fluorescence signals or reflections from metallic nanoparticles. If

required, this process can be repeated where ϕinit′ � ϕinit + ψ.

Depending on the setup and application, this method could be

further improved upon by also including amplitude modulation

for each patch to account for non-uniform illumination of the

device. We can exemplify it by applying this method to Laguerre-

Gauss modes of light. By analysing beam profiles of these

Laguerre-Gauss modes, whose structure is sensitive to

aberrations due to their rotational symmetry, it is clear that

further aberration corrections can be obtained by ensuring that

the amplitude of each mode is of similar power, in addition to the

phase-only modulation just described. Whilst this offers

significant advantages for producing beam profiles which are

particularly susceptible to distortions, such as Laguerre-Gauss

(LG) or Hermit-Gauss (HG) modes, this will, however,

potentially come at significant cost to diffraction efficiency,

since the amplitude contribution from any mode will be

limited by the contribution from the mode with the lowest

beam intensity. In this study we are looking to maximise the

efficiency of the 2PP fabrication process by maximising light

contributing to the 2PP process. Therefore our focus will remain

on the impact of phase-only corrections.

2.3 Phase retrieval

The practical implementation of the correction outlined in

Section 2.2 is provided in Figure 2. We start by sub-diving the

SLM into N × N modes, and assign a random phase to each

block. This pattern is then offset from the zeroth order using a

blazed grating to ensure there is no interference with light that

has not been modulated. We then fix the phase of a central

mode while propagating all other regions at odd frequencies,

where the frequency refers to the number of 2π phase wraps

during the correction procedure. The intensity of a single pixel

at the center of the pattern, as viewed on a camera, is recorded

each time the phase pattern is updated. All modes, except the

central static region are altered in the same step. So, for step k,

the phase of each mode is updated as ϕN ′ � Arg(eifntk+ϕN )
where t is a vector of discrete values from 0 → 1 with

increments Δt = 1/max(fn). Once complete, the intensity

signal is Fourier transformed. From the power spectrum, the

phase angle for each odd-integer frequency (fn) is extracted. The
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phase correction which provides optimal focusing (ψCorr) is

then found by removing previously applied linear grating and

initial random phase values. Finally, to remove low-frequency

artefacts caused by phase discontinuities between modes, the

pattern is interpolated.

In our setup, then phase correction is found by using 510 of the

512 available pixels in each row of the device, with a 15 × 15 resolution

grid. In principle this grid could be further refined, though

improvements are minimal relative to the increased computation

time. In Figure 3, we show the beam amplitude as measured at the

SLM, reconstructed from the interference signal (a), an interpolated

phase correctionwhich optimises the focused beam (b), the uncorrected

focused beam in the conjugate plane of the SLM (c), and the corrected

zeroth order beam (d). As the result from this correction procedure we

can see a vast improvement in the structure of the correcting beam.

2.4 In-Situ corrections

Phase retrieval is most easily achieved using a camera situated in

the conjugate plane of the SLM, as in Figure 1B, although the

aberration correction found in this plane likely differs somewhat

from the correction required at the objective focus within a sample

(Fourier plane). In our case the beam undergoes additional distortions

imposed by a dichroic mirror and high-NA objective, which we seek

to correct for. To achieve this, the same procedure outlined in Figure 2

is carried out, except the interference signal is instead obtained from

gold nanoparticle reflections adhered to a coverslip, shown in

Figure 1C. Here, a dilute 75 nm gold nanoparticle solution is

dropped onto a microscope coverslip and allowed to dry, adhering

the particle to the glass. When measurements are being taken,

refractive-index matched immersion oil on both sides of the

coverslip to reduce unwanted reflections from the glass. Using an

oil-immersion objectivemeans that the correction will not be valid for

all distances, for optical trapping in water. However, in practice we

observe improvements in beamquality for the practical axial distances

used. Alternatively, the use of a water-immersion objective produces a

correction for all trapping depths (Čižmár et al., 2010).

3 Results and discussion

We demonstrate the effects of aberration corrected laser foci

and its application to enhanced optical trapping and 2PP

fabrication. These phase corrections are versatile in respect

that they improve symmetry for single displaced trapping

sites, while improving uniformity and efficiency when

generating many point-like foci, and finally it demonstrates

FIGURE 2
Phase retrieval: We start by dividing the SLM into N × N equal regions, each with an initally random phase value (ϕr), which is then offset from
the zeroth order spot with a linear diffraction grating (ϕg). A central square in the center is then kept at a constant phase whilst all other grids are
incrementally propagated at odd-integer frequencies (fn) between 0 and 2π. As the pattern evolves, the intensity within a small central region is
recorded at each step. Once complete, the intensity signal is Fourier transformed. Only the odd-frequency components are retained (fn �
[1,3, 5, 7 . . . ..2N 2]) and the phase pattern which maximises interference (ψCorr) is found by taking the argument of these signal components. The
initial random phase and linear grating are then removed to reveal the zeroth order correction, ψCorr � Arg(eiϕf e−iϕr e−iϕg ). Finally this pattern is
interpolated to remove discontinuities between grids which would appear as low-frequency artefacts near the beam focus.
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enhanced sharpness and resolution of structured light using

complex phase masks.

3.1 Ex-Situ and in-situ optical trap
confinement

In order to quantitatively compare the effect of phase

corrections on optical trap formation, we observe the 2D

position distribution of 3 μm polystyrene trapped microspheres

in three instances using the same setup described in Figure 1Awith

the laser operating in continuous-wave mode. We are able to infer

the optical trap structure and symmetry by observing the lateral

plane position distributions from a single optical trap displaced

from the 0th order with a linear grating. We then perform the same

measurements using phase-corrections found in the conjugate and

Fourier planes, as shown in Figure 4. Figure 4 shows an increase in

optical trap stiffness with ex-situ and in-situ phase corrections,

while keeping the laser power constant. Trap stiffness is found

from centroid positions (Parthasarathy, 2012) using 5k frames

captured at 100 FPS. The 1D optical trap stiffness is found using

the equipartition theorem as, kx � kBT/σ2x, where kB is

Boltzmann’s constant, T is temperature, and σ is the standard

deviation of centroid positions. Using the uncorrected beam, the

phase corrected beam as calculated in the conjugate SLM plane,

and the corrected beam at the objective focus, we find kx = [0.29,

0.33, 0.36] pN/μm for each instance, corresponding to a ~ 10%

increase in trap stiffness. Figure 4B shows the squared-Gaussian fit

from centroid distributions. Since polymerisation depends on the

square of the intensity, the highest voxel resolution can be obtained

using the correction found at the focus of themicroscope objective,

which has the narrowest achievable distribution width near the

power threshold required for polymerisation to occur.

3.2 Imaging plane corrections

Implications of phase-only holographic corrections are clearly

evident when observing the conjugate plane of the SLMwith a CCD

camera, again utilising the experimental configuration shown in

Figure 1B. Though this correction will not strictly be the same as that

obtained after the microscope objective, it is useful for

FIGURE 3
(A) Laser beam profile reconstructed from the interference signal using a CCD camera situated in the conjugate plane of the spatial Light
Modulator. (B) Found phase correction, as determined in-situ, described in Section 2.4. (C) Uncorrected focused beam in the imaging plane. (D)
Corrected, focused beam using phase pattern in (B).
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demonstrating how wavefront distortions affect the focusing of light

directly after the diffractive optical element. For this purpose we

consider three examples in Figure 5, utilising common patterns in

holographic optical trapping systems which are affected by

aberrations in different ways.

The first beam is a Laguerre-Gauss mode with topological

charge L � 5, chosen due to the sensitivity of these beams to

system aberrations (Jesacher et al., 2007). We also demonstrate

the effect of interference from nearby optical traps by

producing several equidistant trapping sites along a ring

whose radius is incrementally decreased until individual foci

can no longer be well defined. We observe that this breakdown

in trap uniformity occurs when traps are separated by

~ 0.65 μm without phase corrections applied. For 2PP and

FIGURE 4
Improvement in optical trap stiffness when applying phase corrections in the conjugate and Fourier planes. Both figures are generated using
centroidmeasurements from an optically trapped 3 μmpolystyrene particle, using 5k frames captured at 100 FPS. (A)Optical trap stiffness calculated
using the uncorrected beam, beamwith phase-correction applied as found in the conjugate plane of the SLM, and the corrected beam using in-situ
(Fourier plane) phase correction at the focus of the microscope objective. (B) Normalised, Squared-Gaussian fit using from the histograms of
particle positions used in (A).

FIGURE 5
Comparison of uncorrected (A–D) and corrected (E–H) beams commonly used in holographic optical tweezers systems. (A,E) Laguerre-
Gaussian (LG) beams with a topological charge of L � 5. (B,F) 10 optical traps equally spaced along a ring of radius 10 μm demonstrating strong
interference between neighbouring foci for the uncorrected beam. (C,G) 3 × 3 grid generated using a weighted Gerchberg-Saxton algorithm (Di
Leonardo et al., 2007). We observe greater trap intensity and uniformity along with a significant reduction in unwanted stray light surrounding
each foci. (D,H) Comparison of Hermite-Gaussian (HG) beams with modesm, n = 1, 1. All images are obtained using a USB CCD camera situated in
the conjugate plane of the SLM with identical laser powers and camera exposure settings for uncorrected and corrected image pairs.
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OT experiments, reducing trap interference, and hence

allowing for closer proximity of traps with the same

polarisation, is useful for producing arrays of traps (Korda

et al., 2002), or geometries where we seek to minimise trap

separation. We note that these breakdown distances are, to an

extent, unique to the trap configuration, and the precise

allowable distance between foci will depend on the geometry

and number of traps used. Regardless, similar improvements in

relative separation are consistently observed. Finally we

demonstrate improvement in diffraction efficiency when

many traps are produced on a grid, where with phase

corrections applied we observe greater uniformity between

trapping sites, with significantly greater intensity. All images

are taken with identical laser and camera exposure settings.

FIGURE 6
False-colour CMOS camera images of polymerised structures printed onto amicroscope coverslip using the uncorrected (A–D) and corrected
(E–H) beam, utilising the in-situ phase correction shown in Figure 3 (B). (A,E)HG(1,1) mode, (B,F) Letter “Q” fabricated by rapidly displaying 50 phase
patterns generated though the Gerchberg-Saxton algorithm. (C,G) Single-pass exposure of a 7 × 7 grid with side length 10μm, generated with the
aforementioned optimised Gerchberg-Saxton algorithm (Di Leonardo et al., 2007). (D,H) 35 equidistant foci forming a ring with radius 5μm,
fabricated in a single exposure.

FIGURE 7
Transmitted power and exposure time is varied to polymerise individual voxels of photosensitive resin without (A) and with (B) aberration
correction applied.
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3.3 Aberration corrected 2PP

The aforementioned beam modulation methods are tested with

bright-field microscopy images demonstrated in Figures 6A,E shows

a Hermite-Gauss (1,1) mode. Figures 6B,F show the letterQ, printed

by rapidly loading 50 holograms onto the SLMwith 50ms exposure.

This method (Zhang et al., 2014) involves rapidly displaying pre-

calculated GS phase patterns with different initially random phases

onto the SLM for short periods of time.Using this technique, random

variations in intensity are averaged out to produce smooth structures.

Figures 6C,G demonstrates a tightly-packed 7 × 7 grid with side

length 10 μm. The effect of phase corrections becomes increasingly

evident as the number of trapping sites increases, as is clearly seen for

this grid where some sites on the lattice are not polymerised at all and

others lack uniformity. (d,h) shows the printing of 35 spots on a ring

of radius 5 μmin a single pass. Further increasing the number of traps

continues to show poor uniformity if phase corrections are not taken

into account. Maximising the number of polymerising foci while

maintaining uniformity has clear benefits when looking to fabricate

many identical structures printed in parallel. Such parallel fabrication

can be done either by scanning a nanopositioning stage or applying

grating functions to a hologram similar to that used in Figure 6.

Similarly, if instead all foci are contributing to one large structure,

fabrication time can be reduced for each layer whilst ensuring

consistent voxel sizes. Both of these corrections are of paramount

importance in practical applications of holographic tweezers as well

as in many other areas where structured light is used.

In practice, there is a trade-off between the number of foci used

for polymerisation and resin exposure time. Naturally, as the

number of polymerising sites is increased while maintaining a

constant input power, the time required for polymerisation also

increases. If many traps are formed close together, long exposure

times can sometimes cause nearby resin to be attracted to the focal

point, potentially distorting the structure. For reference, the 49 traps

polymerised in a single pass in Figure 6C requires 0.8 s exposure

with 170 mW average power, as measured immediately before the

microscope objective. We find that an optimal trade-off between the

number of foci and exposure time, such that we can produce

consistently smooth structures, occurs when using 30 foci with

an exposure time of 0.2 s, again using an average power of 170 mW.

3.4 Tolerance of photosensitive resin

Tighter confinement of trap foci has also shown to be useful

in extending the usable range of the photosensitive resin when

considering three distinct phases of the polymer. These are the

unpolymerised phase, where the resin is still in liquid state or in a

gel state (Odian, 2004), referring to when the branched polymer

undergoes partial cross-linking, the desired polymerised state,

and the burnt phase, where the polymer visibly breaks down due

to high energy, often appearing as though the liquid is bubbling.

Although a more tightly confined spot is more intense at the

focus, there is less stray light in the immediate vicinity of the trap

which may initiate polymerisation. By recording these three

phases at a single trapping site whilst varying laser intensity

and exposure time, we observe that the polymerised band in a

phase diagram shown in Figure 7 is widened. This implies that

there is a greater tolerance to polymer breakdown, reducing the

probability of inadvertently damaging the structure during

fabrication near the polymerisation thresh-hold, which is the

optimal operating condition for the highest possible resolution.

4 Conclusion

In this work we have demonstrated how applying phase-only

aberration corrections in and ex-situ using an SLM improves the

performance of versatile applications when using optical

tweezers and 2PP implementations. Using scattered light from

a gold nanoparticle we find phase corrections which further

improve optical trap confinement compared with corrections

found in the conjugate plane of an SLM. These corrections are

then used to improve the quality of microscopic structures

fabricated using complex phase patterns though 2PP. Bright

field microscopy reveals clear benefits of applying the

correction when utilising many foci by improving diffraction

efficiency while simultaneously minimising interference between

neighbouring traps. Furthermore we observe greater symmetry

in polymerised regions when using HG modes and fabricating

arbitrary 2D geometries by rapidly displaying patterns found

through Gerchberg-Saxton algorithms. Such corrections are

shown to be applicable when reducing the fabrication time of

structures is desirable by printing many parallel structures on a

grid, or when using many traps to fabricate single large

structures.

As the complexity of an optical system increases, each

component would impart further aberrations on the beam,

making corrections increasingly necessary. A limitation of the

in-situ method, however, is that the correction is valid for only a

selected trapping depth and cannot be calculated fast enough to

be done in real-time. We envisage using this technique to

improve optical trap quality and depth in biological samples

which require focusing through more complex media.
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