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Abstract. Dynamic control and precise optical trap positioning are possible with spatial light modulators 
in holographic optical tweezers. In this work, we deeply study the error induced in trap positioning by a 
mismatch between the phase displayed on the hologram and the real phase introduced to the beam by the 
modulator. A simulation of the effect is performed and a proposed correction is tested, reducing the error 
in trap positioning down to 0.26 nm.  
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1. Introduction 
Since the very beginning in 1970 [1], optical tweezers have arisen as a new instrument in a wide 
variety of applications in many fields, such as biology and medicine [2]. The ability of light to 
exert pressure on material particles, by means of highly focused light beams, makes OT a 
powerful tool to trap and manipulate micron and sub-micron particles. The introduction of 
devices allowing wavefront modulation, gives the user more options in laser beam 
manipulation. The system named as holographic optical tweezers allows the creation of multiple 
holographic traps, their 3D control and exotic light beam generation, among others, by 
including a spatial light modulator (SLM) to modify the incoming light beam. In particular, the 
phase of the beam can be locally controlled to steer the beam and accurately change the position 
of the optical traps [3]. Errors in the conversion between the phase applied by the hologram and 
the real phase applied to the beam by the SLM induce errors in trap positioning.  
The main purpose of this work is to study and to understand this effect and to evaluate this 
induced error in positioning accuracy. First, a simulation of the phenomenon will be performed, 
and a way to correct for these errors will be presented. Secondly, we will explain the 
experimental procedure to accurately determine the position of the holographic traps. Finally, 
we will measure the experimental positioning errors and correct for them. 
 
2. Theory 
In this section we will give a basic idea of how a spatial light modulator works and how an 
optical trap can be steered by using a phase-only modulator. 
 
2.1. SLM description 
An SLM is a transmissive or reflective device used to spatially modulate the amplitude and/or 
the phase of an optical beam wavefront. It consists of a cell filled with an optically anisotropic 
material, such as a nematic or ferroelectric liquid crystal and it allows controlling the input 
wavefront by applying an external voltage. 
The type of SLM used in this study is reflective which, under the right input beam polarization, 
gives pure phase modulation without any change on the amplitude. It is based on Liquid Crystal 
on Silicon (LCoS) technology, which has a parallel-aligned nematic liquid crystal (LC) layer to 
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modulate the input beam wavefront locally (figure 1), pixel by pixel, using a CMOS backplane 
and a Digital Video Interface (DVI) signal via a computer. 
 

 
Figure 1: scheme of phase-only modulation carried out by a parallel 
nematic LC SLM. A linearly polarized beam in the x-direction propagates 
in the cell with a refractive index 𝑛 , which depends on the angle  𝛾(𝑉).  

 

At each pixel, an electric field is applied in the z-direction, and the LC molecules tend to 
orientate with it, finally rotating an angle 𝛾(𝑉) that depends on the voltage V. The molecules 
behave as an uniaxial material with an optical axis 𝑂. An incoming linearly polarized beam in 
the x-direction propagates in the cell with an apparent refractive index 𝑛  depending on the 
angle 𝛾. This refractive index leads to a phase delay in the propagation direction of the light 
beam (z-direction), which can be tuned by changing 𝑉. This tilt effect leads to phase-only 
modulation of the incoming wavefront, when different voltages are applied locally. The linearly 
polarized beam in the y-direction, however, remains unalterable or, in other words, non 
modulated, since it would experience the same refractive index 𝑛 , independently of the 
orientation of the molecules [2]. 
 
2.2. Beam steering with an SLM  
There are many algorithms to modulate a wavefront with an SLM by means of digital 
holograms (DHs), which are computationally generated matrices of grey-level values, 
corresponding to different applied voltages and, therefore, different phases introduced on the 
incoming wavefront. If the SLM is to be used to steer the beam and to control trap positioning, 
the easiest and fastest way consists in simulating a prism. Since the phase modulation range of 
an SLM is usually close to  2𝜋, the DHs are actually blazed phase diffraction gratings with 
phases between 0 and 2𝜋 arranged along a period 𝑇. An ideal blazed grating diffracts the 
incoming beam at an angle (𝛼): 

𝑠𝑖𝑛 𝛼 = 𝜆
𝑇 (2.2.1) 

 

where 𝜆 is the light wavelength. The modulated light coming from the SLM is conjugated 
through a telescope at the entrance pupil of the microscope objective, with focal length  𝑓. Then, 
the microscope objective creates an optical trap at the aimed distance  𝑑, by focusing the light at 
its focal plane, as shown in figure 2. The simulated prism changes linearly the phase of the input 
wavefront, which is translated directly in a change in the angle 𝛼 of the refracted laser beam [5].  

 
Figure 2: Beam steering representation. The SLM plane is conjugated by a telescope at the entrance 
pupil of the microscope objective. The incoming light is diffracted at an angle  𝛼 by the phase grating. 
The modulated light (1st order) is focused onto the focal plane at a distance 𝑑 from the unmodulated one 
(0th order). 
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Considering that the displacement of the optical trap is directly related with the steering angle 
(2.2.1), 𝑑 can be finally expressed as 

𝑑 = 𝜆𝑓
𝑇
𝑓
𝑓  (2.2.2) 

 

where 𝑓 /𝑓 = 1/𝑚 is the magnification of the telescope. The ideal linear phase 𝜙 on the SLM 
which gives this aimed trap displacement at the focal plane will be 
 

𝜙(𝑑) =   𝑑𝑥 + 𝜙    (2.2.3) 
 

where the continuous variable 𝑥 corresponds to the coordinate of the position in the SLM on the 
desired direction. In fact, a SLM is a pixelated instrument and 𝑥 is a discrete variable which is 
the coordinate of each pixel, but, in this study, the quantization effects are not going to be 
considered. Also, in (2.2.3), there is an offset phase value 𝜙  that will be studied further on as 
an optimization parameter. 
There is a previous work [6] in which the quantization effects, due to the pixilation of the SLM, 
on trap positioning accuracy, are studied in detail. Here, we will focus instead on the effects of 
the non-ideal phase modulation of the SLM, as described next.  
 
2.3. Look-up-table effects 
In the previous section, we made an introduction of how the steering of an optical trap can be 
ideally performed by phase modulation; however, this phase modulation may differ from the 
ideal situation when the conversion between the displayed grey-level image and the final 
voltage signal on the SLM differs from the expected. The wrong SLM phase value, 
consequence of these mismatches in the conversion, induces an error in trap positioning. 
In this section, a number of simulations will be done, based on a simplified mathematic model 
[7] in order to study how the non-ideality of the SLM, specifically, of the so called look-up-
table (LUT), affects trap positioning. No quantization effects will be considered.  
As it has been commented in the previous section, the ideal blazed phase gratings are expected 
to be between 0 and  2𝜋, but when the LUT is aberrated, these gratings are scaled by a factor 𝑎 
given by these aberrations, as it can be seen in figure 3.  

 
Figure 3: Blazed phase grating profile for a LUT such that   𝜙 = 𝑎𝜙  

 

For this study, the used SLM has a linear behavior and we will assume that the mismatching can 
be expressed as  𝜙 = 𝑎𝜙 . 
Taking into account this behavior, the phase ramps in the chosen coordinate, in this case  𝑥, will 
be represented by 𝑒  instead of 𝑒  corresponding to a non-aberrated LUT, i.e. with 
  𝑎 = 1. Mathematically, the applied DH by the SLM can be expressed as: 
 

𝒰(𝑥) = 𝑟𝑒𝑐𝑡 𝑥 − 𝑥
𝐿 𝛿(𝑥 − 𝑛𝑇) ∗ 𝑒 · 𝑟𝑒𝑐𝑡 𝑥 − 𝑇/2

𝑇     (2.3.1) 

 

A rectangle function of width 𝑇 is applied in order to fence the linear phase to the SLM phase 
range. The blazed grating is described by the convolution with the delta functions. In addition, 
another rectangle function is used to restrict the number of ramps allowed along the SLM active 
area 𝐿  and it also defines the origin 𝑥  to compute the DH. For example, the DH would be 
referenced to the periphery of the SLM when 𝑥 = 0 and to the center when 𝑥 = 𝐿/2. 
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Considering that the plane where the optical trap is created, i.e. the focal or sample plane, 
corresponds to the Fourier transform of the entrance pupil of the microscope objective, the field 
at the sample plane can be obtained by Fourier transform of (2.3.1). 
 

𝒰(𝑢) = 𝑒   𝑒 𝑠𝑖𝑛𝑐  (𝑛 − 𝑎)𝑒   𝑠𝑖𝑛𝑐 𝐿 𝑢 − 𝑛
𝑇  (2.3.2) 

 

where 𝑢 is the spatial frequency and it is related with the transversal coordinate at the sample 
plane as 

𝑢 = 𝑥
𝜆𝑓

𝑓
𝑓  (2.3.3) 

 

Therefore, the optical field at the sample plane is the addition of all the diffraction orders 
splitted by the blazed phase diffraction grating and it is also affected by the SLM LUT response 
through the parameter a. The trap position is indeed being affected by the LUT and, in order to 
observe this effect, a simulation will be performed. By keeping constant the trap position, the 
effect on the trap position accuracy by changing the value of 𝑎 can be seen in figure 4.  

 
(a) (b) (c) 

Figure 4: Intensity profiles of the trap at the sample plane for a hologram creating a trap at 𝑑 = 3  𝜇𝑚 with 
𝑎 = 1, 0.8, 0.6. 
 

Regarding (2.3.2), for 𝑎 = 1 (figure 4a), only the first diffraction is different from zero and, as a 
result, the optical trap will be located at the aimed position 𝑑, as expected in this ideal case. 
On the other hand, different diffraction orders appear for 𝑎 ≠ 1. The light does not remain in 
one diffraction order but splits in more, and as a consequence, the optical trap will not be 
located at the aimed position, because the final field is the addition of all these orders and its 
maximum is laterally displaced when the tails of the higher orders interact with the main order. 
As figure 4b and 4c show, the lower the  𝑎 value, the worse is the error in trap position (7 nm for 
𝑎=0.8 and 14 nm for 𝑎=0.6). 
Having seen this effect, now it is time to analyze the case when a non-ideal 𝑎 is chosen, while 
the trap position is being modified. This would be the nearest approach to an experimental case 
and, also, allows obtaining an explanation of what happens with the trap position accuracy when 
other diffraction orders arise. For instance, in figure 5, the error in trap positioning is 
represented when the trap position goes from 𝑑 = 1  𝜇𝑚 to 𝑑 = 7  𝜇𝑚 from the origin, for 𝑎=0.8.  
 

 
Figure 5: Error in trap positioning due to the mismatch between the real and the aimed trap 
position. Simulation from 𝑑 = 1  𝜇𝑚 to 𝑑 = 7  𝜇𝑚, with 𝑎 = 0.8 and 𝑥 = 𝐿/2. The relative error 
in trap position becomes smaller when the distance of the trap to the origin is bigger. 
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It can be seen how the error decreases when the trap is far away from this origin. This means 
that further the trap position, better the accuracy in the real position.  
The reason of this effect again relays on the appearance of secondary diffraction orders, whose 
tails are superimposed and therefore contribute to the final distribution, producing a mismatch 
between the real and the aimed position. Two different trap positions are represented in figure 6, 
as well as the corresponding interaction of the diffraction orders.   

  
(a) (b) 

Figure 6: Simulation of the diffraction orders interaction in two different trap positions, for 𝑥 = 𝐿/2 
and 𝑎 = 0.8. (a) Trap at 𝑑 = 3  𝜇𝑚, (b) Trap at 𝑑 = 9  𝜇𝑚. The diffraction orders interaction becomes 
weaker when the trap position from the origin is bigger. 

 

Clearly, the interaction becomes smaller when the trap is further away from the origin (figure 
6b). In figure 6a, the interaction is more noticeable because of the distance of the trap from the 
origin is smaller. For this reason, it is clear that the accuracy in trap positioning becomes better 
when the interaction between different diffraction orders is weaker, i.e. the trap is far away from 
the origin.  
Once this effect has been studied, the following step consists in analyzing how the trap position 
is affected by the free parameter  𝑥 . First of all, it is important to observe how the hologram 
changes when 𝑥  varies. This variation leads to a transversal shift of the blazed phase grating 
from the origin, as shown in figure 7a. This transversal shift can be also done by adding a phase 
offset 𝜙 .  

 
 

(a) (b) 
Figure 7. Effect on the trap position with the variation of 𝑥 : (a) Diagram of a blazed phase grating where 
the effect of varying 𝑥  is exactly the same as varying the phase offset 𝜙 , (b) Simulation of how the 
variation of 𝑥  affects the trap position, for 𝑑 = 3  𝜇𝑚, 𝑎 = 0.8. 

 
The effect of 𝑥  on the error of trap positioning (real position compared with aimed position) is 
represented in figure 7b, where we see an oscillating behavior. The interaction of the different 
diffraction orders depends on the parameter  𝑥 , regarding equation (2.3.2.), and therefore 
different final positions will be achieved as 𝑥  is varied. We can see that, for several  𝑥  
positions, highlighted in red in figure 7b, the error in the position is minimized. We will use this 
effect to correct for the errors produced by LUT aberrations on trap positioning. 
In the following section, we will explain the experimental procedures and show the results on 
trap positioning analysis. Also, we will show how the proposed correction method improves 
positioning accuracy. 
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3. Procedure and results 
 
3.1. Holographic optical tweezers setup 
The holographic optical tweezers system used in this study (figure 8a) consists of an infrared 
(IR) Ytterbium fiber laser with a Gaussian beam profile TEM00 emitting at a wavelength of 
1064 nm. A combination of a half-wave plate and a polarizing beam splitter is used to control 
the laser power by polarization: the beam splitter only transmits the x-component of the light 
and the half-wave plate adjusts the incident beam to this component. The laser beam is 
expanded by a first telescope to fit the active area of the SLM (Hamamatsu X10468-03). A 
second half-wave plate is used to control the power of the x-polarization (modulated) beam with 
respect to the y-polarization (unmodulated) beam.  

 

 
(b) 

 
(a)                (c)             (d) 

Figure 8: (a) HOT system scheme. It mainly consists of a high NA immersion objective that focuses the 
modulated laser beam by the SLM at the sample plane; the sample is illuminated by a halogen lamp 
through a condenser, and the image reaches a CCD camera. (b) Scheme of the sample formed by two 
glasses and a cavity inside the intermediate material that contains the solution. (c) and (d) Laser beam 
polarization (see section 3.2. for details) 
 
A second telescope conjugates the SLM plane at the objective entrance pupil with the 
corresponding magnification, as it was commented in section 1.2. Then, the laser beam enters 
the microscope (Nikon Eclipse TE2000-E), it is reflected on a 45° dichroic mirror and reaches a 
water immersion objective (Nikon Plan Apo VC 60x, 1.2 NA). This objective focuses the laser 
beam at the sample plane, where two optical traps with perpendicular polarizations are created: 
one corresponds to the unmodulated beam and is always in the centre, while the second trap is 
holographically controlled and can be positioned in the sample plane. The sample, represented 
in figure 8b, consists of two glasses and a plastic material. This intermediate material has a 
rectangular cavity. The solution of the sample under study is located inside the cavity. The 
sample is illuminated by a condenser from above and the image reaches a CCD camera through 
the dichroic mirror. In order not to merge the illumination with the laser light, an IR filter is 
placed before the CCD camera.  
 
3.2. Bead tracking    
The position of the holographic trap has been determined indirectly by tracking a trapped bead. 
In particular, we have trapped two 1.16 𝜇𝑚 beads, one in the fixed, central spot, and the other 
one on the holographic trap itself. The position of the holographic trap along the axis of interest 
is automatically controlled by a handmade Labview program. An analysis of trap position 
accuracy has been done by changing the holographic trap position, while the non-holographic 
one is motionless. Two traps are used to eliminate drift effects due to different experimental 
aspects, such as air currents, mechanical vibrations, changes in temperature, etc. Both beads are 
equally affected since the optical path in the set-up is the same for both traps. 
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The video acquisition is carried out with another handmade Labview program and the position 
of both beads is accurately determined with the free tracking software Video Spot Tracker [8]. 
Data analysis is done by means of a handmade Matlab program and will be explained next. 
 

 
Figure 9: Bead tracking by means of the tracking software. Trace representation of the holographic 
(blue) and the non-holographic (black) bead. The non-holographic trap was fixed while the holographic 
trap was moved in steps of 50 nm. Notice that the vertical scale is different for each bead. The black 
plot would also look flat if the blue scale was used.  

 
First of all, the positions of both beads are represented in figure 9.  The relative position can be 
thus calculated. Then, a digital filter is applied to the relative position in order to minimize the 
Brownian motion of the beads (figure 10a), obtaining a smooth trace when the bead is 
motionless. It is important to allow some margin to avoid transitory effects when the bead is 
moving from one position to the next one. This margin is represented with the bold line in 
figure 10a.  

  
(a) (b) 

Figure 10: (a) The relative position between the two beads is represented in blue. The drift and the 
Brownian effects are removed by obtaining the relative position and applying a digital filter (shown in 
red), respectively. The black line represents the lapse of time during which the final mean position and 
the standard deviation are calculated (b). 
 
After the signal is filtered, the mean value (𝑑 ) and its standard deviation are calculated for 
each real position. A linear fit between the different experimental 𝑑  values and the aimed 
values, 𝑑 , is then performed, with slopes close to 1. Then, the error for each position is 
obtained by comparing the experimental values to the values of the linear fit (𝑑 ): 𝑑 -  𝑑 . 
Figure 10b shows an example of the results for the steps in figure 10a, where the error bars in 
trap positioning correspond to the standard deviation. 
There are some experimental aspects that need to be taken into account in order to obtain proper 
results. First of all, the microscope illumination system needs to be carefully aligned to give 
Köhler conditions. The bead illumination has to be as uniform as possible in order to make a 
good bead tracking. With the illumination controlled, the acquired video has to be the same 
during one experiment to assure that the recorded zone is the same throughout the experiment, 
as well as the region of interest (ROI) selected in the tracking software. The ROI size has to be 
selected with precision, allowing some space around the bead in order to help the software 
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identifying the bead from the background. Different videos or regions of interest in the same 
experiment may give different origins and lead to errors when performing the linear fit. 
In addition, there are two elements that need to be carefully controlled. On the one hand, the 
power instabilities of the laser need to be taken into account. Linearly polarized fiber lasers have 
small fluctuations in polarization. In our experimental setup, when the polarization direction of 
the incident laser beam coincides with the one allowed by the polarizing beam splitter, the 
fluctuations in polarization coincide with the fluctuations in the resulting transmitted power, as 
it can be seen in figure 8c. However, if the directions are perpendicular (or close), the stability 
of the transmitted laser power is seriously affected by a minimum fluctuation in the polarization 
of the incoming beam, as it can be seen in figure 8d.  Fluctuations in the power on the trap can 
lead to fluctuations in the bead positioning and, therefore, induce errors in positioning 
determination. In our setup, we optimized the orientation of the first half-wave plate to 
minimize the instability of the laser, so the error in positioning was reduced by a factor of four. 
Finally, the density of the IR filter used before the CCD camera needs to be optimized to assure 
that no IR light reaches the final images of the beads to be tracked. A good filtering allows 
reducing by half the error in trap positioning.  
 
3.3. Study of the error in trap positioning 
In order to obtain reliable results, several experiments were carried out following the previous 
steps. The trap position in all the experiments was changed in steps of 50 nm from an initial to a 
final position, and then stepped back and forth several times, to have four measurements at each 
position. For positions between 4.4 and 5.8 𝜇𝑚 from the center (figure 11), we found that the 
error in trap positioning caused by LUT mismatches is about 1.3  𝑛𝑚 RMS. 

 
Figure 11:1.3 nm RMS in trap positioning for a switch between 4.4 and 5.8 𝜇𝑚 in steps of 50 nm. 

 

However, when the experiment is repeated for positions further away from the centre (between 
14 and 15  𝜇𝑚), the error is reduced to 0.8  𝑛𝑚 RMS, as predicted by the simulation. 

 
Figure 12: 0.8 nm RMS in trap positioning for a switch between 14 and 15 𝜇𝑚 in steps of 50 nm. 

 

In all the preceding experiments, we have used the LUT provided by the manufacturer for our 
SLM [Hamamatsu X10468-03]: the phase response of the modulator is linear with the grey 
level, with values between 0 and M=226 leading to phase values between 0 and 2𝜋, 
respectively. To study the effects of LUT mismatches on trap positioning, we have artificially 
selected a wrong M value, and compared the results when using the nominal M value (figure 
13). We can see that a 20% change in the 𝑀 value increases the error in positioning in a factor 
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of four. The region selected for the optical trap displacement falls in the range between the two 
previous.  

 

(a) 

(b) 

Figure 13: trap positioning error for switches from 10 to 11 𝜇𝑚 in steps of 50 nm and M different values, 
(a) M=180 (b) M=226. A 20% change in the M value increases the error in positioning in a factor of four. 
 
Once the error induced by the SLM on trap positioning has been measured, a correction is 
proposed in the following section to minimize it and obtain an accurate positioning of optical 
traps.  
 
3.4. Proposed correction 
As it was shown in section 2.3., 𝑥  , i.e. 𝜙 , has a relevant effect in trap positioning. We will 
use this effect to minimize errors in trap positioning. Taking into account that the DHs are 
calculated with phase values, we will use 𝜙  as the free parameter. For each trap position, we 
will determine the best 𝜙  giving the least errors experimentally.  
With the same Labview program which allows changing automatically the trap position, also 
the phase offset can be changed for each position. The results for the beads relative position in 
this case is represented in figure 14a. In the zoom, the effect of changing the phase offset in one 
aimed position can be clearly seen.  

  
(a) (b) 

Figure 14: A phase offset introduces changes in position. (a) Real and filtered relative position of an 
optical trap going from 𝑑 = 4.43  𝜇𝑚 to 𝑑 = 4.87  𝜇𝑚 (b) Effect in one position by changing 𝜙 . The 
induced error changes the position up to 6 nm.  
 
Next, we explain the procedure to choose the best phase offset for each aimed position. For each 
phase offset, there is a set of values for the real position, so first the mean value and the standard 
deviation of the real position for each phase offset is obtained. Figure 14b shows the mean 
position,  𝑑 , for each phase offset value with its standard deviation. Notice that the phase 
offset values are represented in terms of the corresponding grey level values added to the 
hologram. Also, note that changes up to 6 nm in positioning can be induced by these changes in 
the phase offset. 
To choose the optimal phase offset, the mean positions need to be compared to the aimed 
position, corresponding to the red line in figure 14b, and the minimum difference will lead to 
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the best phase offset. Once all the optimal phase offsets have been determined, they are added to 
each position in the Labview program to apply the correction. The performed correction for 
figure 11 leads to an error reduction down to 0.26 nm RMS (figure 15). 

 
Figure 15: error reduction down to 0.26 nm RMS by applying the correction when the trap goes from 4.4 

to 5.8 𝜇𝑚 
 
4. Conclusions 
In this work, the effect on trap positioning due to the error in the conversion between the phase 
applied by the hologram and the real phase introduced to the beam by the SLM was studied. A 
simulation was performed in order to understand and to analyze this effect. The trap positions 
were indirectly obtained by means of bead tracking, allowing sub-nanometer measurements. 
Experimentally, the effect was observed and the error in trap positioning caused by a LUT 
mismatch was measured to be 1.3 nm RMS for traps located close to the centre. A reduction of 
the error to 0.8 nm RMS was obtained when the traps are separated about 10 𝜇𝑚.Also, we 
showed how the errors can dramatically increase by a factor of four if a wrong LUT (M value) is 
used. Interestingly, we proposed a correction based on adding phase offset values to the 
holograms, leading to a reduction of the error down to 0.26 nm RMS, close to the experimental 
error and repeatability. To conclude, in this work we performed sub-nanometer measurement of 
trap positioning and, by applying a proper correction, we could reduce the error from 1.3 to only 
0.26 nm. 
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