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Drag Controlled Formation of Polymeric Colloids with Optical Traps   

Erel Lasnoy, Omer Wagner, Eitan Edri and Hagay Shpaisman* 

Optical trapping is a powerful optical manipulation technique for controlling various mesoscopic systems that allows formation of tailor-made polymeric micro-

sized colloids by directed coalescence of nucleation sites. However, control over the size of a single colloid requires constant monitoring of the growth process 

and deactivation of the optical trap once it reaches the required dimensions. Moreover, producing more than one colloid requires moving the sample to a 

pristine location where the process must be repeated. Here, we present a novel method for continuous control over formation of polydimethylsiloxane colloids 

based on directed coalescence induced by optical traps under flow inside micro-fluidic channels. Once the drag force on a growing colloid exceeds the trapping 

force, it leaves the optical trap, and a new colloid starts to form at the same location. We demonstrate repeatability of the process and selectively produce 

colloids with radii of ~1–14 µm by controlling the laser intensity and flow rate. In addition, holographic optical tweezers are used to show how multiple optical 

traps in 3D could be used to influence a significant cross section of the micro-channel, thus forming a light-controlled assembly line for colloidal formation.

  

Introduction 

Several branches of science and engineering are in constant pursuit of better control over mesoscopic systems. These systems are 

characterized by length scales ranging from tens of nanometers to tens of micrometers. While there are various choices for 

manipulating and organizing these systems,1–3 forces exerted by shaped wave fronts of light offer exactly the level of control 

required over these length scales. One of the most powerful optical manipulation techniques is derived from single-beam optical 

traps known as optical tweezers (OTs),4,5 devices which tightly focus light to apply forces that can trap small objects. 

The principles for trapping objects much larger than the wavelength of light, or much smaller, are rather straightforward. The idea 

of “photon pressure” was proposed by Newton, later theoretically developed by Maxwell, and at last confirmed experimentally by 

Lebedev.6 Reflection, refraction or absorption of light by micrometer-sized objects, larger than the wavelength of light (Mie 

regime), changes the momentum of the impinging photons.7 Due to momentum conservation considerations, in certain cases 

these objects recoil towards the higher photon flux near the focus.8 For particles smaller than the wavelength of light (Raleigh 

regime), photon pressure ascends from the different polarizabilities of the particle and its surrounding medium. These nano-

particles develop an electric dipole moment following the light's electric field, and therefore move along the intensity gradients of 
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the field towards the focal point.7,9 Theories to describe the optical trapping forces in intermediate regimes were also 

developed.9,10 

Optical traps were shown to play an important role in various areas. As they can influence particles with relevant length scales for 

biological and macromolecular systems, they were used to determine the forces exerted by myosin, kinesin, and other molecular 

motors.11 Optical traps were also used extensively to determine particle-particle interactions and statistical mechanics.12 The 

ability to trap ultra-cold atoms contributed to the field of atomic physics.13 

Optical traps also had significant influence on the field of material science. OTs were used for trapping and manipulating various 

micro- or nano-sized objects14–16 and large molecules17 in solution. They were shown to be useful for probing the viscoelastic 

properties of DNA,18 cell membranes, and aggregated actin protein fibers. Laser-trapping crystallization,19,20 photon-pressure-

induced liquid-liquid phase separation,21,22 and formation of crystals and quasi-crystals from colloidal particles,23 were also 

demonstrated. Reversible phase transition in polymer gels was also mediated using OTs.24  

Controlling the formation of polymeric colloids is yet another important mesoscopic system where optical traps could play an 

important role. OTs were previously shown to cause coalescence of femtoliter-volume droplets,25 micelles,26,27 and DNA globules. 

Recently, we have shown28 how OTs influence formation of polydimethylsiloxane (PDMS)29–31 colloids that could have various 

useful applications in fields such as food additives, medicine, soft lithography, and cosmetics.32 Activation of an OT in a capillary 

filled with the polymer’s precursors dissolved in an aqueous solution directs nucleation sites33 towards the optical trap focal point 

due to the gradient radiation force. If the radiation force is increased until it overcomes the electrostatic repulsion,34,35 the 

nucleation sites coalesce and form a spherical colloid. The radiation force will continue driving nucleation sites to the optical trap 

until they are depleted, resulting in a colloid with diameter of tens of microns.28 

While using this approach allows control over the size of the produced particle, thus allowing tailor-made colloid production, the 

static approach, without material streaming, has several disadvantages. Continuous monitoring is required until the growing 

colloid reaches the desired diameter, at which time the optical trap should be turned off. Furthermore, after producing a single 

colloid, the sample must be moved to a pristine location where the process is repeated. Hence, production of more than one 

Fig. 1 Schematic illustration of the optical setup. (A) A laser beam is relayed to the objective lens that is also used for imaging by a dichroic mirror. The beam is imprinted with a 

computer-generated hologram shaped by a spatial light modulator (SLM). The objective lens focuses the light to a microfluidic glass capillary (zoomed in inlet B) that is placed on 

a microscope stage. The solution with nucleation sites of PDMS is flown through a glass capillary. An illustration is seen in (C) where the optical trap (bright green spot) leads to 

directed coalescence of the PDMS nucleation sites, thus forming a micro-sized polymeric colloid. The colloid's diameter increases until it is released and flows downstream. A new 

colloid is then formed at the optical trap. 



colloid requires a tedious process. This also means that only a very small percentage of the polymers are influenced, as even at the 

vicinity of the tailor-made colloids, most of the polymeric material is uninfluenced by the OTs. 
Here we demonstrate, to our knowledge for the first time, how these problems can be overcome by streaming the solution. This 

approach provides a mechanism, based on equilibrium between optical and drag forces,36–41 for controlling the size of the formed 

colloids without the need to monitor the growth and intervene with the laser operation. This all-optical assembly line approach 

significantly increases the production rate. We will then show how the size of the formed colloids is correlated to the laser power 

and flow rate. Finally, by using multiple optical traps in 3D using the holographic optical tweezers (HOT) approach,10,42 we show 

how a substantial part of the capillary’s cross-section could be influenced, thus increasing the yield.      

Results and discussion 

A variation on the procedure of Obey and Vincent29,30 was used for polymerization of PDMS as droplets. A mixture of 40 wt% 

methyltriethoxysilane (MTES) that serves as a cross-linker and 60 wt% dimethyldiethoxysilane (DMDES) was added to a 25% 

ammonia aqueous solution with 1.5 wt% of sodium sulphate. The total weight percentage of the monomers was 7 wt%.  

The solution was streamed through a glass capillary (0.1 X 2.0 mm inner diameter) placed on a microscope stage (Figure 1b). The 

capillary was pre-treated with triethoxy (3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octyl) silane to prevent adhesion of droplets to 

the glass. The required optical trap patterns were generated by structuring a conventional Gaussian 532 nm TEM00 laser beam. 

Before entering the objective, the beam was reflected from a phase-only spatial light modulator (SLM) that imposes computer-

designed phase holograms on its wave front. The high numerical aperture objective focuses and Fourier transforms the structured 

laser beam into multiple optical traps with different 3D locations within the capillary. The same high numerical objective was also 

used for imaging. The combined trapping and imaging systems are represented schematically in Figure 1a. 

We first consider using only a single optical trap. If the streaming is stopped after the capillaries are filled with solution, the optical 

trap present during the polymerization process causes significant changes.28 Nucleation sites are directed to the focal point where 

they are influenced by electrostatic forces arising from their charges34,35 and the gradient radiation force pushing them together. 

Once the radiation force overcomes the electrostatic repulsion, the nucleation sites coalesce and form a spherical colloid. Without 

streaming, the forming colloid continues to grow until the optical trap is turned off or nucleation sites around the focal point are 

depleted.28 Without initiation of the optical trap, 1.1±0.2 µm diameter spherical homogenous PDMS colloids are formed,28,43 as 

measured by dynamic light scattering (DLS). As explained above, controlling the size of a single particle requires constant 

monitoring of the growth process and deactivation of the optical trap once it reaches the required dimensions. In addition, 

producing more than one particle requires moving the sample to a pristine location where the process must be repeated.   

To overcome these limitations, we used the same setup described above (single optical trap) where the streaming is kept constant. 

Figure 2 shows a sequence of micrographs (taken from Video SV1 in the Supporting Information) showing the growth of a colloid 

while streaming the solution at 1530±50 µm/s with laser power of 94 mW. The laser is focused to the center of the capillary – 50 

µm from the bottom and top glasses. While the laser is kept on continuously, there are short intervals where there is no detectable 

colloid captured at the optical trap (at t = -0.1 and 2.6 s). Over a period of ~2.5 s the colloid diameter increases until it is released 

and continues downstream. Figure S1 displays the same phenomena using other parameters, resulting in bigger micro-spheres.

  

Fig. 2 A series of bright field micrographs showing the growth and release of a typical colloid. We define t=0 seconds with the first sign of trapping. The green dot represents the 

center of the optical trap. Scale bars are 5 µm.  

 



The size of the growing polymeric microspheres was determined by analyzing the acquired micrographs (stripped from the video 

file). This is achieved by detecting the edges of the spheres due to the difference in brightness. Figure 3A shows the diameters of 

five microspheres formed at a single optical trap over the course of ~12 sec. Each microsphere is detected once it reaches ~0.6 

µm. We note that this is the detection limit of our program, and particles smaller than 0.6 µm are observed, however only when 

they reach the detection limit, their size is analyzed and presented in the graph (as a green dot). The growth in size of each 

microsphere is due to coalescence with surrounding nucleation sites pulled by the optical gradient force. Once the microsphere 

reaches a critical size (that will be discussed later), the microsphere is released (red dot), and the process starts over. We note that 

the diameter of the released microspheres is kept constant at 2.6±0.2 µm. Figure S2 shows the same phenomenon (constant 

release size) for a larger number of microspheres using different parameters (see experimental details in the SI) resulting in a 

diameter of 2.2±0.2 µm. Figure 3B shows a zoom-in on the graph of diameter as function of time for a single occurrence of colloidal 

growth. The jumps in size of the colloid are due to coalescence of nucleation sites.  

The suggested mechanism for the controlled growth and release of the microspheres is illustrated in Figure 4. Without optical 

traps, the solution flows through the micro-channel, and the output is identical to untreated microspheres (1.1±0.2 µm diameter). 

Once the optical traps are present in the microfluidic channel, gradient forces pull two or more nucleation sites to the same location 

where they coalesce, thereby minimizing surface tension. The continuous material flow provides a constant supply of nucleation 

sites that also coalesce at the optical trap's location. The growing microsphere is influenced by the drag force 𝐹𝑑 = 6𝜋𝜇𝑅𝑉, where 

Fig. 4 (A) Diameter of PDMS colloids in a single trap as a function of time. Each colloid is captured at the optical trap (represented as a green dot), followed by growth due to 

coalescence of nucleation sites. Once the drag force overcomes the optical gradient force, the colloid is released (red dot), and the process starts over. (B) Zoom-in on the growth 

and release process of the last colloid shown in (A).    

Fig. 3 Illustration (not to scale) of the forces in the x direction on a forming colloid influenced by an optical trap. (A) Flow direction and coordinates. (B) Balance between optical 

gradient force and drag forces while the colloid is growing. Note how PDMS nucleation sites that are not adjacent to the optical trap are not influenced and continue their flow 

downstream. (C) Once the drag force is stronger than the optical gradient force, the colloid is released from the trap and flows downstream. A new colloid is then formed in the 

optical trap.  



μ is the dynamic viscosity of the surrounding medium, R is the radius of the colloid, and V is the flow velocity. The gradient optical 

force (Fg) opposes the drag force and while Fd ≤ Fg (see SI for calculations of small particles) it prevents the growing microsphere 

from leaving the optical trap (Figure 4B). Balancing the drag force with the optical gradient force was previously used for calibration 

of the stiffness of optical traps.36,38–41,44 As the micro-sphere grows, the drag force, which is proportional to the radius, grows as 

well, thereby pushing the microsphere further from the center of the optical trap (see Figure 2 and Figure S1 in Supplementary 

Information). While the gradient optical force is positively correlated to the particles’ size for particles that are smaller or similar 

in size with the trapping wavelength (in the medium; ~400nm), for particles significantly larger than the wavelength the force does 

not depend on the particles’ size.5 Therefore, as the particles grow (due to coalescence) the drag force continuously grows while 

the trapping force doesn’t.  Once the microsphere grows to a point where the gradient optical force cannot overcome the drag 

force (Fd > Fg), the microsphere flows downstream, and a new microsphere starts growing in the vacant optical trap (Figure 4C).  

To systematically study the influence of the flow rate, we exploited the built-in differences in the rate along the profile of a 

microfluidic channel.45 The flow profile of a 40 µm high glass microfluidic channel was determined by analyzing the speed of PDMS 

micro-particles at various heights (Figure 5B). The speed of each micro-particle was determined by analyzing consecutive images 

Fig. 6  (A) Diameter of released colloids and (B) flow rate in a 40 µm high glass capillary as function of the optical trap location in the z direction (see Fig. 1A). (C) Illustration (not to 

scale) of released particles at different heights, showing the variation in size and speed (vector size). 

Fig. 5 A) Flow rate as a function of colloid diameter upon release. B)  Drag force at the moment of release as function of radius × flow rate. The optical gradient force is equal 

(or just slightly smaller) to the drag force at the moment of release.   



taken at 60 Hz. The focal depth of our objective is ~0.5 µm, and for each height only particles that were in focus were analyzed. 

When applying 130 mW laser power on the DMDES and MTES solution described above, we found variation in colloid diameter 

upon release from the optical trap for different heights (Figure 5A). The size of the colloids as they escape from the optical trap is 

minimal at the center of the capillary (where the flow rate is maximal), and gradually grows as the trap gets closer to the upper or 

lower capillary walls (lower flow rates). A schematic illustration of the relation between the position in the capillary, the flow rate, 

and the size upon release is presented in Figure 5C.  

The data from Figure 5A,B was combined and replotted, showing the flow rate as a function of maximum diameter upon release 

(Figure 6A). The relation between these parameters verifies that for constant trapping power, the diameter upon release depends 

linearly on the flow rate (R2=0.98). As we estimate that at the moment of release, Fd is equal to Fg (or infinitesimally larger) in the 

x direction (see Figure 4A), both Fg and Fd could be calculated from the diameter and flow rate. Figure 6B shows the drag/gradient 

forces as a function of radius × flow-rate at the moment of release.   

The influence of the laser power on the diameter upon release of the colloids under constant flow is shown in Figure 7. These 

measurements were conducted at a flow rate of 1370±50 µm/s at the center of a 100 µm high glass capillary. As a colloid grows 

due to coalescence of nucleation sites, it is subjected to a larger drag force (as Fd is proportional to the radius) and will stay at the 

Fig. 7 Diameter of released colloids as a function of laser power at constant flow 

rate of ~1370 µm/s. 

Fig. 8 (A) Illustration (not to scale) of 3 × 4 optical traps formed by HOT. The traps are located in varying x, y and z planes. A colloid is grown and released in 

each trap, thus considerably increasing the production rate and minimizing the nucleation sites that are uninfluenced by the optical traps. (B) A bright field 

micrograph of PDMS colloids formed inside a micro-channel using 3 × 4 optical traps in 3D. 



optical trap as long as the optical trapping force is stronger than the drag force. The positive correlation between laser power and 

diameter upon release is therefore straightforward. The stronger dependence of the radius on size upon release at higher (~80–

180 mW) vs. lower (~30–80 mW) powers could be rationalized by a gradual change between trapping regimes. While the drag 

force scales linearly with the colloid radius in all trapping regimes, the trapping force is scaled differently, according to the ratio 

between the radius and the trapping beam wavelength.   

When the particle radius is significantly larger than the wavelength, geometrical optics yields a good approximation for the trapping 

force.46 In this regime, the radius does not affect the trapping force. However, the force is scaled linearly with the laser power. 

This means that a change in intensity will result in a significantly linear response to the final particle size as seen in the right side 

of the graph in Fig. 7 (higher powers, ~80–180 mW). When a particle has a radius smaller than the wavelength, the trapping force 

scales with the cube of the radius (r3), yet only linearly with the laser intensity. For the intermediate size regime where the particle's 

radius is similar or slightly larger than the wavelength, the trapping force is expected to scale between r0 and r3.5 Therefore, for 

particles formed with ~30–80 mW changing the power will have a less noticeable effect, as slight stochastic changes in the radius 

will be dominant. A thorough analysis and model requires modulation of all rays passing through the PDMS microsphere and is 

beyond the scope of this manuscript. 

Our system has therefore two handles to control the diameter of the forming colloid: laser power and flow rate. Using various 

combinations of these parameters, spherical colloids can be produced on demand with diameters in the range of ~1–14 µm (Figure 

7). We note that this approach does not require continuous monitoring of the growing particle size and/or intervening with the 

laser operation in order to achieve a desired colloid size. There is a built-in size control in the form of the drag force that pushes 

the formed colloid once it reaches the desired diameter. In addition, this approach allows continuous formation of colloids in 

desired sizes. As long as the solution undergoing polymerization is flown through the microfluidic channel, colloids are produced.   

The results presented above are for a single optical trap. Alas, microfluidic channels usually span at least tens of microns in all 

three dimensions. Therefore, only a small portion of the nucleation sites passing in such a channel will be influenced by a single 

trap, while the rest will flow undisturbed (see illustration not to scale in Figure 4B). To achieve higher yield – defined as percentage 

of nucleation sites that coalesce due to the optical force – multiple optical traps need to be positioned in a way that covers a large 

portion of the microfluidic cross section.    

Multiple optical traps in 3D are achieved by using a holographic optical trapping (HOT) system (Figure 1A).47,48 The location of the 

traps and their intensities are controlled by imposing a computer-designed phase hologram onto the wave front of the light with 

a computer-controlled phase-only spatial light modulator (SLM). To influence a considerable portion of the microfluidic cross 

section, the optical field of view (~150 µm for the 60× objective lens) should cover the microfluidic cross section. Therefore, we 

have produced PDMS-based micro-fluidic channels that are substantially narrower (50 µm wide) than the optical field of view. The 

height of these channels was 50 µm.  

As proof of concept, we generated a 3-by-4 array of optical traps (Figure 8A & B). The traps are located in varying x, y and z planes 

(see illustration in Figure 8A) in order to maximize the amount of affected materials. As the PDMS undergoing polymerization is 

flown through the micro-channel (Figure 8B for a flow of 1370±50 µm/s), nucleation sites coalesce in all optical traps. While the 

flow profile is determined by the geometry of the channel, the intensity of each trap can be controlled separately. Therefore, the 

colloids' radius upon release could be set to the same value for all traps. By visually tracking the amount of nucleation sites before 

and after the trapping area, we approximate that >60% of the material coalesced at the optical traps. The optimal 3D pattern of 

optical traps that allows maximal yield may be found. Furthermore, the yield could be significantly improved by increasing the 

number of traps, reducing the distance between them and implementing various simple methods (such as static microfluidic mixing 

before each set of optical traps) that would prevent nucleation sites from passing unaffected (due to edge effects). However, this 

manuscript shows the first proof of concept in this direction, and the suggested ways to improve the yield further require a 

separate set of many experiments that are beyond the scope of this paper. 

Conclusion 

In conclusion, we have introduced a way to overcome various limitations that significantly limited the control of on-demand colloid 

formation with OTs. We have shown that by streaming the solution, the balance between the drag force and the optical trapping 

force could govern the size of colloids upon release from the optical trap. This process does not require constant monitoring, nor 

movement of the sample, and is continuous and repeatable. By varying the flow rates and laser intensities, we demonstrated 

controlled formation of PDMS colloids with diameters in the range of 1 to 14 µm. Furthermore, by using multiple OTs utilizing the 

HOT method, we could influence >60% of all polymeric material flowing through the micro-channel. Our method could be 

generalized to various systems,49 as the principles shown here are not material specific. The strength of this approach lies in the 

ability to tailor the required colloid diameter without any chemical modifications. Furthermore, our method allows formation of 

not just a single monodispersed system but also any combination of sizes could be produced on-demand by simply adjusting the 

laser intensity. Other methods would require separate synthesis for each size and then combining the different products.  

Therefore, this optically based assembly line approach holds great promise for formation of on-demand colloidal systems. 



Experimental Section 

Sample preparation 

Methyltriethoxysilane (MTES) 98% and dimethyldiethoxysilane (DMDES) 97% were purchased from Acros Organics and Alfa Aesar, 

respectively, and used without further purification. A mixture of 40 wt% MTES and 60 wt% DMDES with total weight of 7 wt% was 

added to a 25% ammonia aqueous solution with 1.5 wt% of sodium sulphate. The solution was shaken vigorously with a vortex. 

The sodium sulphate is required to screen charges50 on the nucleation sites; without salt, nucleation sites do not coalesce due to 

their surface charges. 

 Microfluidic channels 

Rectangle – miniature hollow glass tubing (Vitrotubes™, 0.1 mm × 2.0 mm and 0.04 mm × 0.40 mm path length × width) were 

purchased from VitroCom. To prevent adhesion of droplets to the glass substrates, pretreatment is required. A vapor deposition 

of triethoxy(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octyl) silane is used in order to achieve a fluorinated coating. The silanes were 

heated to 80–95 °C and their vapors were streamed by a mild vacuum through the glass microchannel. For the preparation of 

PDMS microchannels, a mold containing the positive relief of the channel’s layout was prepared using conventional 

photolithography. Then, a mixture of dimethylsiloxane (DMS) and crosslinking agents (Sylgard 184) was poured on the mold and 

placed in an oven at 300 °C for 5 hours. The PDMS was released and adhered to a glass microscope cover slide (0.17 mm thick).  

The same vapor deposition treatment described above was used to prevent adhesion of droplets to the substrates.   

Streaming setup 

An Elveflow OB1 MK3 system with 0–200 mbar pressure range (pressure stability of 10 µbar) was used to stream the solution. 7 

ml of solution were inserted in a 15 mL polystyrene tube that served as a reservoir and was equipped with a 2-port tube cap. The 

Elveflow system produced pressure in the tube, forcing the solution to flow through polytetrafluoroethylene (PTFE) tubing with 

0.8 mm inner diameter. The tubing was connected to the glass capillaries with a polyolefin heat shrink (Figure 1B) or to the PDMS 

micro-channels using 23-gauge needles. 

 Optical setup 

The microfluidic channels were mounted on a stage of an inverted optical microscope (Nikon Eclipse Ti-U). We used 100× and 60× 

Nikon S-Plan Apochromat oil-immersion objective lenses with numerical apertures of 1.45 and 1.4, respectively. The 60× objective 

lens was used only with the HOT setup. The optical traps were generated from a conventional Gaussian TEM00 beam (CW 532 nm, 

Verdi G-Series Family). HOT was performed by imposing computer-designed phase holograms onto the wave fronts of the light 

using a computer-controlled phase-only spatial light modulator (SLM; Meadowlark Optics, 512×512). These holograms were 

focused into optical traps within the sample with the same objective lens used for imaging (using a DPCAM 6CHDMI camera, 

DeltaPix). The combined imaging and trapping system is represented schematically in Figure 1A. The reported laser power was 

measured after the objective lens with a power meter (PM100, Thorlabs). 

Characterization methods 

Dynamic light scattering measurements were performed on a VASCOTM particle size analyzer system (Cordouan Technologies) at 

a wavelength of 657 nm at an angle of 135°. The size of the growing PDMS colloids was analyzed with a Matlab code utilizing Hough 

Transform methods for circle finding.51 Calculations of trapping force were performed following the work of Nieminen et al.52 and 

utilizing their MATLAB toolbox (Version 1.5). 
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Fig. S9: A series of bright field micrographs showing the growth and release of a colloid while 

streaming the solution at 1370 ± 50 µm/s with a laser intensity of 154 mW. We define t=0 

seconds as the first sign of trapping. The green dot represents the center of the optical trap. 

Scale bars are 5 µm. 



 

 

In order to calculate the trapping force, we followed the work of Nieminen et al. (“Optical tweezers computational 

toolbox.” J. Opt. Pure Appl. Opt. 9, S196–S203, 2007). We considered the most extreme case were the flow is the 

highest we reported (1530µm/s) and the laser power was the lowest reported (35mW). Even in this case, the 

smallest particle that we report trapping (300nm radius) has a trapping force in the X direction significantly larger 

than the drag force (16.9 pN trapping force vs. 7.8 pN drag force). 

 

 

Video SV1  -  Growth and release of a colloids while streaming the solution at 1530±50 µm/s with laser power of 

94 mW. The laser is focused to the center of the capillary – 50 µm from the bottom and top glasses. 

 

 

 

 

 

 

 

Fig. S10: Diameter of PDMS colloids in a single trap as a function of time, while streaming the 

solution at 1370 ± 50 µm/s with laser power of 76 mW. Once the drag force overcomes the optical 

gradient force, the colloid is released, and the process starts over. 


