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We present a novel concept where optical traps are used to 
influence an ongoing polymerization process of emulsion droplets. 
By directed coalescence and partial fusion of intermediate 
nucleation sites, spherical and elongated colloids with specific 
dimensions are formed. The strength of this approach lies in its 
versatility and ease of making various changes to the end product 
without the need for chemical modifications. 

Controlling the size and shape of colloids is a major goal1 as these 
parameters have a strong influence on the packing behavior of 
colloids,2 the way they are deposited on evaporation of the solvent3 
and the stabilization of an emulsion.4 Anisotropic colloids can also be 
used to create structured fluids5 and serve as building blocks for 
creating complex assemblies.6 Various techniques have been 
developed to address this task. In a survey by Sacanna and Pine7 
these methods were divided into the following approaches: 
template-assisted synthesis, swelling and phase-separation 
techniques, seeded- emulsion polymerization, controlled 
deformation, particle confinement and lithographically designed. 
Here we propose a novel concept based on the idea that photon 
pressure, applied during the polymerization process of emulsion 
droplets, can control the size and shape of the forming colloids.  
The concept of “photon pressure” was originally proposed by 
Newton, later explained theoretically by Maxwell and finally 
confirmed experimentally by Lebedev.8 Upon reflection, refraction or 
absorption of light by micrometer-sized objects, changes in the 
momentum of the impinging photons serve as an indication of 
photon pressure due to momentum conservation. For particles that 
are smaller than the wavelength of the light beam, photon pressure 
arises from the difference between the polarizability of the particle 
and its surrounding medium.  
Ashkin9 was the first to demonstrate that a tightly-focused beam of 
light can trap particles at the region of maximum intensity due to 
photon pressure. This phenomenon, widely referred to as an “optical 
trap” or “optical tweezer,” led to the trapping and manipulation of 
various micro- or nano-sized objects10,11 and large molecules12 in 
solution, and the trapping of atoms in vacuum. This innovation has 
led to many exciting advances,13,14 including  probing the viscoelastic 
properties of DNA,15 atom cooling, and the formation of crystals and 
quasi-crystals16 from colloidal particles. Optical traps have been 
shown to mediate reversible phase transitions in polymer gels17 and 
to cause the coalescence of femtoliter-volume droplets,18 
micelles19,20 and DNA globules.21 Photon-pressure-induced liquid-
liquid phase separation22,23 and laser-trapping crystallization24,25 
have also been demonstrated.  
Here we extend these capacities further and for the first time 
demonstrate the influence of optical traps on an ongoing chemical 
process, demonstrating how polymerization of emulsion droplets of 
Polydimethylsiloxane (PDMS) is influenced by an optical trap. 
Polymerization of PDMS is an ideal starting point for studying 
emulsion and dispersion polymerization under photon pressure as it 
is well studied,26–28 and has many useful applications in medicine, 
cosmetics, food additives, soft lithography, etc. 29 Additionally, the 
amount of cross-linker in this system can easily be changed by 
varying the ratio between the di-functional and tri-functional 
components, dimethyldiethoxysilane (DMDES) and 
methyltriethoxysilane (MTES), respectively. This gives an important 
handle (that we will study systematically) on the colloid formation. 
Following the procedure of Obey and Vincent26,27 with minor 
adjustments, a mixture of DMDES and MTES is added to a 25% 

ammonia aqueous solution with 1.5%wt of sodium sulphate. A small 
droplet of the solution is inserted between two glass slides. A 532nm 
laser is focused by a high numerical aperture objective, thereby 
generating an optical trap (Figure 1A). 
Without activation of optical traps during polymerization, 
homogenous spherical PDMS colloids are formed30 (with a diameter 
of 1.1±0.2µm for 80% cross-linker as measured by dynamic light 
scattering (DLS)). In contrast, when an optical trap is present while 
the polymerization process is still ongoing, significant changes are 
detected. We have found that there is a strong correlation between 
the cross-linker ratio and the time of polymerization prior to the 
optical trap activation, and the shape of the forming colloid. This 
dependence is revealed in Figure 1B & Figure 1C. For each data point 
in these figures, a pristine location was chosen and the laser was 
turned on for up to thirty seconds. Thus, there is no influence from 
prior optical manipulation. We repeated the experiment 4 times for 
all solutions (icons are bigger than measurement errors). 
For cross-linker ratios of 65% and lower, we show that turning on the 
optical trap promotes formation of large spherical colloids. On the 
other hand, cross-linker ratios of 85% and higher, produce structures 



that resemble a string of pearls. With cross-linker ratios ranging from 
70% to 80%, the structure of the forming colloid strongly depends on 
the time that has passed since mixing of the solution. As an example:  
for a solution with 80% cross-linker (Figure 1C), colloids formed in 20 
minutes or less are spherical; between 30 to 40 minutes, the colloids 
have a rod-like structure; and for 50 to 70 minutes, they are formed 
in a string- of- pearls structure (throughout this paper, the last two 
structures are referred to as 'elongated' structures). SEM images and 
bright-field microscopy images of these structures are also presented 
in Figure 1C.      
We attribute these findings to the polymerization state and viscosity 
of the growing colloids upon introduction of the optical trap (as 
detailed in the following paragraphs). Once two or more nucleation 
sites are trapped, the interaction between them will depend on the 
electrostatic forces due to their charges31,32 and the radiation force 
pushing them together. The radiation force can overcome the 
electrostatic repulsion, causing them to coalesce or to partly fuse. 
For 65% or lower cross-linker ratios, full coalescence is favored as the 
viscosity is rather low, and in order to minimize surface tension the 
coalescing particles form a sphere (Figure 2A). Similar findings have 
been shown for swollen micelles.20  
For 85% and higher cross-linker amounts, particles are highly 
branched and cannot deform easily. As they collide due to the optical 
trap that brings them together, they stick together due to chemical 
bond formation by the ongoing condensation reaction and 
hydrophobic interactions.21 The deformation is minimal due to their 
stiffness. As non-symmetric particles tend to align along the optical 
axes over time (photon pressure pushes them "downstream"),33 
accumulation of individual nucleation sites will generate the string-
of-pearls structure (Figure 2C). 
For 70% to 80% cross-linker ratios, the viscosity and rigidity of the 
nucleation sites change considerably over the measured time 

period.34 At early stages (up to 25-30 minutes) the low viscosity 
promotes spherical formation. As the viscosity rises, colliding 
droplets align along the optical axes and partially fuse to give the rod-
like structures (Figure 2B). After 50-60 minutes they are too rigid for 
partial fusion and only stick together to form the string-of-pearls-like 
structure. We note that the diameter of the individual particles that 
comprise the string-of-pearls structure are significantly smaller (400-
800nm) than that of the colloids after full polymerization without 
optical manipulation (~1.1µm). This exemplifies that the elongated 
structures are composed of assemblies of nucleation sites.    
The time scale in Figure 1B is limited to 70 minutes as we have found 
that some of the solutions become unstable and aggregate after this 
time (more noticeably, ones with higher cross-linker ratios). 

Figure 1(A) Illustration of the optical setup. A laser beam is relayed to the objective lens by a dichroic mirror. The inset illustrates the optical 
capture and growth process of a PDMS colloid. (B) Correlation between the cross- linker ratio and the time of polymerization prior to optical-
trap activation, and the shape of the forming colloid. Each data point (actual measurements) represents the shape of the colloid formed by 
the optical trap for a certain cross-linker & polymerization time combination. (C) Time dependence for 80% cross-linker (a selected cross 
section from Figure 1B) including scanning electron microscopy (SEM) (scale bar = 1µm) and bright-field microscopy (scale bar = 5µm) images 
of the different PDMS structures. 

Figure 2: Illustrations of: (A) coalescence leading to the formation 
of big spherical colloids, (B) partial fusion leading to rod-like 
microstructures, (C) sticking leading to chain-of-pearls structure. 



Nevertheless, we have observed that even after several hours 
(measured up to five hours), solutions with 40% cross-linker can still 
coalesce to a spherical shape under photon pressure and no 
transition to elongated structures is noticed. With 60% cross-linker, 
the transition between spherical to elongated structures occurs after 
~4 hours, but it is difficult to study these systems systematically as 
the solution is unstable and tends to stick to the glass slides after 
such a long time. We note that we have not seen any indication that 
colloids that are already captured in an optical trap deform with 
time. 
Previous studies on polymeric colloids at optical traps have shown 
that the main contribution to heating is absorption in the continuous 
phase. For watery systems heating is small (12 K/W at 1064nm)35 
with minimal dependence on the trapped particle's size. At 532nm 
water absorption is ~3 orders of magnitude smaller than at 1064nm 
and therefore heating should be significantly lower. As our organic 
materials are transparent in the visible range (absorption coefficient 
of ~0.005 cm-1)36 and relatively low laser power is used (≤50mW), a 
temperature increase of <1K is expected and should have only 
negligible effects. 
The length of the elongated structures can be controlled by varying 
the time the optical trap is turned on with a mechanical shutter. This 
allows the precise accumulation of matter. Figure 3A shows this 
correlation (each data point is averaged 5 times with a new solution). 
As the elongated colloids reach ~7µm (~15 sec of optical trapping) 

they are no longer stably trapped along the optical axes and tend to 

escape from the trap, thereby allowing a new elongated structure to 
be formed in the optical trap.  Thus, if the laser is constantly on 
(without the use of an optical shutter), numerous rod-like structures 
can be formed as shown in Figure 3B. The production rate of rod-like 
colloids decreases rapidly with time as the polymeric material is 
depleted in the vicinity of the optical trap. After ~5 minutes there is 
no production of new colloids (a total of ~50 colloids are formed), 
and the rod-like colloids are continuously going in and out of the 
optical trap (as they are too long to be stably trapped). 
In Figure 4 we show the Raman spectra for pristine and optically 
manipulated 80% cross-linked PDMS colloids. All samples show 
similar bands located around 477cm-1,691cm-1 and 774cm-1. The first 
two bands are associated with stretching of Si-O and Si-C, 
respectively, while the latter is related to the asymmetric rocking of 
CH3 and the asymmetric stretching of Si-C. These values are slightly 
shifted compared to the PDMS spectra reported in the literature,37 
as we use higher cross-linker ratios. We show the dependence of 
peak positions on cross-linker ratios in the supplementary 
information section of this paper (Figure S1 & Figure S2). The 
identical band position and similar peak ratios for all the samples 
confirm that the optical manipulation does not influence the 
polymerization process chemically.  
Control over the growth rate of the spherical colloids is also possible 
using two handles: laser power and polymer concentration (Figure 
5A and 5B, respectively). Each data point is averaged over 5 separate 
experiments. Higher laser power results in a larger area that is 
influenced by radiation pressure so that more material is collected, 
resulting in higher growth rates. Similarly, higher monomer 
concentration suggests that more material is available for trapping in 
a given area, leading to higher growth rates. A detailed analysis of 
the growth rate for different parameters (laser power & polymer 
concentration) is beyond the scope of this paper. The growth rate is 
possibly correlated to the diffusion rate of nucleation sites towards 
the trap and the probability of a particle that enters the cone shaped 
area of the focused laser to successfully coalesce with the trapped 
nucleation site. 
While the production rate using a single trap with only diffusion to 
supply fresh materials is rather low (a single particle per ~10 sec), 
numerous optical traps (using methods such as holographic optical 
microscopy, plansmonic optical tweezers and micro-lens arrays) 
combined with laminar flow in microfluidic channels could increase 
production by several orders of magnitude.  

 
Experimental Section 
Sample preparation: Dimethyldiethoxysilane (DMDES) 97% and 
methyltriethoxysilane (MTES) 98% were purchased from Alfa Aesar 
and Acros Organics, respectively, and used without any further 
purification. A mixture of DMDES and MTES with a total weight of 
3.5% (unless stated otherwise) was added to a 25% ammonia 

Figure 4: (A) Length as a function of time for formation of elongated 
colloids using 80% cross-linker. (B) Bright-field microscopy image of 
multiple elongated colloids that were continuously formed by a 
single optical trap.   

Figure 5: Raman spectra of optically treated and untreated PDMS 
colloids. Band positions are located at 477cm-1,691cm-1 and 774cm-

1. The similarity in positions and intensity ratios suggest that the 
optical manipulation does not chemically influence the 
polymerization process.   

Figure 3: (A) Particle volume as a function of time for different laser 
intensities and (B) for different monomer concentrations (weight 
percentage). 



aqueous solution with 1.5%wt of sodium sulphate and was shaken 
vigorously with a Vortex. The sodium sulphate is necessary to screen 
charges38 on the nucleation sites, and without  it particles do not 
coalesce or even partly fuse but rather repel each other. Afterwards, 
the mixture was left on a tube-roller for 10 minutes. A ~50µl droplet 
was placed between a microscope slide and a #0 cover slip (~120µm 
thickness). The sample is then sealed with a UV curable resin (NOA 
68 by Norland). 
 
Optical setup: The sample was mounted on a stage of an inverted 
optical microscope (Nikon Eclipse Ti-U) with a 100X NA 1.4 S-Plan 
Apochromat oil-immersion objective lens. The optical trap is 
generated from a conventional Gaussian TEM00 beam (532nm CW 
DPSS laser, 5-532-DPSS-0.5-LN, Altechna). The laser intensity was set 
to 35mW (unless stated otherwise), as measured after the objective 
lens with a power meter (PM100, Thorlabs). The objective lens used 
for trapping is also used for imaging (using a DPCAM 6CHDMI 
camera, DeltaPix). The combined trapping and imaging system is 
represented schematically in Figure 1A. An optical beam shutter 
(SH1, Thorlabs) was used to control exposure time of the laser.  
 
Characterization methods: Dynamic light scattering measurements 
were performed on a VASCOTM Particle Size Analyzer system 
(Cordouan Technologies) at a wavelength of 657nm at an angle of 
135°. Colloids formed by photon pressure as described in the main 
text were transferred with the optical traps to predetermined 
locations on the microscope slide where they could be further 
analysed. SEM images were obtained using a Quanta FEG 250 
System.  Micro-Raman spectra was obtained using a HR 800 Jobin 
Yvon system (HORIBA) with a 632.8nm laser (4.3mW power). 

Conclusions 

In conclusion, we have presented a novel concept where the size and 
shape of forming PDMS colloidal particles are controlled by an optical 
trap. This is achieved by coalescence or partial fusion of intermediate 
nucleation sites that are attracted to the trap and (under certain 
parameters) can coalesce or partly fuse before final polymerization, 
creating spherical or elongated colloids. This is the first time that 
optical traps are used to control the size and shape of products of an 
ongoing reaction, without directly influencing the chemical process. 
This method could conceivably be generalized to various colloidal 
systems as the photon pressure will similarly influence any material 
with a higher polarizability than its surrounding medium. The 
strength of this approach lies in its versatility and ease of making 
various changes to the end product without the need for chemical 
modifications, and holds great promise for creating on-demand 
tailor-made colloidal systems. 
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