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The unique technique, the optical tweezer, of manipulation and trapping of small 

particles is employed in this experiment. The 658 nm laser and micrometers scale 

polystyrene beads are used to observe a Brownian motion and measure trapping forces. 

The viscosity 𝜂 are measured as 1.904 ± 0.0109 mPa∙s, 1.322 ± 0.0060 mPa∙s, and 

1.670 0.0093 ± mPa∙s for 0.75 μm, 2 μm, and 3 μm beads. The trapping forces are 

measured as in the order of pN. Statistical analysis such as Gaussian fitting, Q-Q plot, 

and Hurst exponents calculation are done to verify if the observed Brownian motions 

are indeed ideal Brownian motion or not. 

 

 

I. INTRODUCTION 

Optical tweezer is a device based on highly 

focused light that can manipulate, trap, or characterize 

objects ranging from nanoscopic to microscopic. 

Using the Gaussian-shaped laser and assuming the 

spherical-shaped particles which are much bigger than 

the wavelength of the laser, the trapping force induced 

from the optical tweezer is considered as a gradient 

force or restoring force which is proportional to the 

laser intensity. Due to its powerful capability of 

manipulating small particles, it is widely used such as 

in biology, quantum optics, nanoengineering, and 

quantum optics. 

In this report, we observe and measure the 

Brownian motion of the silica beads and numerically 

calculate the viscosity of the beads. Furthermore, we 

measure the trapping force of the optical tweezer by 

measuring the maximum velocity of the stage that can 

barely hold the beads. Then, we discuss and analyze 

the results of Brownian motion and trapping force 

obtained from the silica beads of three different 

diameters, 0.75 μm, 2 μm, and 3 μm. 

 

A. Drag force 

Drag force on spherical objects in a viscous fluid, 

is described by Stoke’s law, as below [1].  

 

𝐹𝑑 = 6𝜋𝜂𝑅𝑣, (1) 

 
where 𝐹𝑑 is a drag force, 𝜂 is viscosity, 𝑅 is a radius 

of the spherical object and 𝑣 is a flow velocity. 

Stoke’s law gives a linear order of drag force com-

pared to the quadratic drag force defined as in Eq. 2.  

 

𝐹𝑑 =
1

2
𝜌𝑣2𝐶𝐴, (2) 

 
where 𝜌 is fluid’s density, 𝑣 is a fluid velocity, C and 

A are drag coefficient and the cross-sectional area. 

The former gives the drag force dominated by vis-

cous force while the latter gives the one dominated 

by inertia force which can be predicted by Reynolds 

number. Reynolds number is by definition a ratio be-

tween inertia and viscous forces in fluid dynamics. 

Therefore, if the Reynolds number is large, the iner-

tia force (Eq. 2) dominates the drag force, in contrast, 

if the Reynolds number is relatively small, the vis-

cous force (Eq. 1) dominates the drag force and ac-

cordingly, the drag force is mainly follows the 

Stoke’s law. In principle, on the other hand, drag 

force can be defined by Taylor expansion of 𝐹𝑑(𝑣) 

and subsequently the linear term in this series repre-

sents the viscous force. Thus, it can be said that 

Stoke’s law is valid when the fluid velocity is small 

enough. 

In the case of silica beads in the experiment, Reyn-

olds number is sufficiently small that the equation of 

motion is dominated by Stoke’s law. 

 

B. Optical tweezer 

TEM00 mode Gaussian beam is primarily used for 

the optical tweezer. When this beam is incident to the 

bead, two different types of forces occur, the scatter-

ing and gradient force. When the gradient force is 

sufficiently greater than the scattering force, the par-

ticle can be trapped and this is determined by various 

factors such as bead size, focus position of the laser, 

and the viscosity of the fluid. 

 

Rayleigh scattering regime 𝑹 ≪ 𝝀 

When the radius of the bead is significantly 

smaller than the wavelength of the incident laser, the 

force exerted by the laser can be described as gradi-

ent force induced by the electric dipole. Since the 

bead is assumed as dielectric, it can be considered 

that the bead is composed of N point dipoles, and the 

corresponding energy density of the bead is de-

scribed as below. 
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𝑈 =
𝑁

𝑉
(−𝑝 ∙ 𝐸⃗⃗) = −𝑃⃗⃗ ∙ 𝐸⃗⃗, (3) 

 

where 𝑝 is a point dipole moment, 𝐸⃗⃗ is the electrical 

field, 𝑉 is a volume of the bead, and 𝑃⃗⃗ is a polariza-

tion. Using above energy density, gradient force can 

be calculated and the force exerted on the bead is 

proportional to this gradient force. 

 

𝐹𝑔𝑟𝑎𝑑 =
2𝜋𝛼

𝑐𝑛𝑚
2 ∇𝐼,

𝛼 = 𝑛𝑚
2 𝑅3 (

𝑚2 − 1

𝑚2 + 2
) , 𝑚 =

𝑛𝑝

𝑛𝑚
 (4)

 

 

where 𝛼 is the polarizability of the dipoles, 𝑛𝑚 is the 

refraction index of the surrounding material, 𝑛𝑝 is 

the refraction index of the bead, and ∇𝐼 is the inten-

sity gradient. The scattering force is as below. 

 

𝐹𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 =
𝜎𝑛𝑚

𝑐
𝐼,

𝜎 =
128𝜋5𝑅6

3𝜆4 (
𝑚2 − 1

𝑚2 + 2
)

2

 (5)
 

 

where 𝜎 is the scattering cross-section. When the 

scattering force, or destabilizing force, is smaller 

than the gradient force, the stable trapping of the 

bead can be achieved. 

 

Ray optics in the Mie regime 𝑹 ≫ 𝝀 

   In contrast, if the radius of the bead is significantly 

larger than the wavelength of the incident laser, ray 

optics can be applied to describe the force exerted on 

the bead. In this regime, the particle nature of the 

light gets important and the force exerted on the bead 

can be derived from the momentum of the incident 

light. As shown in Fig. 1, the force can be divided 

into parallel and perpendicular direction to the inci-

dent beam and corresponding dimensionless Q fac-

tors which are proportional to the force is as below. 

 

𝑄𝑠 = 1 + 𝑅𝑟 cos(2𝜃)

−
𝑇2(cos(2𝜃 − 2𝑡) + 𝑅𝑟 cos(2𝜃))

1 + 𝑅𝑟
2 + 2𝑅𝑟 cos(2𝑡)

  

𝑄𝑔 = 𝑅𝑟 sin(2𝜃) −
𝑇2(sin(2𝜃 − 2𝑡) + 𝑅𝑟 cos(2𝜃))

1 + 𝑅𝑟
2 + 2𝑅𝑟 cos(2𝑡)

 

𝐹𝑠,𝑔 =
𝑛𝑚𝑃𝑏𝑒𝑎𝑚

𝑐
𝑄𝑠,𝑔, (6 − 8) 

 

where 𝑄𝑠(𝑄𝑔) represents Q factor which contribute 

to the parallel(perpendicular) to the beam and 𝑅𝑟 is a 

radius of the bead. 

 
FIG. 1. The reflection (R) and transmission (T) of the 

incident beam (P) on the bead [2]. 𝜃 is an incident angle, t 

is a reflected angle, and 𝛼, 𝛽 are angles that represent 

several reflected and transmitted beams. 
 

C. Brownian motion 

Brownian motion is the stochastic vibrating motion 

of the microscopic particle in the medium. The 

particle constantly collides with the surrounding 

molecules with random velocities that the particle 

suffers from random vibration as illustrated in Fig. 2. 

There are conditions for the stochastic process B = 

{B(t): t > 0} to be defined as Brownian motion and are 

described below. 

 

(1) B(0) = 0. 

(2) The increments of B are independent and have 

normal distribution. 

(3) B has continuous paths. 

 

 
FIG. 2. A Brownian particle surrounded by molecules with 

random velocities. 
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FIG. 3. Three different focus level of 658 nm Gaussian beam. 
 

Brownian motion is a random process but still the 

ensemble average of the position can be predicted by 

Langevin equation. For simplicity, we consider 1D 

Brownian motion. 

 

𝑚
𝑑2𝑥

𝑑𝑡2
+ 𝜇

𝑑𝑥

𝑑𝑡
= 𝐹, (9) 

 
< 𝐹𝑖(𝑡)𝐹𝑗(𝑡′) ≥ 2𝑘𝐵𝑇𝛿𝑖,𝑗𝛿(𝑡 − 𝑡′), (10) 

 

where m is the mass of the particle, 𝜇 is a damping 

coefficient, and F is the random force exerted on the 

particle which follows Gaussian distribution with 

correlation function in Eq. 10. As a result of Eq. 9, 

the time derivative of the ensemble average of the 

square of the position is described below. 

 

𝑔(𝑡) =
𝑘𝐵𝑇

𝜇
(1 − 𝑒−

𝜇
𝑚

𝑡) , 𝑔(𝑡) ≡ < 𝑥
𝑑𝑥

𝑑𝑡
> (11) 

 

where T is a temperature, and 𝜇 = 6𝜋𝜂𝑅  for the 

spherical bead. By the equipartition theorem, the 

coefficient of g(t) gets two or three times in 2D and 

3D, respectively. 

 

𝜏 =
𝑚

𝜇
~

1.05 
g

cm3

6𝜋 ∙ 1 mPa ∙ s ∙ 1 𝜇m
∙

4𝜋

3
∙ 1 𝜇m3

                                                          ≈ 0.23 𝜇s (12)

  

 

Characteristic time 𝜏  of a bead with radius 1 𝜇 m, 

viscosity 1 mPa∙ s, and density 1.05 g/cm3 is in the 

order of 𝜇s that the mean squared displacement can 

be assumed to have linear relationship throughout the 

measurement time. 

 

II. METHODS 

The optical tweezer experiment is done using 

Thorlabs’ portable optical tweezers educational kit 

[2]. For the laser source, 658 nm with 40 mW laser 

diode is used. Control of the stage and laser source is 

done by Thorlabs’ kinesis software [3]. The beads 

used in this experiment are standard monodisperse 

polystyrene microspheres with nominal diameters 

0.75 𝜇m, 2 𝜇m, and 3 𝜇m [4]. The diameter of 0.75 

𝜇m microspheres range from 0.675-0.825 𝜇m, 2 𝜇m 

ranges from 1.80-2.20 𝜇m, and 3 𝜇m ranges from 

3.00-3.30 𝜇m. The density of the bead is around 1.05 

g/cm3 [5]. 

 

Sample preparation 

To accurately measure the Brownian motion of the 

beads and the trapping force of the laser, making a 

good sample is critical since a poorly made sample 

significantly suffers from fast drift and external 

gradient force from bubbles. The procedure for 

preparing the sample is as follows. 

 

1. Put deionized water of around 15~20 ml in 

the beaker. 

2. Put 1-2 drops of the beads solution into the 

beaker using a pipette. 

3. Put 1 drop of the dilute solution from above 

on the slide glass and cover with the cover 

glass carefully to minimize the creation of 

bubbles. 

4. Load the slide glass on the stage carefully 

and observe how much of beads are in the 

unit cell and identify if there exists 

significant drift or not. 

5. If the drift is large, adjust the amounts of 

drops and repeat the 3-4 process. If the drift 

is small enough, proceed to conduct the 

experiments. 

 

Laser focusing 

When the sample is ready from the previous 

section, using the kinesis software, turn on the laser 

and slowly move the stage up while observing three 

transitions of the laser point being visible and 

disappearing in the camera screen.  
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FIG. 4. Schematic of the optical tweezer kit setup. Red and blue lines indicate beam path of laser and microscope beam. 

 

Around the third focus, be extra aware when 

raising the stage to avoid the crash of the lens. The 

laser point appears when the focus of the laser is at 

the upper and lower boundaries of the cover glass and 

the sample as illustrated in Fig. 3. When the laser is 

focused on the sample, verify if the laser is well 

focused on the sample by trying trapping the beads. 

If the beads are trapped around the laser points, the 

laser is ready for the experiments. 

 

Brownian motion 

From the Brownian motion, we can obtain the 

viscosity of the fluid by ensemble averaging the 

square of the position. The procedure is as follows. 

 

1. Find the good spot that has clean 

background in the sample. 

2. By using the optical tweezer aligned in the 

laser focusing part, trap the beads around 4 

to 6 and move them to the good spot with 

sufficient spacing between each other. By 

using the sampled beads with the optical 

tweezer, we can assume those beads are in 

the same plane in the sample. 

3. Turn off the laser and record the Brownian 

motion of the collected beads. 

4. Utilizing the fixed beads or points in the 

sample, measure the standard distances in 

the x, y direction. From the measured dis-

tances, construct coordinate transformation 

matrix. 

5. Using the tracker program, obtain the 

position vectors according to the time 

frames and calculate ensemble average of 

the square of the position vectors. Use 

obtained transformation matrix from above 

to accurately set the standard distance. 

 

Trapping force measurement 

Now, we measure trapping force of the laser. When 

we move the stage while one of the beads are trapped 

by laser, the frictional force and the trapping force 

compete on the beads. Thus, the trapping force can be 

obtained by the Eq. 1. By adjusting the input current 

of the laser and measuring the maximum velocity of 

the stage that can trap the beads, we can calculate the 

trapping force using Eq. 12 and cutoff current of the 

laser.  

 

𝑚 =
2𝑘𝐵𝑇

3𝜋𝜂𝑒𝑓𝑓𝑅
, (13) 

where m is a gradient of the mean squared 

displacement of the beads. 

For estimating the cutoff current of the laser, we 

utilize the linear relationship between trapping force 

and the power of the laser. The power of the laser also 

has linear relationship with the input current when the 

lasing is in steady state. Therefore, by finding when 

this linear relationship is violated in the trapping 

force versus input current data, we can estimate the 

threshold current. 

 

III. RESULTS 

The temperature was measured around 24 ℃ 

throughout the experiment. The number of beads 

measured in the experiments are 4, 5, 5 for 0.75 𝜇m, 

2 𝜇m, and 3 𝜇m. 



 

OPTICAL TWEEZER                                 INTERMEDIATE PHYSICS LABORATORY 1 (2024) 
 

 

- 5 - 

 

 
FIG. 5. The measured Brownian motion of 0.75 𝜇m, 2 𝜇m, 3 𝜇m beads and corresponding mean squared displacement 

with corrections of drift velocities. The color bar represents time traces of the data. The insets in the lower plots show 

individual results of each particle. The dashed box in (b) indicates when the correlated movements happened between 

number 2 and 3 particles. 

 

Brownian motion 

From the results, the drift velocity is subtracted to 

obtain mean squared displacement, and 1𝜎 ranges 

are obtained using a bootstrapping technique [6] 

which is a statistical technique that can estimate the 

effect of finite samplings. In this experiment setting, 

due to the limit of the size of the camera, it is chal-

lenging to capture more than 5 particles in a single 

measurement and each measurement takes about 4 

minutes with additional sample preparation time that 

measuring plenty of particles’ Brownian motion is 

practically demanding. Therefore, 1000 data points 

are sampled using bootstrapping and the variances 

are estimated using the sampled data. 

In the calculation of the viscosity, the radii of the 

beads are assumed to be same as the labeled data 

though they have around 10 % standard deviation 

with respect to the mean value. The linear regres-

sions are done using the 1𝜎 ranges obtained from 

the bootstrapped data to compensate the inaccuracy 

induced from finite samplings. The measured vis-

cosities are around 1.5 mPa∙s with standard devia-

tion less than 1 %. The measured values are con-

sistent with theoretically predicted values. 

From the inset in Fig. 5 (b), around t = 200 s, the 

number 2 and 3 particles got closer due to the elec-

trostatic force which leads to adhesion and showed 

correlated movements that after t = 200 s, which can 

be the possible cause of deviation from linearity of 

the ensemble average of the mean squared displace-

ment. In addition, the result of 0.75 𝜇m beads showed 

high deviation from linearity compared to other radii 

results. One possible cause is lack of particle numbers 

than the others and the other cause is the presence of 

the interaction between number 3 and 4 particles 

around t = 150 s. 

 

Trapping force 

 
FIG. 6. Demonstration of trapping beads. The optical 

tweezer is used to gather the beads and the whole beads 

are trapped using laser. 



JAEWON JUNG                                          INTERMEDIATE PHYSICS LABORATORY 1 (2024) 
 

 

 - 6 - 

When measuring the maximum holding force, the 

presence of the bubbles shown in Fig. 7 also affects 

the beads in the attracting way that the pathway of 

the measurement is carefully chosen.  

 

 
FIG. 7. Beads trapped near bubbles. 

 

While measuring the trapping force, when the 

current is below 35 mA, starting from 30 mA, the 

optical trap did not work for beads which indicates 

that the threshold current is around 30 mA. There-

fore, the laser power is calculated assuming the lin-

ear relationship between power and current consid-

ering the power is 40 mW at an operating current of 

75 mA with a threshold current of 30 mA. The 

measured trapping forces are in the order of pN. The 

fluctuations in trapping force though low standard 

deviations are due to the inhomogeneity of the flu-

ids. The measurement of trapping force is done with 

the integration time around 2 ~ 3 s and this corre-

sponds to 0 ~ 2 mm in the sample. Along this range, 

the beads meet the other beads and also the concen-

tration of the fluid differs that those are the main 

causes of the inaccuracies in the results.  

 

 
FIG. 8. The measured trapping force of 0.75 𝜇m, 2 𝜇m, 3 

𝜇m beads. The error bars, calculated using the error prop-

agation technique, are smaller than the data points and 

thus omitted in the plot. 

IV. DISCUSSIONS 

A. Drift velocity 

TABLE I. The mean (𝜇) and standard deviation (𝜎) of the 

drift velocity data in Fig. 7 

 

The drift velocities are calculated and tested using 

Z-test. Other than x-direction in 3 𝜇m results, drift 

velocities are in the order of nm/s, and considering 

the displacements of the experiment are in the order 

of 𝜇m, the drifts are significantly small compared to 

the displacements. However, the drift in the x-direc-

tion of 3 𝜇m data is 6.44 𝜇m/s which is comparable 

to the displacement. 

 

 
FIG. 9. Histograms of drift velocities in x and y direc-

tions. The positive parts represent data for the x-direction, 

and vice versa. The 0.75, 2, 3 𝜇m data are drawn with 

offset velocity of 5 𝜇m/s. Counts are fitted with a Gauss-

ian function. p values of Z-test are indicated in the plot. 

 
The number of samples is around 10000 and ac-

cording to the central limit theorem, the drift veloci-

ties are assumed to have a normal distribution and 

the p-values of the Z-test are well above 0.05 so the 

null hypothesis 𝐻0: 𝝁 = 0 cannot be rejected. How-

ever, this assumption holds only for the drift veloci-

ties near zero as seen in Q-Q plots in Fig. 11. Data 

points of high drift velocities deviate from the linear 

line significantly. It is inferred that this deviation in 

high velocities comes from the high velocity in-

duced from electrostatic force between beads which 

is consistent with the results in Fig. 5 (a). Further-

more, from the Gaussian distribution of drift veloci-

ties in Fig. 9 the distribution becomes narrow as the 

radius increases, and the deviations in Q-Q plot also  

Diameter  𝜇x(y) (nm/s) 𝜎x(y) (𝜇m/s) 

0.75 𝜇m 9.601 (−62.60) 2.52 (2.48) 

2 𝜇m −11.25 (−15.93) 1.32 (1.29) 

3 𝜇m 644.4 (0.147) 1.05 (1.04) 
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FIG. 10. Hurst exponents (H) of x and y data from Brownian motion data in Fig. 5. The time lag is set to be 10 s. The 

numbers in (b) indicate the particles in Fig. 5 and dashed lines are for the H = 0.5. 
 

decrease which indicates that the smaller beads suf-

fer from environmental noise or effects that their 

Brownian motion less likely to be independent.  

 

 
FIG. 11. Q-Q plot of the drift velocity. 
 

B. Trapping force in the Mie regime 

According to Eq. 8 in the ray optics regime, the 

trapping force should increase as the radius in-

creases if the laser power is the same since the re-

fractive index of beads are same in the order of 1.59 

~ 1.60 [5]. However, in the case of 0.75 𝜇m, 2 𝜇m, 

and 3 𝜇m beads, the radii are close to the 658 nm 

wavelength of the laser, so neither ray optics nor 

Rayleigh scattering regimes do not hold. Accurately, 

ray optics hold when 
2𝜋𝑟𝑛𝑚

𝜆0
≫ 1, where this is 

5.729, 15.28, and 22.92 for 0.75 𝜇m, 2 𝜇m, and 3 

𝜇m beads. The scattering and gradient force are in 

between those two regimes that the trapping force 

increases as radius increases but the detailed 

dependency is complex, therefore, the balance 

between the scattering force and the gradient force 

gets complicated.  

 

C. Validation of Brownian motion – Auto 

correlation function and Hurst exponent 

Ideal Brownian motion is a random process that 

the increments of trajectory are independent. In 

other words, the Hurst exponent [7], which is a 

statistic variable that measures memory of the time 

series, is equal to 0.5 which represents the memory 

is short and the autocorrelation decays exponentially 

in time. The Hurst exponent H ranges from 0 to 1. 

From 0 to 0.5, the time series has anti-persistent 

trend that the values exhibit oscillatory motion. For 

0.5 to 1, the time series has long term memory that 

autocorrelation decays slower than exponential 

which leads to persistent trend in time series data.      

The results in Fig. 10 show that the Hurst 

exponents of the Brownian motion are populated 

around H = 0.5 but there are significant drops in 

0.75 𝜇m data around t = 100 ~ 150 s. From Fig. 5, 

this time range is also when the displacements 

deviate from linear regression which again proves 

that correlated movements occurred at this time. 

 

D. Different types of beams and objects 

Here, we used a TEM 00 mode Gaussian laser for 

trapping beads. Even if the beam has a different 

shape other than a Gaussian, it can generate gradient 

force to trap particles. The basic principle of optical 

trapping is that restoring force is generated when the 

laser is incident on particles due to the difference in 
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refractive index. Therefore, in the general case using 

a Gaussian beam, around the waist of the Gaussian 

intensity profile, the optical force goes to global 

maxima or minima and decreases as the displace-

ment goes large. The typical three types of different 

Gaussian modes and resulting optical trapping 

forces are calculated using Eq. 6-8 and shown in 

Fig. 12. Between the global maxima and minima, 

the particles can be trapped. 

 

 
FIG. 12. (left) Optical trapping forces with the Gaussian, 

Laguerre-Gaussian, and Hermite-Gaussian modes and 

(right) the intensity profiles. p = 4 for Laguerre polyno-

mial and m, n = 1 for Hermite modes. The refractive 

index, laser power, particle radius, and beam waist used 

in the calculation are 1.59, 32 mW, 1 𝜇m, and 0.5 𝜇m. 
 

For objects that have other shapes than a sphere, 

they can still be trapped by laser. As discussed pre-

viously, optical trapping occurs due to the difference 

in refraction index, an object such as a cube, cylin-

der, or even a random ellipsoid can be trapped if the 

laser is well-focused on the particle [8-9]. To make 

the difference in refractive index, the particle will 

rotate with respect to the direction of the incident la-

ser and get trapped. 

 

E. Needs of coherent laser 

The key aspect of optical trapping using a light 

source is to be tightly focused on the particle. The 

light source, typically a laser, should be coherent for 

generating highly strong and localized gradient force 

to trap small particles ranging from nanometers to 

micrometers. Since the gradient force is strongest 

around the waist of the Gaussian beam. If the light 

source is incoherent, the gradient force alongside the 

light cannot be strong enough to trap small particles 

and the restoring force cannot be symmetrically 

formed to accurately capture particles [10]. 

 

V. CONCLUSIONS 

Here, we observed and measured the Brownian 

motion of polystyrene beads with radii 0.75 𝜇m, 2 

𝜇m, and 3 𝜇m. Trapping forces of those beads are 

measured varying the power of the 658 nm laser. 

From the analysis, the measured Brownian motions 

obey the random process mostly while some high 

velocities induced from drift or electrostatic force by 

nearby beads affect the overall independence. The 

trapping force showed good linearity with respect to 

the power of the input laser which is consistent with 

the theory. The velocities of the Brownian motion 

follow the Gaussian distributions well except for the 

high velocities term. From the Hurst exponents and 

the trajectories of Brownian motion, the regions 

where the Hurst exponents are significantly far away 

from 0.5, the trajectories also showed deviation from 

the random process which leads to high variations in 

linear regression.  
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