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Conceptual introduction

In science fiction movies and TV series, we have seen 
powerful light beams deflecting or destroying objects. 
In our everyday life, special light beams like lasers are 
used to cut, engrave, heat, burn objects or perform del-
icate surgeries. Despite these facts, it still seems like 
science fiction to grasp and move things with light. This 
is still true when referring to macroscopic objects, but 
in the microscopic world, catching things with light has 
been an everyday reality for more than three decades. 
Scientists use laser beams in modalities called optical 
tweezers. They can trap and manipulate micrometer or 
nanometer sized objects, such as polystyrene beads, 
cells, bacteria, viruses, molecules or even atoms. There-
fore, optical tweezers and optical trapping techniques 
have played a significant role in studying sophisticated 
processes in biology and physics. The Nobel Prize in 
Physics 2018 was awarded, among others, to Arthur 
Ashkin, the pioneer scientist who led the research effort 
for the development of optical trapping [1] [2] [3] [4].

Our optical tweezers project presents how an optical 
tweezers setup could be developed (figure 1) and utilized 
in science classes in secondary school. The aim is to 
present the students the principles of optical trapping, 
not only in theory but also experimentally, through 

observations and quantitative measurements with real 
experimental data. Students will discover the physics of 
the 2018 Nobel Prize and correlate it with the principles 
of the science curriculum. The physics behind optical 
tweezers includes concepts like momentum, Newton’s 
second and third laws as well as ray optics to show the 
refraction of light through transparent particles.

What the students do

There are several possible ways to introduce optical 
tweezers in your classes depending on the students’ age 
and level. The ultimate goal, and most challenging one 
regarding effort and time, is to develop an optical tweez-
ers setup to give your students the opportunity to work 
in the same way as scientists. We have created a four 
level approach to introduce optical tweezers in your 
class, in which the first three levels do not require you 
to develop the setup. 

LEVEL 1 (~1 TEACHING HOUR)
The first level can be used with for younger students 
who don’t have significant physics knowledge. In this 
case the readily available simulation from PhET Color-
ado[5] is an appropriate way to present the phenomenon 
of optical trapping (figure 2). This simulation is very easy 

Fig. 1 Optical tweezers setup
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to use, interactive and illustrative. It showcases optical 
tweezers and their basic applications in a simple way. 
Teachers can just present optical trapping as a phe-
nomenon without entering any theory analysis. We sug-
gest   accompanying this activity with a demonstration 
of an actual optical trapping video recorded with our 
setup.  

LEVEL 2 (~1-2 TEACHING HOURS)
For older students with a better background in physics, 
the teacher can add a theoretical introduction to the 
topic. We suggest presenting some educational mater-
ial available on the official Nobel Prize website about 
optical tweezers[6]. The laws governing optical trapping 
as presented there can be demonstrated to students 
with high school level physics. These include using ray 
diagrams like in figure 3 and figure 4 and the concepts 
of momentum, conservation of momentum and New-
ton’s laws. These diagrams correlate light refraction that 
occurs when the laser beam enters into a light transpar-
ent object with the change of light momentum. Refrac-
tion is necessary for trapping the object and this means 
that only light transparent particles are suitable. Figure 
3 demonstrates how an unfocused laser beam exerts 
forces on a transparent bead particle in its path. It shows 
why the bead is pushed forward and to the center of the 
laser beam where the light intensity is at its maximum, 
but no trapping occurs in this case. 

However, the situation changes if the laser beam is 
strongly focused using lenses, as in the case of a micro-
scope objective and this can lead to stable optical trap-
ping. Figure 4 shows how conservation of momentum 
results in the optical trapping of a bead particle that 
happens to be just below the laser focus. More details 
about the physics in figures 3 and 4 as well as all the edu-
cational material presented here, along with real exper-
imental data, figures, photos and videos, are available 
at the project’s repository[7].The model in figures 3 and 
4 for presenting optical trapping is obviously a simpli-
fied model based on ray optics while in reality focused 
laser beams are Gaussian beams. However, this model 
is more than enough to introduce the concepts of 
optical trapping in secondary education and adequately 
present the underlying physics of optical tweezers for 
our purpose. 

Apart from this theory introduction, it is suggested to 
utilize again the PhET optical tweezers interactive sim-
ulation[5]. This can be done as in level 1 but additionally 
in a more systematic way by using a worksheet that has 
been developed for the measurement of the maximum 
optical trapping force in a virtual optical tweezers setup. 

Fig. 2 Optical tweezers with PhET Interactive Simulations
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LEVEL 3 (~2-3 TEACHING HOURS)
This level of implementation is very close to the exper-
imental reality since it involves the study and the ana-
lysis of real experimental data recorded with our school 
optical tweezers setup. The theoretical approach is the 
same as in level 2 but this time instead of the data ana-
lysis of a virtual experiment, real data, available in the 
project’s repository[7], is used. For this purpose, we use 
“Tracker”[8], an open source software for motion analysis 
(figure 5), along with a worksheet for the measurement 
of the maximum optical trapping force. The worksheet 

is based on the implementation of Newton’s first law, 
Stoke’s law for fluids and the analysis by “Tracker” of 
optical trapping videos recorded with our system. We 
have estimated, with significant uncertainty of course, 
the maximum trapping force of our optical tweezers 
with a magnitude in the order of tenths of piconewtons, 
which is typical in stable optical tweezers setups.

 

Fig 4 Two rays of light (1, 2) of a strongly focused laser beam are re-
fracted when entering a bead particle that is just below the laser fo-
cus. In this case there is stable optical trapping of the bead particle.

Fig 3 Two rays of light (1, 2) of an unfocused laser beam are refracted 
when entering a bead particle. The bead particle is pushed forward 
and to the center of the unfocused laser beam. No trapping occurs.
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LEVEL 4  (3+ TEACHING HOURS)
This level includes the development of your own optical 
tweezers setup. This will allow your students to work like 
real scientists using similar techniques and methods for 
optical trapping. 

You can develop a low cost optical tweezers setup using
• a school microscope
• a smartphone
• a very inexpensive but powerful diode laser
• respective optical filters
• 2-3 mirrors
• posts and mounts that can be easily found in the 
school lab 

Having the above materials available it will take roughly 2-3 
hours to setup your optical tweezers modality. The exact 
time is difficult to be estimated since it is based on your 
experience in handling laboratory optics and lasers. Using 
the above listed components and our school’s 3D printer, 
we were able to develop, to the best of our knowledge, the 
most low-cost microscope optical tweezers ever made. 
The cost of building our model is more than ten times 
lower, than the most affordable model used for educational 
and demonstration purposes in universities[9]. Developing 
your own setup can be challenging because of the need of 
proper calibration and focusing of the laser beam[10] in the 
microscope and it definitely depends on the type of micro-

scope. However, a complete list of all the required mater-
ials with information and links that you can either buy or 
3D print is available in our project’s repository[7].

Sample preparation is a very simple process. Particles 
that are suitable to be manipulated by our optical tweez-
ers have to be a few micrometers in size. They have to 
be light transparent with a refractive index higher than 
the medium that they are diluted in, usually water. To 
about 15-20 ml of distilled water, you add two or three 
droplets of the particles you wish to trap.  Stir it to pro-
duce a homogeneous mixture. A droplet of the mixture 
is put on a microscope slide using a plastic pipette and 
covered with a microscope cover slip. It is very easy for 
students to prepare their own samples. They can then 
test different particles for optical trapping and study the 
impact of different sample geometry, concentration, 
temperature or laser intensity in the quality and strength 
of optical trapping. With our optical tweezers modality, 
we have successfully trapped and manipulated a variety 
of samples that are safe to be used by students.

We have trapped particles of olive oil, liquid soap milk 
cream polystyrene beads, potato and corn starch 
particles, yeast cells from home dry yeast, soil particles, 
bacteria spirulina cells and others. In order to view our 
trap and the sample, a smartphone with camera is 
adjusted with an adaptor to the eyepiece of the micro-

Fig 5 Data analysis of real experimental data with „Tracker“ open source software for motion analysis
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scope. In addition, it is more convenient to observe 
optically trapped particles on the smartphone screen, 
as more than one student can view at the same time. 
Moreover, we can easily take pictures and record videos 
of our experiments with the smartphone camera and 
share them for further processing and experimentation.

Important: It is not safe to view the sample directly 
with our eyes through the eyepiece due to the back 
reflections of the laser beam.

You and your students should always wear protective 
glasses appropriate for your laser. It is recommended 
that the teacher sets up and calibrates the system and 
that students only use the system when it is ready for 
the experiments. If the laser beam in the system is prop-
erly calibrated, whenever a particle of the sample is in 
the vicinity of the laser focus, it is attracted by the laser 
beam and becomes trapped.

Conclusion

This project presents the most low-cost and simple 
microscope optical tweezers setup ever developed and 
it demonstrates the concepts of optical trapping for the 
first time in secondary education. Having developed 
your own tweezers means that there is a new experi-
mental modality for the school science lab that can be 
used for several inquiry-based interdisciplinary exper-
imental activities in biology, physics or chemistry. 

Students have the chance to get familiar with the phys-
ics of optical trapping and the importance of this tech-
nique in modern research. It presents in a simple way 
the physics of the 2018 Nobel Prize, using hands-on 
experimental activities, simulations and diagrams. It 
allows students to be engaged in inquiry-based activit-
ies by designing and implementing their own experi-
ments. Students become familiar with the scientific 
approach and research techniques as well as developing 
valuable skills for their future engagement with science. 
This project brings modern science to secondary edu-
cation and aims to inspire today’s students to become 
the scientists of tomorrow.

Cooperation option

Optical tweezers activities with our setup in the school’s 

science lab are always implemented with our students 
cooperating in groups of four to five. Students prepare 
their own samples and conduct their own experiments 
or implement the worksheets available. 

This model could be adopted on a larger scale with 
cooperation amongst schools. Students can analyze our 
data and compare results with optical tweezers groups 
from other schools. They can also propose new experi-
ments with different samples and of course, schools with 
optical tweezers setups can share their recorded data 
and experiments with the community and provide sup-
port to other schools that wish to build their own setup. 
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