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Abstract—Ensuring physics is engaging, relatable, and under-
standable is critical in enabling future researchers in science. 
Teaching the optical properties of light and materials can be en-
hanced using practical demonstrations. We have developed a 
demonstration kit that can be used to prepare the principles of the 
interaction of polarized light with optically active, chiral liquids 
and birefringent polymers. At a relatively low cost, the kit can be 
built using mainly 3D printed parts and a few off-the-shelf elec-
tronic components, such as LEDs, stepper motors, Arduino micro-
controller, and a webcam. The development of various modular 
frameworks for optical components has benefitted both research 
and teaching, providing easily reconfigurable demonstrations that 
can be both low-cost and easily portable. Here, we demonstrate an 
outreach and educational tool that utilizes magnetic relocatable 
mounts for the main optical components, allowing the setup to be 
easily reconfigured between measuring optical rotation and visu-
alizing the effects of birefringence. We present several simple ex-
periments demonstrating key physics topics such as wave propa-
gation, refraction, polarization, and birefringence. Overall, the 
demonstration kit provides a sandbox for several activities focus-
ing on learning wave propagation and polarization in physics. The 
setup has potential for use in other aspects of physics, with future 
work looking to improve and involve different areas such as spec-
troscopy, fluorescence, and quantum mechanics.  

Keywords—Open-source, optics, polarization, education, bire-
fringence.  

I. INTRODUCTION  

Rapid prototyping techniques are now widely established 
and have increasingly found uses in science and education for 
the low-cost development of scientific instruments. A particular 
method that has grown in popularity in recent years is 3D print-
ing, where a 3D CAD model of an object is sliced into layers, 
each successive layer being "printed" or deposited on top of one 
another in the 3D printer. Cost-effective 3D printers are often 
based on a technique known as Fused Deposition Modelling 
(FDM) or Fused Filament Fabrication (FFF) with many brands 
available at a cost suitable even for home use. The ability to use 
3D printing, to develop cost-effective Open-source hardware, 
has revolutionized the distribution of scientific instrumentation, 
which has benefited both research and education. Currently, 3D 
printers are a standard item of equipment in research laboratories 
and are also increasingly being used in schools. Some notable 

similar examples of open-source optics hardware include Open-
Flexure and UC2 [1].  

The polarized light demonstration kit (inspired by Open-
Flexure and Pol-ModMicro microscopy hardware) consists 
mainly of 3D-printed parts with a few off-the-shelf components 
[3]. A crucial component in the kit is a 3D-printed motorized 
rotation mount for holding and rotating a 25 mm diameter polar-
izer disk. The rotation can be accurately positioned about 360 
degrees using a low-cost stepper motor, controlled using an Ar-
duino Uno microcontroller board with a Darlington gate array. 
Due to the magnetic relocatable mounts for the optical compo-
nents of the kit, the setup can be easily modified to demonstrate 
multiple scientific techniques that use polarized light (Fig. 1).  

Polarized light allows a unique insight into properties that 
are sensitive to birefringence. Birefringence (or double refrac-
tion) results from anisotropic patterns in the lattice structure of 
natural or synthetic materials; when light enters the optical axis 
of anisotropic crystals, it still passes through at a single velocity 
[4]. However, when light enters a non-equivalent axis, it is re-
fracted into two rays, each polarized so that they travel at differ-
ent velocities with their vibration directions oriented at right an-
gles to one another. This phenomenon is called "double" refrac-
tion and is seen in all transparent, non-isotropic, and molecularly 
ordered materials. The double refraction of light in anisotropic 
materials creates a variation in the intensity of the rays of light 
which propagate through the system. This splitting of the rays is 
usually quantified as the maximum difference between refrac-
tive indices exhibited by the material:  

  𝐵𝑖𝑟𝑒𝑓𝑟𝑖𝑛𝑔𝑒𝑛𝑐𝑒 = 𝑛ଵ − 𝑛ଶ                        (1) 

Rasmus Bartholin first described this effect in 1669, who ob-
served it in calcite [5]. In the 19th century, Malus first estab-
lished the polarization nature of light [6]. Then, ten years later, 
Augustin-Jean Fresnel thoroughly clarified the phenomenon, 
understanding light as a wave with field components in trans-
verse polarization4 (perpendicular to the direction of wave prop-
agation) [7]. Birefringence plays an important role in achieving 
phase-matching for several nonlinear optical processes. A prac-
tical example is transparent cellophane tape, which, when 
viewed between crossed polarizers using a white light source, 
the emergent light is colored. This property is shown because 
cellophane tape is stretched during its manufacture, so its or-
ganic molecules tend to straighten and align in the direction of 
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stretch. Therefore, the dielectric constant and the refractive in-
dex are different in the direction along the tape from that in the 
perpendicular direction [8]. These two directions act as principal 
axes, and the polarization components are parallel to and per-
pendicular to the length of the tape travel with different veloci-
ties. The principal axis with the larger of the two refractive indi-
ces (𝑛ଵ) is the slow axis, while the other is the fast axis (𝑛ଶ) [9]. 
When plane-polarized light is incident on cellophane tape with 
the plane of polarization at 45˚ to the axes of the tape, it can be 
thought of as two components of equal intensity traveling along 
the fast and slow axes, which start in phase. On emergence, one 
vibration will be retarded concerning the other, exhibiting the 
birefringence. 

 
Fig. 2. Birefringence data. (a) shows a standard microscope slide with a range 
of thicknesses of cellophane tape (as multiple layers) between parallel polariz-
ers, illuminated using a white LED. (b) shows the same slide but now between 
crossed polarizers. It can be noted that the numbered bands switch between 
complementary colors when the polarizers are crossed. For instance, band three 
switched between magenta (red/blue) and green. The exact colors produced are 
dependent on the brand of cellophane tape, where different thicknesses of tape 
are available. 

II. HARDWARE 

A. Hardware in context 

An essential aspect of the kit is that it can be quickly and 
easily reconfigured between the two main experiments or 
demonstrations. The saccharimeter experiment utilizes a narrow 
beam of light, having a relatively narrow spectral band, which is 
linearly polarized before passing through a sample cell contain-
ing an optically active liquid sample. An analyzer, consisting of 
a rotatable polarizer and a photodetector, measures the transmit-
ted light as a function of the polarizer angle. The measurement 
can then be used to determine the amount by which the sample 
has rotated the angle of polarization of the light, which can then 
be related to the concentration of the sugar in the solution. The 

birefringence demonstration relies on a similar combination of 
fixed and rotatable polarizers but has some significant differ-
ences. In this case, the sample is now a glass microscope slide 
on which several bands of varying multiple layers of cellophane 
tape are attached. Also, the photodetector has been replaced with 
a webcam, which can show the colors produced due to the dou-
ble refraction in the cellophane layers. Similarly, a white LED 
replaces the illumination source with a diffuser screen.  

It is vital that each experimental configuration can be assem-
bled without the need for a complicated alignment procedure. In 
this kit, we have designed a system where components can be 
placed on a universal experiment base on which several mag-
netic mounts have been attached. Each element can be located 
using the magnetic mounting system, which also uses a series of 
ball bearings and small dowel pins to keep the individual com-
ponents aligned. 

B. Bill of materials 

For a detailed bill of materials, please find available an 
editable spreadsheet uploaded with this manuscript [10]. 

III. RECOMMENDED DEMONSTRATIONS 

The following section outlines multiple experiments recom-
mended for the kit due to their easy setup and colorful show they 
demonstrate to the students. In addition, setup and build instruc-
tions for the kit are mentioned, with Fig. 5. exhibiting the mo-
torized polarization mount assembly. Other experiments that 
highlight cross-polarization can be added, as the main purpose 
of the kit is to be a sandbox where teachers or students can de-
sign their experiments with the setup.  

  Saccharimetry measures sugar concentration in solutions 
and is commonly used for quality control in food and drinks. The 
primary method measures the angle of rotation of polarization 
of optically active sugars. Some practical examples of this effect 
can be observed in common sugar crystals (sucrose), meat mus-
cle fibers, and starch, which are all commonly found in the food 
industry and are sensitive to polarized light [11].  Therefore, the 
kit can successfully demonstrate Malus' Law, where the light 
transmitted through the two polarizers follows a cos-squared re-
lation with the intensity and rotation angle of the second polar-
izer [14]: 

                                             𝐼(𝜃) = 𝐼଴𝑐𝑜𝑠ଶ𝜃                                 (2) 

Fig. 1. The assembled polarization demonstration kit, (a) shows a photo taken of the full setup and (b) details the key component.  Different optical experiments 
or demonstrations can easily be configured using the magnetic relocatable optical component bases. 



Malus' Law provides a visual idea of the fundamental phys-
ics in an optically active sample when rotating the polarization 
angle of the transmitted light. Here, it is recommended to use a 
strongly optical active sample such as D-Limonene, a colorless 
liquid that is a significant component in the oil of citrus fruit 
peels. It is also recommended that the optical activity of sugar 
solutions be demonstrated by preparing separate samples of su-
crose and fructose in water solution. Both samples show signif-
icantly lower rotation of the polarized light than for D-Limo-
nene, but it is possible to observe and highlight that the sucrose 
and fructose rotate the polarized light in opposite directions, re-
spectively. Finally, it should be checked that a pure water sam-
ple does not show any measurable rotation to highlight the 
unique effect of sugar solutions and act as a control. Additional 
examples of birefringence can be demonstrated by observing the 
rotary dispersion of white light through the strongly optical ac-
tive D Limonene. It can show a range of colors of the transmitted 
light with a rotation angle of the analyzer, once again reinforcing 
the idea of light being a wave that can be manipulated to exhibit 
critical effects (this phenomenon is shown in Fig. 3). 

 

The Maltese cross phenomenon is an interference figure pat-
tern that can be observed when placing starch between two 
crossed linear polarizers.  This phenomenon will be observable 
by adapting a low-cost objective lens close to the sample slide 
into the setup, effectively creating a polarization microscope 
[16]. An extended activity for the demonstrations would be to 
adapt the setup (adding the objective lens) and observe Maltese 
crosses, created when the two polarizing filters are crossed.  

Another activity demonstrating the properties of birefrin-
gence is photoelastic stress analysis, where a clear injection 
molded case is placed between the two crossed polarizers and 
analyzed [17]. A suitable case can be found in many optics 
teaching laboratories as they are commonly used as packing for 
small optical components (e.g. a 1-inch mirror box from 
Thorlabs). However, many other such boxes are equally suita-
ble. When imaged, the case will often show lines of varying col-
ors, often converging to a point corresponding to the location 
where the plastic was injected.   

 
Fig. 4. Optical rotation data. (a) shows the data for a full 360-degree rotation of 
the polarizer for both D Limonene and no sample. Fitting a sinusoidal function 
to the data allows the optical rotation angle to be obtained. (b) shows the optical 
rotation angle for both distilled water and no sample, repeated five times. This 
highlights the repeatability of the apparatus and allows an estimate of the accu-
racy and precision. We obtained rotation data for a range of samples: No Sam-
ple -0.07±0.01 deg., Distilled Water -0.04±0.02 deg., Sucrose 7.41±0.01 deg., 
Fructose -25.12±0.02 deg., D Limonene 42.46±0.03 deg. Note the opposite sign 
of the rotation for sucrose and fructose. Example data shown here was acquired 
and presented using LabView [10].    

It is important to point out that the control of the stepper mo-
tor, recording the light measurements, and acquisition of the 
webcam images can be achieved using an open-source platform 
such as Python. The birefringence demonstration can be ex-
tended to include the design and fabrication of optical filters. 
This would require access to an optical spectrometer to deter-
mine the cellophane tape's birefringence properties, allowing 
dedicated filters to be produced by building up the desired num-
ber of cellophane layers between two crossed polarizers. 

 
Fig. 5.  The motorized polarizer rotation mount assembly. To operate the gear 
a program within LabVIEW is recommended. However, if unable to access 
LabVIEW, we have developed a program to control the step rotation and 
therefore angle of polarization in Python. To avoid issues with backlash in the 
motor gears, and the 3D-printed components, we adopt a scheme where the 
polarizers are aligned by always rotating the motor in the same direction. 
Hence, there is no need for a complicated anti-backlash algorithm when 
changing motor direction.  

Fig. 3. Demonstration of the optical rotatory dispersion of D Limonene. The 
sample holder was modified to allow the comparison of samples of D Lim-
onene and distilled water. D Limonene shows a wavelength dependence on 
the color observed when placed between two polarizers and using a white 
light (LED) background. Details of rotary dispersion can be found in Ma-
hurin et al. [15]. 



IV. DISCUSSION 

      The kit presented here provides a tool to demonstrate fun-
damental concepts in physics, such as refraction and wave prop-
agation, before introducing more complex areas, such as lattice 
structure, polarization, and birefringence. In addition, the kit 
presented here is a template and guide for several demonstra-
tions that visually highlight polarization, wave propagation, and 
birefringence within physics. Importantly, Malus' law shows the 
relationship between light intensity and wave propagation angle, 
which is fundamental to understanding several aspects of phys-
ics. The experiment requires minimal setup and allows students 
to create their solutions to be analyzed with cross-polarizers. 
However, to observe Maltese crosses, the addition of an objec-
tive lens is required, and although it can be bought at a relatively 
low cost, it will still increase the overall cost of the setup. In the 
precise injection experiment, visible lines of light at different 
wavelengths can be observed converging towards a point that 
indicates where the plastic was injected. This introduces and 
demonstrates other concepts in material physics, such as dop-
ing, emission, and spectroscopy, once again providing an inter-
esting and interactive experience for classrooms.  

     The kit provides a sandbox for several experiments and 
demonstrations, which can allow both teaching fundamental 
physics and flexibility within lesson plans for different ages. 
Therefore, it can be used in classrooms spanning from early 
high school to early university physics. A critical way of im-
proving the kit will be to create a complete user interface in 
Python for controlling the motor to ensure complete open ac-
cess for the whole demonstration. In addition, we plan to con-
tinue to outline more demonstrations in the documentation 
online, linked with this paper, allowing an expanded, accessible 
source of information for physics classrooms. Other low-cost 
3D-printable kits are being developed to cover key areas such 
as fluorescence, spectroscopy, and quantum mechanics.  

V. CONCLUSION 

 In this work, we present a template for an interactive low-
cost kit that teaches students several key concepts within the 
field of physics. The demonstration kit allows students to inter-
act with several demonstrations focusing on wave propagation, 
chemical structure, polarized light, and birefringence. The mag-
netic optics mounts enable the kit to be easily modifiable, allow-
ing different demonstrations and enabling the teacher to create 
their own. In the future, more experiment ideas will be added to 
the PURE website, and a kit focusing on other areas of physics, 
such as quantum mechanics and spectroscopy, will be imple-
mented. 
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