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In 1988...2026, IYPT participants worked on 663+6 unique problems. The graph traces what
problems Teams presented when advancing from one PF to the next PF in real-life IYPT stages
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Important information

The basic goal of this Kit is not in providing students with a start-to-finish manual or in
limiting their creativity, but in encouraging them to

o regard their work critically,

o look deeper,

o have a better background knowledge,

o be skeptical in embedding their projects into the standards of professional research,
o and, as of a first priority, be attentive in not “re-inventing the wheel”

An early exposure to the culture of scientific citations, and developing a responsible
attitude toward making own work truly novel and original, is assumed to be a helpful
learning experience in developing necessary standards and attitudes

Good examples are known when the Kit has been used as a concise supporting material
for jurors and the external community; the benefits were in having the common
knowledge structured and better visible

Even if linked from iypt.org, this file is not an official, binding release of the IYPT, and
should under no circumstances be considered as a collection of authoritative “musts” or
“instructions” for whatever competition

All suggestions, feedback, and criticism about the Kit are warmly appreciated



Problem No. 1 “Invent Yourself:
Pinhole sunglasses”

Investigate the optimal arrangement of pinholes in an opaque film to produce
sunglasses that reduce light intensity and help correct short-sightedness.




Background reading

= Do Pinhole Glasses Really Work? | Tried Them So You Don’t Have To (youtube, Amer Chaaban,
09.05.2025), https://youtu.be/7QuféepE)r8

= Can Pinhole Glasses Improve Your Vision? (youtube, Fraser Eye Care Center, 20.02.2025),
https://youtu.be/WMv2g3F2F7U

= Pinhole Glasses Improve Vision? (youtube, Fraser Eye Care Center, 20.02.2025),
https://youtu.be/60WvgqPzLVY

= Pinhole Glasses: The Vision Improvement Miracle? (youtube, Dr. EyeGuy, 12.07.2023),
https://youtu.be/ZvBuqufzOlg

= Pinhole Test (Best Corrected Visual Acuity) (youtube, Ophthalmology with MAS, 02.10.2022),
https://youtu.be/-G-ViwD_ngc

= How to Make Pinhole Glasses (youtube, TheSurvivalDoctor, 26.04.2012),
https://youtu.be/Wge7XDKQ2Tg

=  Wikipedia: Pinhole glasses, https://en.wikipedia.org/wiki/Pinhole_glasses

=  Wikipedia: Pinhole occluder, https://en.wikipedia.org/wiki/Pinhole _occluder

=  Wikipedia: Diffraction-limited system, https://en.wikipedia.org/wiki/Diffraction-limited_system

=  Wikipedia: Pinhole camera, https://en.wikipedia.org/wiki/Pinhole_camera

=  Wikipedia: F-number, https://en.wikipedia.org/wiki/F-number

=  Wikipedia: Myopia (optics section), https://en.wikipedia.org/wiki/Myopia

=  Wikipedia: Camera obscura, https://en.wikipedia.org/wiki/Camera_obscura

=  Wikipedia: Depth of field, https://en.wikipedia.org/wiki/Depth_of field

=  Wikipedia: Circle of confusion, https://en.wikipedia.org/wiki/Circle_of confusion




Background reading

Wikipedia: Myopia, https://en.wikipedia.org/wiki/Myopia

Wikipedia: Visual acuity, https://en.wikipedia.org/wiki/Visual acuity

Wikipedia: Accommodation (vertebrate eye),
https://en.wikipedia.org/wiki/Accommodation_(vertebrate_eye)

Wikipedia: Diffraction, https://en.wikipedia.org/wiki/Diffraction

Wikipedia: Airy disk, https://en.wikipedia.org/wiki/Airy _disk

Wikipedia: Diaphragm (optics), https://en.wikipedia.org/wiki/Diaphragm_(optics)

P. Kanclerz, R. Khoramnia, and D. Atchison. Applications of the pinhole effect in clinical vision

science. J. Cataract Refract. Surg. 50, 1, 84-94 (2024),
https://doi.org/10.1097/j.jcrs.0000000000001318

P. W. A. Suputra, P. D. A. P. Widarani, I. G. A. M. D. Darmadi, A. A. |. K. Arini, and I. G. N.
Pramesemara. The effectiveness of pinhole glasses for minimizing the impact of computer
vision syndrome. Intisari Sains Medis 15, 1, 489-498 (2024),
https://doi.org/10.15562/ism.v15i1.2000

R. E. T. Ang, M. M. Q. Araneta, and E. M. Cruz. Review of surgical devices using small aperture
optics. Taiwan J. Ophthalmol. 12, 3, 282-294 (2022), https://doi.org/10.4103/tjo.tjo 45 21

W. N. Charman. Pinholes and presbyopia: Solution or sideshow? Ophthalmic Physiol. Opt. 39, 1,
1-10 (2019), https://doi.org/10.1111/0p0.12594

W. S. Kim, . K. Park, Y. K. Park, and Y. S. Chun. Comparison of objective and subjective changes

induced by multiple-pinhole glasses and single-pinhole glasses. J. Korean Med. Sci. 32, 5, 850-
857 (2017), https://doi.org/10.3346/jkms.2017.32.5.850



Background reading

M. Abolhassani and A. Akbari. Optical transfer function analysis of single pinhole glasses. Eur. .
Phys. 36, 6, 065015 (2015), https://doi.org/10.1088/0143-0807/36/6/065015

W. S. Kim, I. K. Park, and Y. S. Chun. Quantitative analysis of functional changes caused by
pinhole glasses. Invest. Ophthalmol. Vis. Sci. 55, 10, 6679-6685 (2014),
https://doi.org/10.1167/iovs.14-14801

N. Abdul, N. Meyer, M. van Bosch, A. van Zyl, M. Viljoen, and A. S. Carlson. The effect of
pinholes of different sizes on visual acuity under different refracting states and ambient
lighting conditions. S. Afr. Optom. 68, 1, 38-48 (2009), https://doi.org/10.4102/aveh.v68i1.150

G. Colicchia, M. Hopf, H. Wiesner, and D. Zoliman. Pinhole Glasses. Phys. Teach. 46, 1, 26-28
(2008), https://doi.org/10.1119/1.2823996, https://web.phys.ksu.edu/papers/2008/pinhole-
glasses-tpt.pdf

R. Petera. Pinhole glasses? Phys. Teach. 44, 2, 122 (2006), https://doi.org/10.1119/1.2165448

J. Schwiegerling. Theoretical limits to visual performance. Surv. Ophthalmol. 45, 2, 139-146
(2000), https://doi.org/10.1016/50039-6257(00)00145-4

K. D. Mielenz. On the diffraction limit for lensless imaging. J. Res. Natl. Inst. Stand. Technol.
104, 479-485 (1999), https://archive.org/details/jresv104n5p479

S. Wittenberg. Pinhole eyewear systems: A special report. J. Am. Optom. Assoc. 64, 2, 112-116
(1993)

M. Young. The pinhole camera: Imaging without lenses or mirror. Phys. Teach. 27, 9, 648-655
(1989), https://doi.org/10.1119/1.2342908

R. Petera. Pinhole glasses? Phys. Teach. 16, 6, 383 (1978), https://doi.org/10.1119/1.2339990



Background reading

D. Miller and R. Johnson. Quantification of the pinhole effect. Surv. Ophthalmol. 21, 4, 347-350
(1977), https://doi.org/10.1016/0039-6257(77)90114-x

B. Manep. OTBepcTune-nuH3a // KeaHT, Ne8, 50-55 (1972),
https://kvant.mccme.ru/1972/08/otverstie - linza.htm

M. Young. Pinhole imagery. Am. J. Phys. 40, 5, 715-720 (1972),
https://doi.org/10.1119/1.1986624

M. Young. Pinhole optics. Appl. Opt. 10, 12, 2763-2767 (1971),
https://doi.org/10.1364/A0.10.002763

R. E. Swing and D. P. Rooney. General transfer function for the pinhole camera. J. Opt. Soc. Am.
58, 5, 629-635 (1968), https://doi.org/10.1364/JOSA.58.000629

K. Sayanagi. Pinhole imagery. J. Opt. Soc. Am. 57, 9, 1091-1098 (1967),
https://doi.org/10.1364/JOSA.57.001091

Are Pinhole Glasses Effective for Myopia? (Jake Steiner, endmyopia.org, June 8th, 2026),
https://endmyopia.org/are-pinhole-glasses-effective-for-myopia/

Can Pinhole Glasses Improve Your Vision? (Troy Bedinghaus, verywellhealth.com, May 29,
2026), https://www.verywellhealth.com/do-pinhole-glasses-work-3421901

Pinhole Testing: Differentiating Refractive Error from Pathology (Opterio, March 2026),
https://www.opterio.com/learn/pinhole-testing-coa

Do Pinhole Glasses Improve Your Vision? (Kathryn Watson, healthline.com, Oct 20, 2025),
https://www.healthline.com/health/pinhole-glasses




Background reading

= What Are Pinhole Glasses? (WebMD Editorial Contributor, webmd.com, Aug 02, 2025),
https://www.webmd.com/eye-health/what-are-pinhole-glasses

= All You Need to Know about Pinhole Glasses (tDuserBlogfb, July 28, 2023),
https://www.framesbuy.co.nz/trends/pinhole-glasses/

= A. bapaT, H. Edppemos, A. JinteuHoBa. 3agada Ne8 «O4kun-o6ckypol» (PocTHOE 2022, 25-04-
2022), https://ilyam.org/rynt2022_sfin_08 orden_fenixa 25-04-2022.pdf

= A Peek at the Pinhole (Bisant A. Labib, reviewofoptometry.com, March 15, 2020),
https://www.reviewofoptometry.com/article/a-peek-at-the-pinhole

= Pinhole glasses? What they are and what they do (M. E. Belden, allaboutvision.com, Jan 26,
2020), https://www.allaboutvision.com/eyewear/eyeglasses/types/pinhole-glasses/

= Why Squinting Helps Us See Better? (Ashish, scienceabc.com, 10 Jan 2017),
https://www.scienceabc.com/humans/why-squinting-helps-us-see-better

= [blp4aTble 04KN: MeX Oy unasnen n peanbHocTbto (factum-info.info), https://factum-
info.net/ru/myths/miscellaneous/pinhole-glasses-myth-or-reality




Problem No. 2 “Disc spectrometer”

Data tracks on optical media (e.g. CDs / Blu-ray discs) behave as high-quality
reflection-diffraction gratings. When illuminated, these discs can disperse light into its
spectral components. Construct a spectrometer using a digital optical disc. Optimise
the design to maximise the resolving power and minimise optical aberrations.




Background reading

Using CD/DVD as a Diffraction Grating (youtube, The Physics Playground, 15.05.2023),
https://youtu.be/rzuemR2ljgg

AndpakunoHHas peweTka (youtube, GetAClass - ®u3nKa B onbiTax U 3KCNEPUMEHTAX,
13.03.2015), https://youtu.be/nCU beywf70

Lab 1: CD Spectrometer (youtube, MIT OpenCourseWare, 15.11.2013),
https://youtu.be/fl42pnUbCCA

Kak coenatb CnekTpockon cBommm pykamu (ok.ru, Roman Ursu, 29 Sept 2017),
https://ok.ru/video/360466746091

CNEKTPOMETP N3 CMAPT®OHA nnn BEB-KAMEPbLI cBonmn pykamm (rutube, OrHeHHoe TB,
25.05.2018), https://rutube.ru/video/9ela549ab0aafa8db0d4b499a700d456/

Wikipedia:
Wikipedia:
Wikipedia:
Wikipedia:
Wikipedia:
Wikipedia:
Wikipedia:
Wikipedia:
Wikipedia:
Wikipedia:
Wikipedia:

Diffraction grating, https://en.wikipedia.org/wiki/Diffraction_grating
Optical spectrometer, https://en.wikipedia.org/wiki/Optical spectrometer
Spectroscopy, https://en.wikipedia.org/wiki/Spectroscopy

Spectroscope, https://en.wikipedia.org/wiki/Spectroscope

Diffraction, https://en.wikipedia.org/wiki/Diffraction

Optical interference, https://en.wikipedia.org/wiki/Optical interference
Compact disc, https://en.wikipedia.org/wiki/Compact _disc

DVD, https://en.wikipedia.org/wiki/DVD

Blu-ray, https://en.wikipedia.org/wiki/Blu-ray

Diffraction-limited system, https://en.wikipedia.org/wiki/Diffraction-limited system
Monochromator, https://en.wikipedia.org/wiki/Monochromator




Background reading

=  Wikipedia: Emission spectrum, https://en.wikipedia.org/wiki/Emission_spectrum

=  Wikipedia: Absorption spectroscopy, https://en.wikipedia.org/wiki/Absorption_spectroscopy

=  Wikipedia: Fraunhofer lines, https://en.wikipedia.org/wiki/Fraunhofer lines

=  Wikipedia: Angular dispersion, https://en.wikipedia.org/wiki/Angular_dispersion

=  Wikipedia: Blazed grating, https://en.wikipedia.org/wiki/Blazed grating

=  Wikipedia: Astigmatism (optical systems),
https://en.wikipedia.org/wiki/Astigmatism_(optical systems)

=  Wikipedia: Rayleigh criterion, https://en.wikipedia.org/wiki/Rayleigh criterion

=  Wikipedia: Echelle grating, https://en.wikipedia.org/wiki/Echelle _grating

=  Wikipedia: Huygens-Fresnel principle,
https://en.wikipedia.org/wiki/Huygens%E2%80%93Fresnel _principle

=  Wikipedia: Wave optics, https://en.wikipedia.org/wiki/Wave optics

= M. Di Mauro, P. Onorato, L. M. Gratton, R. De Luca, O. Fiore, L. Gislén, and A. Naddeo. Low-cost

measurements of the ‘resonant’ wavelengths reflected by a compact disc under skimming light
rays. Eur. J. Phys. 45, 1, 015301 (2024), https://doi.org/10.1088/1361-6404/ad0aa0

= M. L. Kovarik, J. R. Clapis, and K. A. Romano-Pringle. Review of student-built spectroscopy
instrumentation projects. J. Chem. Educ. 97, 8, 2185-2195 (2020),
https://doi.org/10.1021/acs.jchemed.0c00404

= R. De Luca, M. Di Mauro, O. Fiore, and A. Naddeo. A compact disc under skimming light rays.
Am. . Phys. 86, 3, 169-173 (2018), https://doi.org/10.1119/1.5021904




Background reading

M. Rodrigues, M. B. Marques, and P. Simeao Carvalho. How to build a low cost spectrometer
with Tracker for teaching light spectra. Phys. Educ. 51, 1, 014002 (2016),
https://doi.org/10.1088/0031-9120/51/1/014002

E. Widiatmoko, Widayani, M. Budiman, M. Abdullah, and Khairurrijal. A simple
spectrophotometer using common materials and a digital camera. Phys. Educ. 46, 3, 332-339
(2011), https://doi.org/10.1088/0031-9120/46/3/014

F. Wakabayashi. Resolving spectral lines with a periscope-type DVD spectroscope. J. Chem.
Educ. 85, 6, 849-853 (2008), https://doi.org/10.1021/ed085p849,
https://sciencemadness.org/scipics/spectroscope 2008.pdf

F. Wakabayashi and K. Hamada. A DVD spectroscope: A simple, high-resolution classroom
spectroscope. J. Chem. Educ. 83, 1, 56-58 (2006), https://doi.org/10.1021/ed083p56,
https://sage.nasa.gov/wp/wp-content/uploads/2016/08/Instructions_build_a spectroscope.pdf
Using a Laser Pointer to Measure the Data Track Spacing on CDs and DVDs
(sciencebuddies.org, 20 Nov. 2020), https://www.sciencebuddies.org/science-fair-
projects/project-ideas/Phys_p011/physics/using-a-laser-pointer-to-measure-the-data-track-
spacing-on-cds-and-dvds

C. Palmer and E. Loewen. Diffraction Grating Handbook (Richardson Gratings / Newport, 2014),
https://diverdi.colostate.edu/C431/experiments/time%20domain%?20fluorescence/diffraction%?2
Ogratings/Richardson%20Gratings%20Handbook.pdf

Diffraction Gratings (theremino.com, December 25, 2024), https://www.theremino.com/wp-
content/uploads/files/Theremino_Spectrometer Gratings ENG.pdf




Background reading

= 83. Do-it-yourself Spectrometer (phys.ethz.ch, Oct. 1, 2021),
https://ap.phys.ethz.ch/RemoteExperiments/DIYSpectrometer_en.pdf

= Kak cgenatb cnekTpockon u3 CD nnn DVD ancka? (AHgpen Onewko, vk.com, 23.10.2014),
https://vk.com/wall-46181199_7444

= Lab 1: CD Spectrometer (Joseph Summers, ocw.mit.edu, 2013), https://ocw.mit.edu/courses/6-
s079-nanomaker-spring-2013/resources/lab-1-cd-spectrometer/

= CnekTtpockon n3z CD (AHapen Onewko, astroexperiment.ru, 2009),
http://astroexperiment.ru/sam/spectroscop.shtml

= Experiments with CD ROMs (Joachim Koppen, astrophysik.uni-kiel.de, 2007),
https://portia.astrophysik.uni-kiel.de/~koeppen/spectro/experimtse.htmi

= A Simple CD ROM Spectroscope - Step-by-Step (Joachim Koppen, astrophysik.uni-kiel.de, 2007),
https://portia.astrophysik.uni-kiel.de/~koeppen/spectro/simplee.html

= CD Spectroscope (exploratorium.edu), https://www.exploratorium.edu/snacks/cd-spectroscope

= Building a simple spectroscope (Simon Quellen Field, scitoys.com), https://sci-
toys.com/scitoys/scitoys/light/cd_spectroscope/spectroscope.html

= Build a high resolution spectrograph in 15 minutes (Simon Quellen Field, scitoys.com),
https://sci-toys.com/scitoys/scitoys/light/spectrograph/spectrograph.html

= Diffraction Gratings (photizon.com), https://photizon.com/academy/diffraction-gratings

= Diffraction Grating (R. J. Scalise, physics.smu.edu),
https://www.physics.smu.edu/~scalise/emmanual/diffraction/lab.html

= CD/DVD Spectrometer (ikes.16mb.com),
https://www.ikes.16mb.com/physproj/CD_diffraction2.pdf




Problem No. 3 “Snail ball”

A hollow sphere contains a heavy ball and some viscous fluid. The rolling motion of
such a sphere down an inclined plane is uneven and surprisingly slow. Explain and
investigate this effect.







Background reading

The World's Slowest Ball (youtube, The Action Lab, 19.08.2022), https://youtu.be/ry-vQZD4E1U

[How to] MegneHHbIn Wwapuk (youtube, Anekcen AkyweykuH, 29.10.2015),
https://youtu.be/N3JqvrEJcNs

Snail Ball (youtube, Grand lllusions, 26.04.2013), https://youtu.be/p-7n-Yb8f Y

Snail Ball (youtube, videworld, 25.11.2012), https://youtu.be/7iaflecU-FY

Kak caoenaTb BoswebHbIN Wwapuk (youtube, LolsRu, 15.07.2010), https://youtu.be/VybE5|qTVjY
Make An Amazing Magic Ball! (youtube, brusspup, 08.05.2010), https://youtu.be/7yZwj111f 4
Wikipedia: Center of mass, https://en.wikipedia.org/wiki/Center of mass

Wikipedia: Viscosity, https://en.wikipedia.org/wiki/Viscosity

Wikipedia: Moment of inertia, https://en.wikipedia.org/wiki/Moment_of inertia

F. Y. Houdroge, J. Zhao, S. ). Terrington, T. Leweke, K. Hourigan, and M. C. Thompson. Fluid-
structure interaction of a sphere rolling along an inclined plane. . Fluid Mech. 962, A43 (2023),
https://doi.org/10.1017/jfm.2023.250

H. O. Caldag, E. Demir, and S. Yesilyurt. A numerical and experimental investigation of rolling
and sliding motion of rotating spheres inside a cylinder. J. Fluid Mech. 935, A9 (2022),
https://doi.org/10.1017/jfm.2021.1144

S. Gladkov and S. Bogdanova. On the moving trajectory of a ball in a viscous liquid between
two concentric rigid spheres. Math. Comput. Appl. 23, 4, 77 (2018),
https://doi.org/10.3390/mca23040077

R. B. Supekar and M. V. Panchagnula. Dynamics and stability of a fluid filled cylinder rolling on
an inclined plane (2014), arXiv:1408.6654 [physics.flu-dyn]



Background reading

M. Jalaal and D. D. Ganji. On unsteady rolling motion of spheres in inclined tubes filled with
incompressible Newtonian fluids. Adv. Powder Technol. 22, 1, 58-67 (2011),
https://doi.org/10.1016/j.apt.2010.03.011

F. Yoshizumi. Self-excited vibration analysis of a rotating cylinder partially filled with liquid. .
Syst. Des. Dyn. 5, 2, 372-387 (2011), https://www.jstage.jst.go.jp/article/jsdd/5/2/5 2 372/ pdf
S. Wagon. The geometry of the snail ball. Math. Mag. 83, 4, 276-279 (2010),
https://doi.org/10.4169/002557010X521804

L. Turner and A. M. Turner. Asymmetric rolling bodies and the phantom torque. Am. J. Phys. 78,
9, 905-908 (2010), https://doi.org/10.1119/1.3456118

M. Srinivasan and A. Ruina. Rocking and rolling: A can that appears to rock might actually roll.
Phys. Rev. E 78, 066609 (2008), https://doi.org/10.1103/PhysRevE.78.066609,
arXiv:physics/0702028 [physics.class-ph]

N. J. Balmforth, J. W. M. Bush, D. Vener, and W. R. Young. Dissipative descent: Rocking and
rolling down an incline. J. Fluid Mech. 590, 295-318 (2007),
https://doi.org/10.1017/S0022112007008051,
https://personal.math.ubc.ca/~njb/Research/sbx1.pdf

C. Wightman, M. Moakher, F. J. Muzzio, and O. Walton. Simulation of flow and mixing of particles
in a rotating and rocking cylinder. AIChE J. 44, 6, 1266-1276 (1998),
https://doi.org/10.1002/aic.690440605

T. Herbert. Viscous fluid motion in a spinning and nutating cylinder. J. Fluid Mech. 167, 181-198
(1986), https://doi.org/10.1017/50022112086002781



Background reading

= H.R. Vaughn, W. L. Oberkamp, and W. P. Wolfe. Fluid motion inside a spinning nutating cylinder.
J. Fluid Mech. 150, 121-138 (1985), https://doi.org/10.1017/S0022112085000052

= K. Stewartson. On the stability of a spinning top containing liquid. J. Fluid Mech. 5, 4, 577-592
(1959), https://doi.org/10.1017/50022112059000404

= A F Crossley. On the motion of a rotating circular cylinder filled with viscous fluid. Math. Proc.
Camb. Philos. Soc. 24, 4, 480-488 (1928), https://doi.org/10.1017/S0305004100014614

= D. P.Vener. Rocking and rolling down an incline: the dynamics of nested cylinders on a ramp
(PhD thesis, MIT, 2006), https://dspace.mit.edu/entities/publication/b2c0b302-597b-4ce4-8d58-
cb8be9d7al9a

= Dynamics of Snail Balls &} @ (vallev, physics.stackexchange.com, Sep 18, 2025),
https://physics.stackexchange.com/questions/859562/dynamics-of-snail-balls

= The Snail Ball (amstat.org, 2014), https://ww2.amstat.org/mam/2014/calendar/snail.html

= Theoretical problem 1: Back-and-Forth Rolling of an Liquid-Filled Sphere (APhO, 2007),
https://apho.olimpicos.net/pdf/APhO_ 2007 S1.pdf




Problem No. 4 “Singing capacitor”

Certain types of ceramic capacitors emit an audible sound when an alternating voltage
is applied across them. Investigate the characteristics of the sound produced and how

they depend on relevant parameters, such as voltage, frequency, and capacitor
properties.



Background reading

EEVblog #855 - Ceramic Capacitor Piezoelectric Effect (youtube, EEVblog, 26.02.2016),
https://youtu.be/F2gX-R1k7MM

Wikipedia: Piezoelectricity, https://en.wikipedia.org/wiki/Piezoelectricity

Wikipedia: Barium titanate, https://en.wikipedia.org/wiki/Barium_titanate

Wikipedia: Ceramic capacitor, https://en.wikipedia.org/wiki/Ceramic_capacitor
Wikipedia: Electrostriction, https://en.wikipedia.org/wiki/Electrostriction

Wikipedia: Ferroelectricity, https://en.wikipedia.org/wiki/Ferroelectricity

Wikipedia: Hearing range, https://en.wikipedia.org/wiki/Hearing range

Wikipedia: Microphonics, https://en.wikipedia.org/wiki/Microphonics

X.Yan, J. Zhang, S. Wu, M.-F. Xue, C. K. B. Leung, and E. A. MacIntosh. A methodology for

predicting acoustic noise from singing capacitors in mobile devices. IEEE Trans. Electromagn.
Compat. 65, 4, 1266-1270 (2023), https://doi.org/10.1109/TEMC.2023.3280922

C. Covaci and A. Gontean. “Singing” multilayer ceramic capacitors and mitigation methods—A
review. Sensors 22, 10, 3869 (2022), https://doi.org/10.3390/s22103869

C. Covaci, F. Burza, and T. Krausz. MLCC Acoustic noise mitigation via appropriate design. Proc.
2022 IEEE 9th Electronics System-Integration Technology Conf. (ESTC) 488-491 (2022),
https://doi.org/10.1109/estc55720.2022.9939506

Y. Sun, S. Wu, J. Zhang, C. Hwang, and Z. Yang. Measurement methodologies for acoustic noise
induced by multilayer ceramic capacitors of power distribution network in mobile systems. IEEE
Trans. Electromagn. Compat. 62, 4, 1515-1523 (2020),
https://doi.org/10.1109/temc.2020.2993850



Background reading

Y. Sun, S. Wu, J. Zhang, C. Hwang, and Z. Yang. Decoupling capacitor layout design guidelines
for acoustic noise consideration in power distribution network. Proc. 2020 IEEE International
Symposium on Electromagnetic Compatibility & Signal/Power Integrity (EMCSI) 357-362 (2020),
https://doi.org/10.1109/emcsi38923.2020.9191476

T. Lu, M. Ding, and K. Wu. Simulation and characterization of singing capacitors in consumer
electronics. Proc. 2019 IEEE International Symposium on Electromagnetic Compatibility, Signal
& Power Integrity (EMC+SIPI) 522-526 (2019), https://doi.org/10.1109/ISEMC.2019.8825286

Y. Sun, J. Zhang, Z. Yang, C. Hwang, and S. Wu. Measurement investigation on acoustic noise
caused by “singing” capacitors on mobile devices. Proc. 2019 IEEE International Symposium on
Electromagnetic Compatibility, Signal & Power Integrity (EMC+SIPI) 505-510 (2019),
https://doi.org/10.1109/ISEMC.2019.8825220

W.-S. Ohm, D. Kim, B.-H. Ko, and N.-C. Park. Control of electromechanical properties of
multilayer ceramic capacitors for vibration reduction. J. Am. Ceram. Soc. 101, 5, 1982-1990
(2018), https://doi.org/10.1111/jace.15358

D. Kim, N.-C. Park, and Y.-P. Park. Analysis of high-pitched noise from solid-state drives
generated by multilayer ceramic capacitors. Microsyst. Technol. 22, 6, 1367-1374 (2016),
https://doi.org/10.1007/s00542-016-2845-z

B.-H. Ko, S.-G. Jeong, Y.-G. Ahn, K.-S. Park, N.-C. Park, and Y.-P. Park. Analysis of the correlation
between acoustic noise and vibration generated by a multi-layer ceramic capacitor. Microsyst.
Technol. 20, 8-9, 1671-1677 (2014), https://doi.org/10.1007/s00542-014-2209-5

B. Jaffe, W. R. Cook Jr., and H. Jaffe. Piezoelectric Ceramics (Academic Press, 1971),
https://doi.org/10.1016/B978-0-12-379550-2.X5001-7



Background reading

H. Kim, Y. Tadesse, and S. Priya. Piezoelectric Energy Harvesting. In: Energy Harvesting
Technologies (Eds T. Priya and D. J. Inman, Springer, 2009), p.p. 3-39,
https://doi.org/10.1007/978-0-387-76464-1 1

Reduce the Acoustic Noise Effect from Class Il MLCC Vibration (Herb Te-Jen Ma, Electronic
Design, Feb. 26, 2021),
https://www.electronicdesign.com/technologies/analog/article/21154968/samsung-reduce-the-
acoustic-noise-effect-from-class-ii-mlcc-vibration

M. Zhao. How to Reduce Acoustic Noise of MLCCs in Power Applications (2016),
https://www.ti.com/lit/pdf/ssztb09

K5-02: PIEZOELECTRIC CRYSTAL - AUDIBLE (umd.edu, 27 June 2014),
https://lecdem.physics.umd.edu/k/k5/k5-02.html

Why does acoustic noise occur in ceramic capacitors, and does this have any effect on
reliability? (murata.com), https://www.murata.com/en-
global/support/fags/capacitor/ceramiccapacitor/char/0020

Guide on Various Solutions Offered by MLCCs with Dipped Radial Leads (TDK Corporation,
tdk.com), https://product.tdk.com/en/techlibrary/solutionguide/lead-mlcc_pcb-noise-motor.html
Bad singers: How singing capacitors affect the audio experience in consumer electronics (V.
Palan, K. Shambaugh, polytec.com), https://magazine.polytec.com/en/how-singing-capacitors-
affect-the-audio-experience-in-consumer-electronics




Problem No. 5 “Y-shaped pendulum”

Construct a Bowditch pendulum (a pendulum whose strings form a "Y" shape).
Investigate how the Lissajous patterns generated by the bob depend on the relevant
parameters.




Background reading

Lissajous figures (youtube, GetAClass - Physics, 20.09.2025), https://youtu.be/aTSvwoESDUg
Sand pendulum || Lissajous patterns || science experiment (youtube, RV TUTORIALS,
07.02.2018), https://youtu.be/VIlv7fol2i4

Sand pendulums - Lissajous patterns - part one // Homemade Science with Bruce Yeany
(youtube, Homemade Science with Bruce Yeany, 29.03.2017), https://youtu.be/uPbzhxYTioM
Wikipedia: Harmonograph, https://en.wikipedia.org/wiki/Harmonograph

Wikipedia: Lissajous curve, https://en.wikipedia.org/wiki/Lissajous _curve

A. Radu, I. Grigore, C. Miron, and V. Barna. Excel spreadsheets for the study of Lissajous
figures. Rom. Rep. Phys. 75, 4, 911 (2023), https://doi.org/10.59277/RomRepPhys.2023.75.911
R. Salamon, H. Kaminski, and P. Fritzkowski. Estimation of parameters of various damping
models in planar motion of a pendulum. Meccanica 55, 9, 1655-1677 (2020),
https://doi.org/10.1007/s11012-020-01197-z

Z. Navratil and L. Polacek. Lissajous figures drawn by a Blackburn pendulum on
phosphorescent foil. Phys. Educ. 48, 3, 282-284 (2013), https://doi.org/10.1088/0031-
9120/48/3/F05

R. J. Whitaker. Types of two-dimensional pendulums and their uses in education. Science &
Education 13, 4-5, 401-415 (2004), https://doi.org/10.1023/B:SCED.0000041830.98845.5f
R. J. Whitaker. Harmonographs. |. Pendulum design. Am. J. Phys. 69, 2, 162-173 (2001),
https://doi.org/10.1119/1.1309521

R. J. Whitaker. Harmonographs. Il. Circular design. Am. J. Phys. 69, 2, 174-183 (2001),
https://doi.org/10.1119/1.1309522



Background reading

R. S. Worland and M. J. Moelter. Two-dimensional pendulum experiments using a spark
generator. Phys. Teach. 38, 8, 489-492 (2000), https://doi.org/10.1119/1.1329093

R. W. Mires and R. D. Peters. Motion of a leaky pendulum. Am. J. Phys. 62, 2, 137-139 (1994),
https://doi.org/10.1119/1.17631

T. B. Greenslade Jr. All about Lissajous figures. Phys. Teach. 31, 6, 364-370 (1993),
https://doi.org/10.1119/1.2343802

T. B. Greenslade Jr. 19 centrury textbook illustrations-LI: The Kaleidophone. Phys. Teach. 30, 1,
38-39 (1992), https://doi.org/10.1119/1.2343463

R. J. Whitaker. A note on the Blackburn pendulum. Am. J. Phys. 59, 4, 330-333 (1991),
https://doi.org/10.1119/1.16543

J. Pizzo. The sand pendulum. Phys. Teach. 25, 4, 240-241 (1987),
https://doi.org/10.1119/1.2342235

A. D. Crowell. Motion of the Earth as viewed from the moon and the Y-suspended pendulum.
Am. J. Phys. 49, 5, 452-454 (1981), https://doi.org/10.1119/1.12477

M. M'paboBckuin. CnoxxeHne B3aMMHO NepneHanKynsapHblx konebaHun // KBaHT, Ne2, 23-25
(1979), https://kvant.mccme.ru/1979/02/slozhenie_vzaimno_perpendikuly.htm

E. H. Leonard. Apparatus for teaching physics: A whipped-cream pendulum. Phys. Teach. 4, 2,
84 (1966), https://doi.org/10.1119/1.2350913

R. J. Whitaker. Types of two-dimensional pendulums and their uses in education. In: The
Pendulum: Scientific, Historical, Philosophical and Educational Perspectives (Eds M. R.
Matthews, C. F. Gauld, A. Stinner, Springer 2005), pp. 377-391, https://doi.org/10.1007/1-4020-
3526-8 24



Background reading

= Lissajous Curve (wikibooks.org, 20/08/2014),
https://en.wikibooks.org/wiki/Trigonometry/For_Enthusiasts/Lissajous_Figures

= Z. Navrdtil and L. Polacek. Lissajous figures drawn on phosphorescent foil by Blackburn
pendulum (2013), https://www.ucitseucit.cz/media/3237123/navratil2013If.pdf

= N. K. Rossing. How to make rope mats and rosettes (Resource Centre for Mathematics, Science
and Technology Education at NTNU and The Science Center in Trondheim, 2012),
https://frayedknotarts.com/files/Knotbooks/RopeMatsAndRosettes/RopeMatsAndRosettes.pdf

= N. K. Rossing. The Old Art of Rope Work and Fourier Decomposition (2012),
https://archive.bridgesmathart.org/2012/bridges2012-315.pdf

= Lissajous Figures and the Bowditch Pendulum (S. R. Wilk, MIT Wiki Service, Aug 21, 2009),
https://wikis.mit.edu/confluence/display/RELATE/Lissajous+Figures+and+the+Bowditch+Pendu
lum

= How to Make a Three-Pendulum Rotary Harmonograph (Karl Sims, karlsims.com, 2009),
http://www.karlsims.com/harmonograph/index.html

= Zany Mechanical Devices That Draw the Figures Knows As Harmonograms (C. L. Stong, May,
1965), https://optica.machorro.net/Optica/SciAm/Harmograms/1965-05-body.html

= Make Lissajous patterns with DIY sand pendulums or light (thekidshouldseethis.com),
http://thekidshouldseethis.com/post/make-lissajous-patterns-with-diy-sand-pendulums

= 3A80.10 - Sand Pendulum (uiowa.edu), https://instructional-
resources.physics.uiowa.edu/3a8010-sand-pendulum




Background reading

= Harmonograph (Madison Harris, ucsc.edu),
https://ucscphysicsdemo.sites.ucsc.edu/harmonograph/

= Harmonograph (Lissajous figures) (Rafael Losada Liste, geogebra.org),
https://www.geogebra.org/m/fsrkk47p

= Lissajous Curves Animator (novasolver.jp), https://novasolver.jp/en/tools/lissajous-curves.html

= Lissajous Curve (Eric W. Weisstein, mathworld.wolfram.com),
https://mathworld.wolfram.com/LissajousCurve.htm|




Problem No. 6 “Seeing sound”

A thin rubber membrane is stretched over a circular frame and driven into vibration by
a loudspeaker. A small mirror is attached to the membrane, and a laser beam is
reflected off it onto a distant screen. Under certain conditions, the laser spot traces out
complex, steady, or evolving geometric patterns. Investigate the relationship between
the driving parameters, the membrane’s properties, and the resulting light patterns.



Background reading

8 CRAZY experiments with SOUND! (youtube, Go Experimental, 25.04.2020),
https://youtu.be/rYrdiQckGhw

Turn Your Notes into Geometric Art [LASER CYMATICS] (youtube, Signals Music Studio,
09.03.2018), https://youtu.be/tnzbHtYYLVO

Laser + mirror + sound (youtube, Steve Mould, 28.09.2017), https://youtu.be/C-V1uXeyGmg
Sound Visualizer & Chladni Patterns Formed on a Plastic Bucket // Homemade Science with

Bruce Yeany (youtube, Homemade Science with Bruce Yeany, 29.04.2017),
https://youtu.be/eskZ300RfYM

Sand, light pendulums-Lissajous patterns-part two // Homemade Science with Bruce Yeany
(youtube, Homemade Science with Bruce Yeany, 09.04.2017), https://youtu.be/7RHanplXjsc
KonebaHunsa ®durypsl Jinccaxxy Ha nasepe (youtube, CoBeTckas Hayka 1 TexHuka, 20.08.2016),
https://youtu.be/EAXgW)soNB4

Visualize lissajous patterns with a pocket laser and your own voice - Science Snacks activity
(youtube, Exploratorium Teacher Institute, 10.04.2015), https://youtu.be/NBxUKzOHFFO

durypsbl JInccaxy € NOMOLLbIO Jla3epa 1 3ByKa - HalLKW Jiyyline usmyeckne onbiTol. (rutube,
PEMOHTHbIN MacTep-repon-soniebHuk, 18.06.2026),
https://rutube.ru/video/d71ca2alcbl0f7b806a759d66e34400¢/

Wikipedia: Lissajous curve, https://en.wikipedia.org/wiki/Lissajous_curve

Wikipedia: Vibrations of a circular membrane,
https://en.wikipedia.org/wiki/Vibrations_of a circular membrane



Background reading

L. Polacek, J. Jurmanova, and Z. Navratil. Laser galvo mirrors: Perfect instrument for the
demonstration of Lissajous figures. Phys. Educ. 54, 5, 055002 (2019),
https://doi.org/10.1088/1361-6552/ab248f

J. Quereda, M. Ramon, B. Silva, J. J. Hinarejos, J. G. Rodrigo, and D. Farias. Calibrating the
frequency of tuning forks by means of Lissajous figures. Am. J. Phys. 79, 5, 517-520 (2011),
https://doi.org/10.1119/1.3546095

K. Bellof. Mini-laser spirograph. Phys. Teach. 42, 8, 504-505 (2004),
https://doi.org/10.1119/1.1814329

C. Chiaverina. A laser spirograph for under $3 (laser not included). Phys. Teach. 28, 9, 606
(1990), https://doi.org/10.1119/1.2343177

J. M. D'Mura. Three-dimensional Lissajous figures. Phys. Teach. 27, 2, 98-101 (1989),
https://doi.org/10.1119/1.2342678

D. ). Ballegeer, J. E. Drumheller, L .D. Kirkpatrick, and M. Rugheimer. Apparatus for teaching
physics: A laser spirograph. Phys. Teach. 20, 6, 415-418 (1982),
https://doi.org/10.1119/1.2341094

H. A. Cunaesa. ®urypsbl JiInccaxy // KsaHT, Ne7, 23-28 (1972),
https://kvant.mccme.ru/1972/07/figury_lissazhu.htm

KoMmnnekT ans cbopku na3epHoro Bu3yann3atopa 3BYKOBbIX KonebaHUM “13 Wwuwek 1 nanok”
(wordchild, mysku.club, 30 mapTa 2026), https://mysku.club/blog/aliexpress/106331.html
B. MupoHoB. JlazepHas Busyanusaums 3syka (2023),
https://amun.pd/files/works/922 13765.pdf



Background reading

= Hay4Ho-uccneposatenbckas pabota "®urypsl Jinccaxy" (KpynHos B.E., 1september.ru,
26.05.2023), https://urok.1sept.ru/publication/198316

= Laser+Speaker Lissajous Proof of Concept (New Screwdriver, 2018-12-19),
https://newscrewdriver.com/2018/12/19/laserspeaker-lissajous-proof-of-concept/

= S. Errede. Vibrations of Ideal Circular Membranes (e.g. Drums) and Circular Plates (Steven
Errede, physics.illinois.edu, 2017),
https://courses.physics.illinois.edu/phys406/sp2017/Lecture_Notes/P406POM Lecture Notes/P4
06POM _Lect4 Part2.pdf

= G1-74: LISSAJOUS FIGURES - LASER AND LOUDSPEAKER (physics.umd.edu, 17/06/2014),
https://lecdem.physics.umd.edu/g/g1/g1-74.html

= N. Merlemis, G. Mitsou, E. Drakaki and I. Sianoudis. Educational experimental setup based on
laser beam scanners (2014), https://ojs.dpg-physik.de/index.php/phydid-
b/article/download/541/690

= laser-vibration-mapping (fercholll, github.com), https://github.com/ferchol11/laser-vibration-
mapping

= Vocal Visualizer: Use your voice to transform laser light into dazzling patterns
(exploratorium.edu), https://www.exploratorium.edu/snacks/vocal-visualizer

= Mirror on a Membrane (Nick McCabe, UCSC Physics Demonstration Room),
https://ucscphysicsdemo.sites.ucsc.edu/physics-5b6b-demos/mirror-on-a-membrane/




Background reading

= Lissajous Figures (Nick McCabe, ucscphysicsdemo),
https://ucscphysicsdemo.wordpress.com/physics-5b6b-demos/oscillations-and-waves/lissajous-
figures/

= Lissajous figures with laser and two signal generators. (berkeleyphysicsdemos.net),
https://berkeleyphysicsdemos.net/node/148

= Laser creating weird patterns on screen when reflected from a vibrating membrane (Yuzuriha
Inori, physics.stackexchange.com, 01/18/2019),
https://physics.stackexchange.com/questions/455155/laser-creating-weird-patterns-on-screen-
when-reflected-from-a-vibrating-membrane

= Lissajous (creativemachines.com), https://www.creativemachines.com/lissajous

= Vibrational Mode Shapes of a Circular Membrane (Dan Russell, Penn State),
https://www.acs.psu.edu/drussell/demos/membranecircle/circle.html




Problem No. 7 “Sinking funnel”

When a long-stemmed and sufficiently heavy funnel is released vertically into water
with the stem pointing downward, it undergoes a series of damped vertical oscillations
while gradually sinking. Investigate the motion and stability of the sinking funnel and

the conditions under which the funnel tips over.




Background reading

= Reproduction of Dancing Funnel (youtube, Alex Mirkin, 26.06.2026),
https://youtube.com/shorts/oWBBG1vxZG4

= Reproduction of Dancing Funnel with additional weight (youtube, Alex Mirkin, 26.06.2026),
https://youtube.com/shorts/b62XwNUpvfg

= Saxon Bowl IEM ;% (youtube, 235 , 13.04.2020), https://youtube.com/shorts/AqK3Hf50FT4

= International Young Physicists : saxon bowl (youtube, WASUTHA Janonsoong, 28.02.2020),
https://youtu.be/xXWTSqlyVf50

= CaKcoHCKas Yalwa na nimepeHus spemenn (youtube, GetAClass - dunsnka B onbiTax u
akcnepumeHTax, 05.03.2020), https://youtu.be/eaMWud4OUtMw

= IYPT 2020 Problem 6 Saxon Bowl Demonstration (youtube, Canadian Young Physicists’
Tournament, 08.09.2019), https://youtu.be/rrlr9ylmb M

=  Wikipedia: Metacentric height, https://en.wikipedia.org/wiki/Metacentric_height

=  Wikipedia: Ship stability, https://en.wikipedia.org/wiki/Ship_stability

=  Wikipedia: Added mass, https://en.wikipedia.org/wiki/Added mass

=  Wikipedia: Torricelli's law, https://en.wikipedia.org/wiki/Torricelli%27s law

= Wikipedia: Boyle's law, https://en.wikipedia.org/wiki/Boyle%27s law

=  Wikipedia: Pascal's law, https://en.wikipedia.org/wiki/Pascal%27s law

=  Wikipedia: Damped harmonic motion, https://en.wikipedia.org/wiki/Damped_harmonic_motion
=  Wikipedia: Archimedes' principle, https://en.wikipedia.org/wiki/Archimedes%27 principle

=  Wikipedia: Buoyancy, https://en.wikipedia.org/wiki/Buoyancy




Background reading

J. Otto and C. E Mungan. Flow of water out of a funnel. Eur. J. Phys. 45, 5, 055007 (2024),
https://doi.org/10.1088/1361-6404/ad7107,
https://www.usna.edu/Users/physics/mungan/_files/documents/Publications/EJP37.pdf

B. Voisin. Buoyancy oscillations. J. Fluid Mech. 984, A29 (2024),
https://doi.org/10.1017/jfm.2024.179

M. Carpineti, I. Spongano, F. Croccolo, and A. Vailati. A Cartesian diver to study oscillations and
internal gravity waves in a stratified fluid. Eur. J. Phys. 45, 4, 045803 (2024),
https://doi.org/10.1088/1361-6404/ad57a2

S. Jaikumar and L. Yang. Theoretical and experimental study of motion and sinking time of
Saxon bowls. Eur. J. Phys. 43, 2, 024001 (2022), https://doi.org/10.1088/1361-6404/ac4bba

R. P. Smith and E. H. Matlis. Gravity-driven fluid oscillations in a drinking straw. Am. J. Phys. 87,
6, 433-435 (2019), https://doi.org/10.1119/1.5095945

J. Marston, G. Toyofuku, C. Li, T. Truscott, and J. Uddin. Drainage, rebound and oscillation of a
meniscus in a tube. Phys. Fluids 30, 8, 082103 (2018), https://doi.org/10.1063/1.5038662

H. E. Schulz and D. Z. Zhu. Oscillations of water levels in vertical semi-immersed tubes:
Analytical solutions and experimental verification. J. Appl. Fluid Mech. 10, 6, 1515-1525 (2017),
https://doi.org/10.29252/jafm.73.245.27652

P. Weidman and I. Kliakhandler. Gravitational oscillations of a capped liquid-air column. Phys.
Fluids 26, 4, 047101 (2014), https://doi.org/10.1063/1.4870761

J. GUémez, C. Fiolhais, and M. Fiolhais. The Cartesian diver and the fold catastrophe. Am. J.
Phys. 70, 7, 710-714 (2002), https://doi.org/10.1119/1.1477433



Background reading

= A. Greer and E. Kincanon. An experiment with Saxon bowls. Phys. Teach. 38, 2, 112 (2000),
https://doi.org/10.1119/1.880442

= Saxon Bowl IYPT 2020 - analytical solution from ilinblog (CakcoHckas mucka) (lvan llin, 25-07-
2019), https://web.archive.org/web/20191002171303/http://ilinblog.ru/article.php?id_article=58

= What physics equation can be used to describe the saxon bowl experiment?
(physics.stackexchange.com, Jul 11, 2018),
https://physics.stackexchange.com/questions/416112/what-physics-equation-can-be-used-
todescribe-the-saxon-bowl-experiment

= How is Bernoulli's equation related to saxon bowls? (odysseyinheights, physicsforums.com, Mar
18, 2016), https://www.physicsforums.com/threads/how-is-bernoullis-equation-related-tosaxon-
bowls.862660/

= Determination of Metacentric Height (Richard Fitzpatrick, 2016-03-31),
https://farside.ph.utexas.edu/teaching/336L/Fluidhtml/node30.html

= Free surface effect (wartsila.com), https://www.wartsila.com/encyclopedia/term/free-surface-
effect

= Righting arm GZ (wartsila.com), https://www.wartsila.com/encyclopedia/term/righting-arm

=  Stability (usna.edu),
https://www.usna.edu/NAOE/ files/documents/Courses/EN400/02.04%20Chapter%204.pdf

= Buoyancy (R Nave, hyperphysics.phy-astr.gsu.edu), http://hyperphysics.phy-
astr.gsu.edu/hbase/pbuoy.html




Background reading

= Pascal's Principle (R Nave, hyperphysics.phy-astr.gsu.edu), http://hyperphysics.phy-
astr.gsu.edu/hbase/pasc.html

=  Water flow Il - Saxon Bowls (Richard Walding, seniorphysics.com),
http://seniorphysics.com/physics/se.html




Problem No. 8 “Upward-driven disc”

A circular disc is suspended from the point where it is sandwiched between two
wheels, making it free to oscillate as a pendulum. One of the wheels is driven by a
motor and thus exerts an upward driving force on the disc. Investigate the motion of

the disc.



Background reading

K. T. McDonald. A driven disk with chaotic motion. Am. J. Phys. 94, 6, 486-488 (2026),
https://doi.org/10.1119/5.0317722

L. Maas. The upward-driven disk, a steadily forced chaotic pendulum. Am. J. Phys. 93, 8, 620-
632 (2025), https://doi.org/10.1119/5.0147893, arXiv:2505.17957 [physics.class-ph]

G. Litak, M. Borowiec, and K. Dabek. The transition to chaos of pendulum systems. Appl. Sci.
12,17, 8876 (2022), https://doi.org/10.3390/appl2178876

V. P. Kruglov, S. P. Kuznetsov, and Y. V. Sedova. Mechanical systems with hyperbolic chaotic
attractors based on Froude pendulums (2019), arXiv:1909.01155 [nlin.CD]

T. Piatkowski and M. Wolski. Analysis of selected friction properties with the Froude pendulum
as an example. Mech. Mach. Theory 119, 37-50 (2018),
https://doi.org/10.1016/j.mechmachtheory.2017.08.016

Z. Li, H. Ouyang, and Z. Guan. Friction-induced vibration of an elastic disc and a moving slider
with separation and reattachment. Nonlinear Dyn. 87, 2, 1045-1067 (2017),
https://doi.org/10.1007/s11071-016-3097-2

A. Tongen, R. J. Thelwell, and D. Becerra-Alonso. Reinventing the wheel: The chaotic
sandwheel. Am. J. Phys. 81, 2, 127-133 (2013), https://doi.org/10.1119/1.4768893

M. Denny. Stick-slip motion: An important example of self-excited oscillation. Eur. J. Phys. 25,
2, 311-322 (2004), https://doi.org/10.1088/0143-0807/25/2/018

G. van der Schrier and L. R. M. Maas. The diffusionless Lorenz equations: Shilnikov bifurcations
and reduction to an explicit map. Physica D 141, 1-2, 19-36 (2000),
https://doi.org/10.1016/50167-2789(00)00033-6



Background reading

G. Litak, G. Spuz-Szpos, K. Szabelski, and J. Warminski. Vibration of externally-forced Froude
pendulum. Int. J. Bifurcat. Chaos 9, 3, 561-570 (1999),
https://web.archive.org/web/20110428135801/http://litak.pollub.pl/litak_ijbc1999 561.pdf
R. B. Levien and S. M. Tan. Double pendulum, an experiment in chaos. Am. J. Phys. 61, 11,
1038-1044 (1993), https://doi.org/10.1119/1.17335

B. Duchesne, C. W. Fischer, C. G. Gray, and K. R. Jeffrey. Chaos in the motion of an inverted
pendulum: An undergraduate laboratory experiment. Am. J. Phys. 59, 11, 987-992 (1991),
https://doi.org/10.1119/1.16657

Supplementary Material (Leo Maas, figshare, 23/07/2025),
https://figshare.com/articles/media/Supplementary Material/29119823




Problem No. 9 “Photographic bokeh”

Bokeh is an effect observed in photographs that show objects at different distances
from the camera and have both sharp and out-of-focus areas. If a slit is placed in front
of the lens of the camera, the image may have unusual anisotropic distortions in out-
of-focus areas, while in-focus areas remain undistorted and sharp. Investigate how the
properties and sharpness of resulting images depend on relevant parameters.



Background reading

Focus is Overrated (youtube, Boris FX, 21.05.2026), https://youtu.be/rn-geN2)pw4

| Built a Spinning Camera Filter and This Happened! (youtube, Lensevision, 09.11.2025),
https://www.youtube.com/shorts/hgjK57kYGks

Video Game & Complex Bokeh Blurs - Computerphile (youtube, Computerphile, 13.02.2019),
https://youtu.be/vNG3ZAd8wCc

Wikipedia: Bokeh, https://en.wikipedia.org/wiki/Bokeh

Wikipedia: Waterhouse stop, https://en.wikipedia.org/wiki/Waterhouse stop

Wikipedia: Circle of confusion, https://en.wikipedia.org/wiki/Circle_of confusion

Wikipedia: Depth of field, https://en.wikipedia.org/wiki/Depth_of field

Wikipedia: Thin lens, https://en.wikipedia.org/wiki/Thin_lens

T. Seizinger, F. Vasluianu, M. V. Conde, Z. Wu, and R. Timofte. Bokehlicious: Photorealistic Bokeh

rendering with controllable apertures. 2025 IEEE/CVF International Conf. on Computer Vision
(ICCV) 8908-8917 (2025), https://doi.org/10.1109/ICCV51701.2025.00833

A. Fortes, T. Wei, S. Zhou, and X. Pan. Bokeh diffusion: Defocus blur control in text-to-image
diffusion models. SA Conf. Papers '25: Proceedings of the SIGGRAPH Asia 2025 Conf. Papers
160, 1-11 (2025), https://doi.org/10.1145/3757377.3763906, arXiv:2503.08434 [cs.GR]

A. Ignatov, J. Patel, and R. Timofte. Rendering natural camera bokeh effect with deep learning
(2020), arXiv:2006.05698 [cs.CV]

Y. Wang, J. Yang, Y. Guo, C. Xiao, and W. An. Selective light field refocusing for camera arrays
using bokeh rendering and superresolution. IEEE Signal Processing Lett. 26, 1, 204-208 (2019),
https://doi.org/10.1109/LSP.2018.2885213, arXiv:2108.03918 [eess.IV]



Background reading

= A/ N. K. Reddy and D. K. Sagar. Defocused point spread function of asymmetrically apodized
optical imaging systems with slit apertures. J. Biomed. Photonics Eng. 2, 3, 030302 (2016),
https://doi.org/10.18287/)BPE16.02.030302

= T. McGraw. Fast bokeh effects using low-rank linear filters. Vis. Comput. 31, 5, 601-611 (2015),
https://doi.org/10.1007/s00371-014-0986-6

= L. McIntosh, B. E. Riecke, and S. DiPaola. Efficiently simulating the bokeh of polygonal
apertures in a post-process depth of field shader. Comput. Graph. Forum 31, 6, 1810-1822
(2012), https://doi.org/10.1111/j.1467-8659.2012.02097 .,
https://web.archive.org/web/20140602171407/https://ivizlab.sfu.ca/media/DiPaolaMcintoshRiec
ke2012.pdf

= C. Zhou and S. Nayar. What are good apertures for defocus deblurring? 2009 IEEE International
Conf. on Computational Photography (ICCP) 1-8 (2009),
https://doi.org/10.1109/iccphot.2009.5559018

= C.-K. Liang, T.-H. Lin, B.-Y. Wong, C. Liu, and H. H. Chen. Programmable aperture photography.
ACM Trans. Graph. 27, 3, 1-10 (2008), https://doi.org/10.1145/1360612.1360654

= A. Levin, R. Fergus, F. Durand, and W. T. Freeman. Image and depth from a conventional camera
with a coded aperture. ACM Trans. Graph. 26, 3, 70 (2007),
https://doi.org/10.1145/1239451.1239521,
https://groups.csail.mit.edu/graphics/CodedAperture/CodedAperture-LevinEtAl-SIGGRAPHO7.pdf

= Cool practical effect done in-camera (H_G_Bells, reddit.com, Nov 12, 2025),
https://www.reddit.com/r/ScienceNcoolThings/comments/loutx4u/cool_practical effect done_in
camera/




Background reading

= Experimental aperture creating wild in-camera bokeh effects (older_dutch, reddit.com, Jul 13,
2023),
https://www.reddit.com/r/SonyAlpha/comments/14ygk8w/experimental aperture creating wild_
incamera/

= Y. G. Le. Deconvolution (graphics.cs.cmu.edu, 2017), http://graphics.cs.cmu.edu/courses/15-
463/2017 fall/lectures/lecturel?7.pdf

= What size hole do | use to make differently shaped bokeh? (user4192,
photo.stackexchange.com, 03/07/2011),

https://photo.stackexchange.com/questions/9549/what-size-hole-do-i-use-to-make-differently-
shaped-bokeh

= Cat's Eye Lens Experiment -- results (sarah_fox, Photo.net, June 15, 2008),
https://www.photo.net/forums/topic/319375-cats-eye-lens-experiment-results/
= Image and Depth from a Conventional Camera with a Coded Aperture (Anat Levin, Rob Fergus,

Fredo Durand, Bill Freeman, csail.mit.edu, 2007),
https://groups.csail.mit.edu/graphics/CodedAperture/

= The Waterhouse Stops here! (Jon Tarrant, PHOTON, June 1995),
https://www.iconpublications.com/photon/june95/waterhouse.html




Problem No. 10 “Air vortex”

Place a small rod-shaped magnet on the bottom of a vessel filled with liquid and set it
into rotation using a magnetic stirrer. Above a certain rotation speed, a thin air channel
forms, extending from the liquid surface down to the rotating magnet itself. Investigate

and explain this phenomenon.




Background reading

Buxpb B MarHuTHom Mewwaske (youtube, GetAClass - Physics in experiments, 13.01.2026),
https://youtu.be/v16xvcW-Law

Hotplate and Magnetic Stirrer - Lab Instructions and Experiment Lesson (youtube, Teacher in
Sweatpants, 29.12.2025), https://youtu.be/vCIS9gHNXxIs

DIY a Water Vortex with Magnets | Magnetic Games (youtube, Magnetic Games, 27.06.2020),
https://youtu.be/5fsiA8UY8Q4

Build A Magnetic Stirrer (Vortex Mixer) (youtube, TechBuilder, 15.03.2020),
https://youtu.be/IWL6NnbpGFNA

Vortex in a magnetic stirrer (youtube, GetAClass - Physics in experiments, 31.10.2019),
https://youtu.be/wPGHx08LX64

magnetic stirrer test, review, and demonstration INTLLAB 3000 rpm, MS-500 (youtube,
Frederick Dunn, 08.11.2017), https://youtu.be/fzzV75aMM1c

Wikipedia: Vortex, https://en.wikipedia.org/wiki/Vortex

Wikipedia: Whirlpool, https://en.wikipedia.org/wiki/Whirlpool

Wikipedia: Magnetic stirrer, https://en.wikipedia.org/wiki/Magnetic_stirrer

L. P. Honts, Y. Zhu, and D. B. Quinn. Free surface vortex dynamics during water-to-air

amphibious rotor transitions. J. Fluid Mech. 1022, A18 (2025),
https://doi.org/10.1017/jfm.2025.10778

L. Kahouadji, F. Liang, J. P. Valdes, S. Shin, J. Chergui, D. Juric, R. V. Craster, and O. K. Matar.
The transition to aeration in turbulent two-phase mixing in stirred vessels. Flow 2, E30 (2022),
https://doi.org/10.1017/fl0.2022.24



Background reading

D. Kim and D. Kim. Free-surface vortex formation and aeration by a submerged rotating disk.
Chem. Eng. Sci. 243, 116787 (2021), https://doi.org/10.1016/j.ces.2021.116787

E. Saikali, G. Bois, M. G. Rodio, U. Bieder, A. Burlot, and M. Bertrand. Validation of the
hydrodynamics in a turbulent un-baffled vortex reactor at two different stirring Reynolds
numbers. Nucl. Eng. Des. 384, 111450 (2021),
https://doi.org/10.1016/j.nucengdes.2021.111450

T. Yamamoto, Y. Fang, and S. V. Komarov. Surface vortex formation and free surface deformation
in an unbaffled vessel stirred by on-axis and eccentric impellers. Chem. Eng. J. 367, 25-36
(2019), https://doi.org/10.1016/.cej.2019.02.130

N. Bhatt, N. Kerimoglu, M. Amrhein, W. Marquardt, and D. Bonvin. Incremental identification of
reaction systems—A comparison between rate-based and extent-based approaches. Chem.
Eng. Sci. 83, 24-38 (2012), https://doi.org/10.1016/j.ces.2012.05.040

T. Mahmud, J. N. Haque, K. J. Roberts, D. Rhodes, and D. Wilkinson. Measurements and
modelling of free-surface turbulent flows induced by a magnetic stirrer in an unbaffled stirred
tank reactor. Chem. Eng. Sci. 64, 20, 4197-4209 (2009),
https://doi.org/10.1016/j.ces.2009.06.059

G. Halasz, B. Gylre, I. M. Janosi, K. G. Szabd, and T. Tél. Vortex flow generated by a magnetic
stirrer. Am. J. Phys. 75, 12, 1092-1098 (2007), https://doi.org/10.1119/1.2772287,
arXiv:physics/0702199 [physics.flu-dyn]



Background reading

= Vortex Physics Explained: Bernoulli's Principle & Beaker Resistance (STOKER,
physicsforums.com, Jun 13, 2015), https://www.physicsforums.com/threads/vortex-physics-
explained-bernoullis-principle-beaker-resistance.818952/

= Chemical tornadoes (Steven E. Arnold, Stephen Faulk and Nicholas C. Thomas, RSC Education,
1 November 2009), https://edu.rsc.org/feature/chemical-tornadoes/2020115.article




Problem No. 11 “Sound isolation”

The sound isolation of a room may become breached if the door is not shut properly,
even if the gap is negligibly small. Investigate how the shape and size of a small
opening affect the transmission of sound.




Background reading

= Acoustic Leak Detection in Building Envelopes - Laboratory and Field Tests (Markus Diel (DLR,
DE) (youtube, INIVE, 17.03.2026), https://youtu.be/MCeg08AplhM

= How to Soundproof ANY Door (Budget DIY to Pro - 2025 Edition) (youtube, Soundproof Guide,
27.04.2025), https://youtu.be/2MD8aDfWgck

=  Wikipedia: Sound transmission class, https://en.wikipedia.org/wiki/Sound_transmission class
=  Wikipedia: Sound reduction index, https://en.wikipedia.org/wiki/Sound reduction_index

=  Wikipedia: Soundproofing, https://en.wikipedia.org/wiki/Soundproofing

= Wikipedia: Sound impedance, https://en.wikipedia.org/wiki/Sound_impedance

=  Wikipedia: Diffraction, https://en.wikipedia.org/wiki/Diffraction

= Wikipedia: Waveguide (acoustics), https://en.wikipedia.org/wiki/Waveguide (acoustics)

=  Wikipedia: Helmholtz resonance, https://en.wikipedia.org/wiki/Helmholtz_resonance

= J. Sumaya-Martinez and J. Mulia-Rodriguez. Achieving extraordinary acoustic transmission in a
single slit by boundary impedance engineering (2026), arXiv:2601.00778 [physics.optics]

= J. R. Holley and O. Schnitzer. Extraordinary transmission through a narrow slit (2018),
arXiv:1812.06753 [physics.optics]

= M.-. Kim. In-situ sound insulation performance of interior doors with slit-shaped apertures. ].
Asian Archit. Build. Eng. 11, 1, 205-212 (2012), https://doi.org/10.3130/jaabe.11.205

= |. Poblet-Puig and A. Rodriguez-Ferran. Modal-based prediction of sound transmission through
slits and openings between rooms. J. Sound Vib. 332, 5, 1265-1287 (2013),
https://doi.org/10.1016/j.jsv.2012.09.044




Background reading

|. Pereira, M. Maeder, and S. Merz. Numerical prediction of the transmission loss of leaks in
trimmed panels. Acoustics Australia 38, 3, 140-144 (2010),
https://www.acoustics.asn.au/journal/2010/2010 38 3 Pereira.pdf

T. Asakura, S. Sakamoto, Y. Sakimoto, F. Satoh, and H. Tachibana. Leak transmission
characteristic of slit-shaped apertures and effect of porous type absorption on reducing
propagating sound. Acoust. Sci. Technol. 30, 2, 147-150 (2009),
https://doi.org/10.1250/ast.30.147

M.-J. Kim and J.-H. An. Effect of slit-shaped apertures on sound insulation performance of
building elements. Noise Control Eng. J. 57, 5, 515 (2009), https://doi.org/10.3397/1.3197859

N. Trompette, J.-L. Barbry, F. Sgard, and H. Nelisse. Sound transmission loss of rectangular and
slit-shaped apertures: Experimental results and correlation with a modal model. J. Acoust. Soc.
Am. 125, 1, 31-41 (2009), https://doi.org/10.1121/1.3003084

J. Christensen, L. Martin-Moreno, and F. J. Garcia-Vidal. Theory of resonant acoustic transmission
through subwavelength apertures. Phys. Rev. Lett. 101, 1, 014301 (2008),
https://doi.org/10.1103/PhysRevLett.101.014301

M.-H. Lu, X.-K. Liu, L. Feng, J. Li, C.-P. Huang, Y.-F. Chen, Y.-Y. Zhu, S.-N. Zhu, and N.-B. Ming.
Extraordinary acoustic transmission through a 1D grating with very narrow apertures. Phys.
Rev. Lett. 99, 17, 174301 (2007), https://doi.org/10.1103/PhysRevLett.99.174301

P. J. Shorter and R. S. Langley. On the reciprocity relationship between direct field radiation and
diffuse reverberant loading. J. Acoust. Soc. Am. 117, 1, 85-95 (2005),
https://doi.org/10.1121/1.1810271



Background reading

H.-J. Kang, J.-S. Kim, H.-S. Kim, S.-R. Kim. Influence of sound leaks on in situ sound insulation
performance. Noise Control Eng. J. 49, 3, 113-119 (2001), https://doi.org/10.3397/1.2839646

V. Hongisto. Sound insulation of doors—Part 1: Prediction models for structural and leak
transmission. J. Sound Vib. 230, 1, 133-148 (2000), https://doi.org/10.1006/jsvi.1999.2609

V. Hongisto, J. Keranen, and M. Lindgren. Sound insulation of doors—Part 2: Comparison
between measurement results and predictions. J. Sound Vib. 230, 1, 149-170 (2000),
https://doi.org/10.1006/jsvi.1999.2610

D. J. Oldham and X. Zhao. Measurement of the sound transmission loss of circular and slit-
shaped apertures in rigid walls of finite thickness by intensimetry. J. Sound Vib. 161, 1, 119-135
(1993), https://doi.org/10.1016/0022-460X(93)90359-)

F. P. Mechel. The acoustic sealing of holes and slits in walls. J. Sound Vib. 111, 2, 297-336
(1986), https://doi.org/10.1016/50022-460X(86)80163-8

M. C. Gomperts and T. Kihlman. The sound transmission loss of circular and slit-shaped
apertures in walls. Acta Acustica united with Acustica, 18, 3, 144-150 (1967)

M. C. Gomperts. The sound insulation of circular and slitshaped apertures. Acustica 14, 1-16
(1964)

Acoustic Problems & Solutions for Rehearsal and Practice Spaces (Wenger Corporation, 2000),
https://www.wengercorp.com/Construct/docs/Acoustic%20Problems-Solutions.pdf

Sound Insulation Theory (insul.co.nz),
https://docs.insul.co.nz/v9/SoundinsulationTheory/Airborne-Leaks/



Problem No. 12 “Dotted line trick”

Under certain conditions, when a piece of chalk is dragged across a blackboard, the
resulting trace is not a continuous line but a periodic sequence of dots, even though
the motion is uninterrupted. This can happen with other writing materials and
surfaces. Investigate the physical parameters that govern this phenomenon.




Background reading

Kak HapucoBaTb naeasbHy0 MyHKTUPHYIO ANHUIO MenoM 3a 10 MuHyT (youtube, UcTopum
Kaxabln geHb 89, 02.04.2026), https://www.youtube.com/shorts/0jnKTdxtkK8

Kak HapucoBaTb naeasbHy0 NYHKTUPHYIO INHUIO Menom? (youtube, AnéHa lNMoyveMyuka,
13.03.2025), https://www.youtube.com/shorts/kWJOXpCt60lI

Chalk Trick IPT 2022-2023 (youtube, Piotr Jakuc, 24.01.2023), https://youtu.be/ 2efn5QDzAE
Mano KTo pUcyeT NYHKTUPHLIE JINHUK C TaKOM CKOPOCTbIO Kak s #Shorts (youtube, WORL3D /
Coenan cam, 06.09.2021), https://www.youtube.com/shorts/SBgltamxoyY

HOW TO CHATTER POTTERY: EASY! (youtube, Michelle Wen, 03.10.2020),
https://youtu.be/FBxhkRu9imA

Jlangpxak ¢ MesioM y OOCKK O CTyAeHTOB 1 npenofasaTtenen (youtube, Aleksei Koldunov,
13.06.2019), https://youtu.be/xMFoPqHuUa80

Learn to Draw Dotted Lines on a Chalkboard || Learn Quick (youtube, Mike Boyd, 27.04.2017),
https://youtu.be/hbWeSHbL-rM

Simple Textured Pottery Decoration Techniques : Chattering the Clay (youtube, Ingleton Pottery,
02.12.2015), https://youtu.be/W _P-LOaxcqs

Chalk Board Physics (youtube, ThePhysicsForerunner, 11.03.2013),
https://www.youtube.com/shorts/5vkX9qlLxaEo

Walter Lewin's Dotted Lines Explained! (youtube, Aero B, 26.01.2013),
https://youtu.be/GhawwXcQsUs

How to draw dotted lines like Walter Lewin (youtube, Justin Van Horne, 13.03.2012),
https://youtu.be/RqC7QpNrprg



Background reading

His Hand Doesn't Even Move - Crazy free-handed dotted lines by professor in college on a

chalk board (youtube, ItMustBeCollege, 08.12.2011), https://youtu.be/[78916np-gA

= Wikipedia:
=  Wikipedia:
= Wikipedia:
=  Wikipedia:
= Wikipedia:
=  Wikipedia:
= Wikipedia:
=  Wikipedia:

Stick-slip phenomenon, https://en.wikipedia.org/wiki/Stick-slip_phenomenon
Painlevé paradox, https://en.wikipedia.org/wiki/Painlev%C3%A9 paradox
Friction, https://en.wikipedia.org/wiki/Friction

Dry friction, https://en.wikipedia.org/wiki/Dry friction

Relaxation oscillator, https://en.wikipedia.org/wiki/Relaxation _oscillator
Coulomb friction, https://en.wikipedia.org/wiki/Coulomb _friction

Tribology, https://en.wikipedia.org/wiki/Tribology

Hertzian contact mechanics,

https://en.wikipedia.org/wiki/Hertzian_contact mechanics

E. Sulollari, K. N. van Dalen, and A. Cabboi. Parametric excitation and friction modulation for a

forced 2-DOF system. Nonlinear Dyn. 113, 11, 12793-12816 (2025),
https://doi.org/10.1007/s11071-024-10844-z

J. Gonzalez-Carbajal, D. Garcia-Vallejo, ). Dominguez, and E. Freire. The role of dynamic friction

in the appearance of periodic oscillations in mechanical systems. Nonlinear Dyn. 112, 24,
21587-21603 (2024), https://doi.org/10.1007/s11071-024-10162-4

R. Barsotti, S. Bennati, and G. Migliaccio. Non-linear dynamics of simple elastic systems

undergoing friction-ruled stick-slip motions. CivilEng 5, 2, 420-434 (2024),
https://doi.org/10.3390/civileng5020021




Background reading

D. Tonazzi, M. Passafiume, A. Papangelo, N. Hoffmann, and F. Massi. Numerical and
experimental analysis of the bi-stable state for frictional continuous system. Nonlinear Dyn.
102, 3, 1361-1374 (2020), https://doi.org/10.1007/s11071-020-05983-y

J. W. Sanders. Could chalk hopping be caused by reverse chatter? Proc. ASME 2018 Dynamic
Systems and Control Conference, vol. 3 (Sept 30-Oct 3, 2018), VO03T39A001,
https://doi.org/10.1115/DSCC2018-8906

S. Kapelke, W. Seemann, and H. Hetzler. The effect of longitudinal high-frequency in-plane
vibrations on a 1-DoF friction oscillator with compliant contact. Nonlinear Dyn. 88, 4, 3003-
3015 (2017), https://doi.org/10.1007/s11071-017-3428-y

A. R. Champneys and P. L. Varkonyi. The Painleve paradox in contact mechanics (2016),
arXiv:1601.03545 [physics.class-ph]

Y. Or and E. Rimon. Investigation of Painlevé’s paradox and dynamic jamming during
mechanism sliding motion. Nonlinear Dynamics 67, 1647-1668 (2012),
https://doi.org/10.1007/s11071-011-0094-3

T. Putelat, J. H. Dawes, and J. R. Willis. On the microphysical foundations of rate-and-state
friction. J. Mech. Phys. Solids 59, 5, 1062-1075 (2011),
https://doi.org/10.1016/j.jmps.2011.02.002

A. J. Patitsas. Squeal vibrations, glass sounds, and the stick-slip effect. Can. . Phys. 88, 11,
863-876 (2010), https://doi.org/10.1139/p10-077

K. J. Astrém and C. Canudas de Wit. Revisiting the LuGre friction model. IEEE Control Systems
Mag. 28, 6, 101-114 (2008), https://doi.org/10.1109/MCS.2008.929425



Background reading

C. Wensrich. Slip-stick motion in harmonic oscillator chains subject to Coulomb friction. Tribol.
Int. 39, 6, 490-495 (2006), https://doi.org/10.1016/].triboint.2005.03.004

R. Leine, B. Brogliato, and H. Nijmeijer. Periodic motion and bifurcations induced by the
Painlevé paradox. Eur. J. Mech. A/Solids 21, 5, 869-896 (2002), https://doi.org/10.1016/S0997-
7538%2802%2901231-7

F.-J. EImer. Nonlinear dynamics of dry friction (1997), arXiv:chao-dyn/9707004

M. Wiercigroch. A note on the switch function for the stick-slip phenomenon. J. Sound Vib. 175,
5, 700-704 (1994), https://doi.org/10.1006/jsvi.1994.1559

H. L. Kuntz and R. D. Bruce. Vibration generation in and sound radiation from squealing chalk. J.
Acoust. Soc. Am. 77, S1, S4-54 (1985), https://doi.org/10.1121/1.2022370

J.-C. Gu, J. R. Rice, A. L. Ruina, and S. T. Tse. Slip motion and stability of a single degree of
freedom elastic system with rate and state dependent friction. ). Mech. Phys. Solids 32, 3, 167-
196 (1984), https://doi.org/10.1016/0022-5096(84)90007-3

E. Rabinowicz. Stick and slip. Am. String Teach. 11, 2, 18-20 (1961),
https://doi.org/10.1177/000313136101100212

E. Rabinowicz. Autocorrelation analysis of the sliding process. J. Appl. Phys. 27, 2, 131-135
(1956), https://doi.org/10.1063/1.1722321

E. Rabinowicz. Stick and Slip. Sci. Am. 194, 5 (1956),
https://doi.org/10.1038/scientificamerican0556-109,
https://www.scientificamerican.com/article/stick-and-slip/,
http://www3.geosc.psu.edu/Courses/Geosc508/Rabinowicz1956SciAm.pdf




Background reading

R. Leine, B. Brogliato, and H. Nijmeijer. Periodic motion induced by the Painlevé paradox. In:
Advanced Dynamics and Control of Structures and Machines (eds H. Irschik, K. Schlacher,
Springer, 2004), p.p. 169-194, https://doi.org/10.1007/978-3-7091-2774-2_10

CekpeT nyHKTUpa YonTepa JleBuHa. Tpok ¢ menoM e (rutube, Anekcen KonayHos,
17.01.2026), https://rutube.ru/video/77fe6251f8e605251269661d86eff76b

The Chalk Trick Pre-selection Report (ipt.science, 2024),
https://ipt.science/media/model%20reports/2903.pdf

how to draw dotted lines on chalkboards, mit style (Phi A. ‘21, mit.edu, May 20, 2021),
https://mitadmissions.org/blogs/entry/how-to-draw-dotted-lines-on-chalkboards-mit-style/
How to draw dotted lines on chalkboards, MIT style (ycombinator.com, 2021)
(mitadmissions.org, 2021), https://news.ycombinator.com/item?id=35356052

How to Draw Dotted Chalk Lines (wikihow-fun.com, April 4, 2021), https://www.wikihow-
fun.com/Draw-Dotted-Chalk-Lines

Modelling the movement and jumps of a chalk while drawing a dashed line on a blackboard
(Zorich, physics.stackexchange.com, May 7, 2013),

https://physics.stackexchange.com/questions/63692/modelling-the-movement-and-jumps-of-a-

chalk-while-drawing-a-dashed-line-on-a-bla

How does Walter Lewin draw dotted lines so quickly on a blackboard? (FeDeX LaTeX,
physicsforums.com, Jul 7, 2011), https://www.physicsforums.com/threads/how-does-walter-
lewin-draw-dotted-lines-so-quickly-on-a-blackboard.512520/




Background reading

= What is the pitch of squeaking chalk? (A. Zlokapa, mit.edu),
https://web.archive.org/web/20230328172810/https://www.mit.edu/~azlokapa/questions/chalk.
html

=  Static Friction (R Nave, hyperphysics.phy-astr.gsu.edu), https://hyperphysics.phy-
astr.gsu.edu/hbase/frict2.html




Problem No. 13 “Vortex pendulum”

A pendulum with a vertically oriented cylindrical bob is suspended above a channel of
flowing water. When the bob is partially submerged, the flow may cause the pendulum
to oscillate in a direction perpendicular to the flow. Explain this phenomenon and

determine how it depends on relevant parameters.




Background reading

VIV in waves (youtube, Narakorn Srinil, 17.10.2024),
https://www.youtube.com/shorts/ijsY3Dbu9Tc

Vortex Induced Vibration Based Hydro Turbine (youtube, Sumesh Ghatane, 06.10.2023),
https://www.youtube.com/shorts/PAKInUIWeGY

The wake-induced vibration and vortex-induced vibration of the seal whisker in experiments
(youtube, Xingwen Zheng, 28.10.2022), https://youtu.be/2k-4cZdIRNQ

Vortex-induced vibrations of a cylinder in inelastic shear-thinning and shear-thickening fluids
(youtube, Fluid-Structure Interactions, 11.02.2022), https://youtu.be/a_iloe7h8Kk

Vortex-induced vibrations on a 2D cylinder @ Re = 3000 with OpenFOAM (youtube, Antonio
Martin-Alcantara, 29.11.2020), https://youtu.be/snuN3TQNwFc

Vortex Induced Vibrations demo (youtube, Gabe Weymouth, 15.11.2018),
https://youtu.be/UHF|PmtKgGo

CBCFD 2016 - Vortex induced vibration (VIV) - cylinder (youtube, Engineer Leo, 06.06.2016),
https://youtu.be/w091 IMNhTK

Vortex-induced vibration on cylinder (Re=150) (youtube, Engineer Leo, 17.03.2015),
https://youtu.be/dSkUAZS0gzM

VIV of Rigid Cylinder (youtube, Narakorn Srinil, 30.06.2012), https://youtu.be/nr740LQl-p0

Vortex Shedding in Water (youtube, Harvard Natural Sciences Lecture Demonstrations,
22.06.2012), https://youtu.be/ Hbbkd2d3H8

Wikipedia: Vortex-induced vibration, https://en.wikipedia.org/wiki/Vortex-induced vibration



Background reading

Wikipedia: Karman vortex street,
https://en.wikipedia.org/wiki/K%C3%A1lrm%C3%Aln_vortex_street

Wikipedia: Vortex shedding, https://en.wikipedia.org/wiki/Vortex shedding

Wikipedia: Strouhal number, https://en.wikipedia.org/wiki/Strouhal number

Wikipedia: Added mass, https://en.wikipedia.org/wiki/Added_mass

F. . Huera-Huarte. Energy harvesting from vortex-induced vibrations using a pendulum. J.
Fluids Struct. 140, 104449 (2026), https://doi.org/10.1016/j.jfluidstructs.2025.104449

G. K. Jankee, S. Yadala, E. £say, J. R. Dawson, and N. A. Worth. Scaling and dynamics of vortex
lock-in for circular cylinders in an oscillating flow. J. Fluid Mech. 1002, A37 (2025),
https://doi.org/10.1017/jfm.2024.1122

A. Duranay, A. E. Demirhan, E. Dobrucali, and O. K. Kinaci. Circular cylinders exposed to vortex-
induced vibrations in restricted waters: VIV response from the bottom to the free surface. Appl.
Ocean Res. 154, 104430 (2025), https://doi.org/10.1016/j.apor.2025.104430

T. Gold, K. Reiterer, D. Worf, N. Kaiblinger, A. Khosronejad, H. Habersack, and C. Sindelar.
Dynamics of heavy subaqueous spherical pendulums. J. Fluid Mech. 978, A19 (2024),
https://doi.org/10.1017/jfm.2023.1008

T. Pan, T. Li, C. Li, Z. Yan, Q. Li. Frequency lock-in mechanism in the presence of blockage
effects. Phys. Fluids 36, 7, 077132 (2024), https://doi.org/10.1063/5.0206451

Y. N. Aye and N. Srinil. Experimental observation on chaotic vortex-induced vibration of circular
cylinder in turbulent flow. Proc. ASME 2023 42nd International Conference on Ocean, Offshore
and Arctic Engineering. Volume 8: Ocean Renewable Energy (June 11-16, 2023),
https://doi.org/10.1115/OMAE2023-101301



Background reading

T. Gold, K. Reiterer, D. Worf, A. Khosronejad, H. Habersack, and C. Sindelar. Lagrangian particle
tracking velocimetry investigation of vortex shedding topology for oscillating heavy spherical
pendulums underwater. J. Fluid Mech. 960, A14 (2023), https://doi.org/10.1017/jfm.2023.170

P.-A. Opinel and N. Srinil. Experimental investigation of vortex-induced vibrations of a flexibly
mounted circular cylinder in combined current and wave flows. Proc. ASME 2021 40th
International Conf. on Ocean, Offshore and Arctic Engineering. Volume 8: CFD and FSI (June 21-
30, 2021), https://doi.org/10.1115/O0MAE2021-62931

H. el Sheshtawy, S. Todter, O. el Moctar, J. Neugebauer, and T. E. Schellin. Experimentally
investigated vortex-induced vibration of a high aspect ratio and small mass ratio circular
cylinder oscillating in low reduced velocity flows. Ocean Eng. 238, 109735 (2021),
https://doi.org/10.1016/j.0ceaneng.2021.109735

M. Gu, B. Song, B. Zhang, Z. Mao, and W. Tian. The effects of submergence depth on Vortex-
Induced Vibration (VIV) and energy harvesting of a circular cylinder. Renew. Energy 151, 931-
945 (2020), https://doi.org/10.1016/j.renene.2019.11.086

B. Fu, L. Zou, and D. Wan. Numerical study of vortex-induced vibrations of a flexible cylinder in
an oscillatory flow. J. Fluids Struct. 77, 170-181 (2018),
https://doi.org/10.1016/j.jfluidstructs.2017.12.006

J. Kim, M. Song, and D. Kim. Large-amplitude flow-induced vibration of cylindrical pendulums. J.
Fluids Struct. 79, 39-49 (2018), https://doi.org/10.1016/j.jfluidstructs.2018.01.011

D. Kumar, M. Mittal, and S. Sen. Modification of response and suppression of vortex-shedding in
vortex-induced vibrations of an elliptic cylinder. Int. J. Heat Fluid Flow 71, 406-419 (2018),
https://doi.org/10.1016/.ijheatfluidflow.2018.05.006



Background reading

P. A. Irwin. Vortices and tall buildings: A recipe for resonance. Physics Today 63, 9, 68-69
(2010), https://doi.org/10.1063/1.3490510

A. Placzek, J.-F. Sigrist, and A. Hamdouni. Numerical simulation of an oscillating cylinder in a
cross-flow at low Reynolds number: Forced and free oscillations. Comput. Fluids 38, 1, 80-100
(2009), https://doi.org/10.1016/j.compfluid.2008.01.007

L. Schouveiler, C. Eloy, and P. Le Gal. Flow-induced vibrations of high mass ratio flexible
filaments freely hanging in a flow. Phys. Fluids, 17, 4, 047104 (2005),
https://doi.org/10.1063/1.1878292

C. H. K. Williamson and R. Govardhan. Vortex-induced vibrations. Annu. Rev. Fluid Mech. 36, 1,
413-455 (2004), https://doi.org/10.1146/annurev.fluid.36.050802.122128

R. Govardhan, C. H. K. Williamson. Resonance forever: existence of a critical mass and an
infinite regime of resonance in vortex-induced vibration. J. Fluid Mech. 473, 147-166 (2002),
https://doi.org/10.1017/50022112002002318

U. Fey, M. Konig, and H. Eckelman. A New Strouhal-Reynolds-number relationship for the
circular cylinder in the range 47<Re<2x10°. Phys. Fluids 10, 7, 1547-1549 (1998),
https://doi.org/10.1063/1.869675

C. H. K. Williamson. Vortex dynamics in the cylinder wake. Annu. Rev. Fluid Mech. 28, 477-539
(1996), https://doi.org/10.1146/annurev.f.28.010196.002401

K. Y. Billah and R. H. Scanlan. Resonance, Tacoma Narrows bridge failure, and undergraduate
physics textbooks. Am. J. Phys. 59, 2, 118-124 (1991), https://doi.org/10.1119/1.16590



Background reading

C. Barbi, D. P. Favier, C. A. Maresca, and D. P. Telionis. Vortex shedding and lock-on of a
circular cylinder in oscillatory flow. J. Fluid Mech. 170, 527-544 (1986),
https://doi.org/10.1017/50022112086001003

R. King. Vortex excited structural osilations of a circular cylinder in steady currents. Offshore
Technology Conference (May 5-7, 1974), https://doi.org/10.4043/1948-MS

V. Strouhal. Uber eine besondere Art der Tonerregung. Ann. Phys. 241, 10, 216-251 (1878),
https://doi.org/10.1002/andp.18782411005

What causes the oscillation in vortex shedding? (Wyatt, physics.stackexchange.com, May 28,
2025), https://physics.stackexchange.com/questions/852624/what-causes-the-oscillation-in-
vortex-shedding

How do the vortices in vortex-induced vibrations (VIV) form? (Jacob Bunzel,
physics.stackexchange.com, Nov 20, 2019),
https://physics.stackexchange.com/questions/514979/how-do-the-vortices-in-vortex-induced-
vibrations-viv-form

Frequency of Vortex Shedding (Emitabsorb, physics.stackexchange.com, Jul 3, 2017),
https://physics.stackexchange.com/questions/31732/frequency-of-vortex-shedding
Strouhal Number & Vortex Shedding Simulator (novasolver.jp),
https://novasolver.jp/en/tools/strouhal-vortex-shedding.html

Vortex Shedding Frequency Calculator (Strouhal Number) | Hz from Velocity & Diameter (J)
Ben-Joseph, agentcalc.com), https://agentcalc.com/vortex-shedding-frequency-calculator




Background reading

= What is Karman vortex street, and where is it observed? (howengineeringworks.com),
https://www.howengineeringworks.com/questions/what-is-karman-vortex-street-and-where-is-it-
observed/

= Vortex Shedding in Water (Harvard Natural Sciences Lecture Demonstrations),
https://sciencedemonstrations.fas.harvard.edu/presentations/vortex-shedding




Problem No. 14 “Non-Newtonian worms”

If a dilatant non-Newtonian fluid (e.g. a suspension of water and cornflour) is vibrated
vertically in a reservoir. When certain conditions are met, wormlike structures that rise

from the surface may form. Explain and investigate this phenomenon.




Background reading

HeHbOTOHOBCKas XMUAKOCTb nutoc KonoHka (youtube, Viviannru, 06.09.2021),
https://www.youtube.com/shorts/jxjd_vaoVFA

HeHbIOTOHOBCKaA XNAKOCTb NoA Bo3aenctemem subpaunn (youtube, Chemistry Lab,
26.11.2020), https://www.youtube.com/shorts/zfGGGUHGDBQ

HeHblOTOHOBCKasA XXnakocTb B MowwHon KonoHke (youtube, Tumyp CnpgensHukos, 12.01.2020),
https://youtu.be/FHUQeX0zad4

EXnepuMeHTbl. HEHBIOTOHOBCKAsA XUAKOCTb Ha AnHaMuke (youtube, digitopMod, 24.11.2017),
https://youtu.be/amumPxZ9eA0

HeHbIOTOHOBCKas XNAKOCTb Ha ANHaMuke (youtube, ropbiHbiy, 01.11.2016),
https://youtu.be/D6QhgS4cd7g

How oobleck works: The mystery of shear-thickening cornstarch solutions (youtube, Cornell
University, 15.12.2015), https://youtu.be/vMTo5e4B3mE

HeHbIOTOHOBCKAsA XNAKOCTb, NOMeLLeHHas Ha guHamuk (youtube, Denis Perevalov,
11.02.2015), https://youtu.be/k80yRyW09 U

Non-Newtonian Fluid in Slow Motion - The Slow Mo Guys (youtube, The Slow Mo Guys,
06.11.2014), https://youtu.be/RkLn2gR7SyE

HeHbIOTOHOBCKAsA XNAKOCTb Ha AnHamuke. Cynep gurypsl ))) (youtube, Hay4Hoe wwoy
npodeccopa Hukons, 25.06.2013), https://youtu.be/LnCTD-cE7NQ

Non-Newtonian Fluid on a Speaker Cone (youtube, Ben Howard, 26.11.2008),
https://youtu.be/3zoTKXXNQIU

Wikipedia: Non-Newtonian fluid, https://en.wikipedia.org/wiki/Non-Newtonian_ fluid



Background reading

Wikipedia: Dilatant, https://en.wikipedia.org/wiki/Dilatant

Wikipedia: Shear thickening, https://en.wikipedia.org/wiki/Shear thickening
Wikipedia: Faraday wave, https://en.wikipedia.org/wiki/Faraday wave
Wikipedia: Rheology, https://en.wikipedia.org/wiki/Rheology

Wikipedia: Corn starch, https://en.wikipedia.org/wiki/Corn_starch

M. Kobayashi, T. Sugimoto, R. Ishibashi, and S. Sato. Dynamic behaviors of concentrated
colloidal silica suspensions: Dancing, bouncing, solidifying, and melting under vibration. Liquids
5, 3, 18 (2025), https://doi.org/10.3390/liquids5030018

M. Kobayashi, T. Sugimoto, S. Sato, and R. Ishibashi. Climbing colloidal suspension. Liquids 3,
1, 40-47 (2023), https://doi.org/10.3390/liquids3010004

A. S. Baumgarten and K. Kamrin. A general constitutive model for dense, fine-particle
suspensions validated in many geometries. Proc. Natl. Acad. Sci. U.S.A. 116, 42, 20828-20836
(2019), https://doi.org/10.1073/pnas.1908065116

T. Shinbrot, M. Rutala, A. Montessori, P. Prestininzi, and S. Succi. Paradoxical ratcheting in
cornstarch. Phys. Fluids 27, 10, 103101 (2015), https://doi.org/10.1063/1.4934709

E. Brown and H. M. Jaeger. Shear thickening in concentrated suspensions: Phenomenology,
mechanisms, and relations to jamming. Rep. Prog. Phys. 77, 4, 046602 (2014),
https://doi.org/10.1088/0034-4885/77/4/046602, arXiv:1307.0269 [cond-mat.soft]

S. von Kann, J. H. Snoeijer, and D. van der Meer. Phase diagram of vertically vibrated dense
suspensions. Phys. Fluids 26, 11, 113302 (2014), https://doi.org/10.1063/1.4900855



Background reading

S. von Kann, J. H. Snoeijer, and D. van der Meer. Velocity oscillations and stop-go cycles: The
trajectory of an object settling in a cornstarch suspension. Phys. Rev. E 87, 4, 042301 (2013),
https://doi.org/10.1103/PhysRevE.87.042301

Y. Xu, X. Gong, Y. Sun, S. Xuan, W. Jiang, and Z. Zhang. Evolution of the initial hole in vertically
vibrated shear thickening fluids. Phys. Rev. E 83, 5, 056311 (2011),
https://doi.org/10.1103/physreve.83.056311

H. Ebata and M. Sano. Self-replicating holes in a vertically vibrated dense suspension. Phys.
Rev. Lett. 107, 8, 088301 (2011), https://doi.org/10.1103/physrevlett.107.088301

R. D. Deegan. Stress hysteresis as the cause of persistent holes in particulate suspensions.
Phys. Rev. E 81, 3, 036319 (2010), https://doi.org/10.1103/PhysRevE.81.036319

F. S. Merkt, R. D. Deegan, D. I. Goldman, E. C. Rericha, and H. L. Swinney. Persistent holes in a
fluid. Phys. Rev. Lett. 92, 18, 184501 (2004), https://doi.org/10.1103/PhysRevLett.92.184501,
https://crablab.gatech.edu/pages/publications/pdf/PhysRevLett.92.184501.pdf

M. Riutten. Verallgemeinerte newtonsche Fluide: Thermische und viskose
Stromungseigenschaften (Springer, 2019), https://doi.org/10.1007/978-3-662-56226-0
HeHbloTOHOBCKasA XNAKOCTb (nik-show.ru, 25/07/2022), https://nik-
show.ru/experiments/experience/nenyutonovskaya-zhidkost/

No. 17 "Starch monsters" (Reporter Russia-MG 12, Mark Tsioma, IYNT 2025),
https://ilyam.org/belgrade/solutions/iynt 2015 sf2 17 rumg_rep_tsioma.pdf



Background reading

= BnvaHme 3BYyKOBbIX KoNiebaHMI pa3HbIX YaCTOT Ha HEHbIOTOHOBCKYIO XUAKOCTb - Tombepr
Hatanbs - 10 knacc (Tombepr HaTtanbs, 4 ceHTsabpsa 2013), https://school-
one.ru/nou/sbornik/2012-2013/vlijanie-zvukovyh-kolebanii-raznyh-chastot-na-
nenyutonovskuyu-zhidkost-tomberg-natalja-10-klas/page-2.html

= Cornstarch Monster (Tony Butterfield, che.utah.edu),
https://www.che.utah.edu/teaching_module/cornstarch-monster/




Problem No. 15 “Cold drink”

A can or bottle of drink at room temperature can be cooled in a cooler containing ice.
Adding salt and alcohol to the ice can increase the rate of cooling and affect the
drink's final temperature. Investigate how the relevant parameters affect the lowest
achievable temperature and the maximum cooling rate.




Background reading

Kak 3aMep3aeT aHTUdpun3? (youtube, GetAClass - Physics in experiments, 14.07.2026),
https://youtu.be/6li7W0_ArQO0

3akoHbl Payns (youtube, GetAClass - Physics in experiments, 02.06.2026),
https://youtu.be/6cmqlt96afc

Add salt to cooler ice to get drinks colder faster! #LaborDay #August #gettogether (youtube,
Jeff & Lauren Show, 26.08.2025), https://www.youtube.com/shorts/f QbldPD7gY

Cool a drink with ice and salt! (youtube, Science Sparks, 06.06.2023),
https://www.youtube.com/shorts/UN92T912UL8

How to Cool Your Drinks FAST! | Everyday Awesome (youtube, Museum of Science,
11.05.2023), https://www.youtube.com/shorts/Afjk2BiZV1o

WHY DOES SALT MAKE ICE COLDER? LEARN THIS AMAZING PHENOMINA WITH THE HELP OF A
SIMPLE EXPERIMENT. (youtube, LEARN WITH SHEHARYAR, 15.02.2023),
https://youtu.be/N45HVB6MXxX8

Kak oxnaanTb XMUOKOCTb 3a 5 MUHYT € noMoLublo conu. (youtube, Naeen Ka3zakos,
27.11.2021), https://www.youtube.com/shorts/Z1dxGs56T2E

Salt and Ice Hack # How to Cool Drinks | PART 3 (youtube, Omni Calculator, 19.08.2021),
https://youtu.be/LOncvCP565¢g

Salt “freezer” (youtube, MEL Chemistry, 11.03.2020), https://youtu.be/IITNXXfNm |0

Kak oxnaanTtb NnBKo ¢ nomoulbto Conn n Ykcyca. (youtube, Amutpuin Komnanewd, 12.07.2017),
https://youtu.be/RKmyMdKk-Mk



Background reading

Cynep oxnaxkaeHue Bogbl CONbo 1 NbaoM - Jlandxak nnm Jlandgdgak? (youtube, Lifehack
Busters, 12.02.2016), https://youtu.be/2JajuXPPgi4

Cool Drink in 3 Minutes | #Maker42 (youtube, LudVic, 27.07.2015),
https://youtu.be/ 4M4Gh7I9RE

Wikipedia: Freezing-point depression, https://en.wikipedia.org/wiki/Freezing-point_depression
Wikipedia: Eutectic system, https://en.wikipedia.org/wiki/Eutectic_system

Wikipedia: Newton's law of cooling, https://en.wikipedia.org/wiki/Newton%27s law_of cooling
Wikipedia: Latent heat, https://en.wikipedia.org/wiki/Latent heat

Wikipedia: Colligative properties, https://en.wikipedia.org/wiki/Colligative properties
Wikipedia: Convection (heat transfer), https://en.wikipedia.org/wiki/Convection (heat transfer)
Wikipedia: Heat transfer coefficient, https://en.wikipedia.org/wiki/Heat transfer coefficient

A. J. Goldmann, B. Yavari, and D. P. Sklar. Effect of ice consistency and sodium chloride
additives on cooling speed and final temperature for cold water-ice immersion in heat stroke.
West. |. Emerg. Med. 27, 2, 286-290 (2026), https://doi.org/10.5811/westjem.48490

T. R. Johnson, T. A. Shaffer, L. A. Holland, L. M. Veltri, J. A. Lucas, Y. S. Elshamy, and P. K. Rutto. A
low-cost and simple demonstration of freezing point depression and colligative properties with
common salts and ice cream. J. Chem. Educ. 99, 10, 3590-3594 (2022),
https://doi.org/10.1021/acs.jchemed.2c00626

M. Chen, C. Gu, Z. Yao, F. Chen, H. Zhang, and C. Xiong. Derivation and experimental
verification of colligative equations of dilute strong electrolyte solution. University Chemistry
34,1, 92-97 (2019), https://doi.org/10.3866/PKU.DXHX201804041



Background reading

M. Conde, M. Rovere, and P. Gallo. Molecular dynamics simulations of freezing-point depression
of TIP4P/2005 water in solution with NaCl. J. Mol. Lig. 261, 513-519 (2018),
https://doi.org/10.1016/j.molliq.2018.03.126

P. Cézac, J. Castaing-Lavignottes, J. M. Reneaume, and A. Maunoury. Description of ice slurry
composition and enthalpy calculation from GE models: Application to water-ethanol systems.
Chem. Eng. Commun. 196, 6, 715-728 (2009), https://doi.org/10.1080/00986440802484507

R. T. Bailey and W. L. Elban. Thermal performance of aluminum and glass beer bottles. Heat
Transf. Eng. 29, 7, 643-650 (2008), https://doi.org/10.1080/01457630801922535

R. Lugo, L. Fournaison, J.-M. Chourot, and J. Guilpart. An excess function method to model the
thermophysical properties of one-phase secondary refrigerants. Int. J. Refrig. 25, 7, 916-923
(2002), https://doi.org/10.1016/50140-7007(01)00105-0

K. Takaizumi and T. Wakabayashi. The freezing process in methanol-, ethanol-, and propanol-
water systems as revealed by differential scanning calorimetry. J. Solution Chem. 26, 10, 927-
939 (1997), https://doi.org/10.1007/bf02768051

R. Bodnar. Revised equation and table for determining the freezing point depression of H20-
Nacl solutions. Geochim. Cosmochim. Acta 57, 3, 683-684 (1993),
https://doi.org/10.1016/0016-7037(93)90378-A

G. Perron, D. Joly, J. E. Desnoyers, L. Avédikian, and J.-P. Morel. Thermodynamics of the salting
effect; free energies, enthalpies, entropies, heat capacities, and volumes of the ternary
systems electrolyte-alcohol-water at 25 °C. Can. J. Chem. 56, 4, 552-559 (1978),
https://doi.org/10.1139/v78-089



Background reading

J. E. Desnoyers, M. Billon, S. Leger, G. Perron, and J.-P. Morel. Salting out of alcohols by alkali
halides at the freezing temperature. J. Solution Chem. 5, 10, 681-691 (1976),
https://doi.org/10.1007/BF00643453

What's the most efficient way to cool a drink? (Kristian Solheim Thinn, sintef.com, 19. Dec
2025), https://blog.sintef.com/energy/efficient-way-to-cool-a-drink/

How to Supercool Water (Meredith Juncker, wikihow.com, July 19, 2025),
https://www.wikihow.com/Supercool-Water

Oxnagute HemepneHHo! (ladoga-wine.ru, 30/05/2024),
https://ladogawine.ru/news/blog/okhladite-nemedlenno/#

How to cool a drink with ice and salt (Emma Vanstone, Science Sparks, 04/19/2018),
https://www.science-sparks.com/how-to-cool-a-drink-quickly/

Freezing point depression - cooling my drink with the same method as salt on a highway?
(dearN, physics.stackexchange.com, 12/24/2012),
https://physics.stackexchange.com/questions/47535/freezing-point-depression-cooling-my-
drink-with-the-same-method-as-salt-on-a-h

What's the Fastest Way to Cool a Soda? (Andrew Olson, sciencebuddies.org, 2007),
https://www.sciencebuddies.org/science-fair-projects/project-ideas/Phys_p057/physics/fastest-
way-to-cool-a-soda

Salt “freezer” (melscience.com), https://melscience.com/US-en/articles/salt-freezer/

Cool Drinks in 3 Minutes (Ludvic, instructables.com), https://www.instructables.com/Cool-
Drinks-in-3-Minutes/




Background reading

= Phase Diagram of Salt Water (H. FOll, uni-kiel.de), https://www.tf.uni-
kiel.de/matwis/amat/iss/kap_6/illustr/i6_2_ 2.html

= Getting Salty (aps.org), https://www.aps.org/learning-resources/getting-salty

= 13.9: Freezing Point Depression and Boiling Point Elevation (Marisa Alviar-Agnew & Henry
Agnew, LibreTexts),
https://chem.libretexts.org/Bookshelves/Introductory Chemistry/Introductory Chemistry (LibreT
exts)/13%3A _Solutions/13.09%3A_Freezing Point_Depression_and_Boiling_Point_Elevation




Problem No. 16 “Magnetic carousel”

Several neodymium magnets are attached to a horizontal disc, with adjacent magnets
oriented in opposite directions. A fixed nhon-magnetic plate is placed horizontally above
the disc. When the disc rotates about its vertical axis and a steel ball is placed on the
plate, the ball may move either in the same direction as, or opposite to, the rotation of
the disc. Investigate this phenomenon and determine how the motion depends on

relevant parameters.




Background reading

= MarHuTHasa aHoOMasing IKCNepPUMEHT KOTOPbIN HUKTO He MOXET 00bACHUTL #Shorts Uropb
Beneukun (youtube, ropb beneukun (investigator), 13.05.2025),
https://www.youtube.com/shorts/mBdkqGopKFI

= Kak paboTaeT ructepesncHboin apuratens? (youtube, GetAClass - ®u3mka B onbiTax u
aKkcnepumeHTax, 24.06.2025), https://youtu.be/Yn5Iw2qgkWyY

= How does a hysteresis motor work? (youtube, GetAClass - Physics, 20.06.2026),
https://youtu.be/0svgW6CPGKU

=  Wikipedia: Eddy current, https://en.wikipedia.org/wiki/Eddy_current

=  Wikipedia: Ferromagnetism, https://en.wikipedia.org/wiki/Ferromagnetism

=  Wikipedia: Magnetic hysteresis, https://en.wikipedia.org/wiki/Magnetic_hysteresis

= Wikipedia: Remanence, https://en.wikipedia.org/wiki/Remanence

= Wikipedia: Lenz's law, https://en.wikipedia.org/wiki/Lenz%27s law

=  Wikipedia: Magnetic dipole, https://en.wikipedia.org/wiki/Magnetic_dipole

=  Wikipedia: Neodymium magnet, https://en.wikipedia.org/wiki/Neodymium_magnet

= L. M. Barker, T. . Allen, A. J. Sperry, and J. J. Abbott. Revisiting the far-field model of the force
and torque induced on a conductive nonmagnetic sphere by a rotating magnetic dipole. Sci.
Rep. 15, 1, 18194 (2025), https://doi.org/10.1038/s41598-025-02214-5

= L. N.Pham, G. F. Tabor, A. Pourkand, J. L. B. Aman, T. Hermans, and J. . Abbott. Dexterous
magnetic manipulation of conductive non-magnetic objects. Nature 598, 439-443 (2021),
https://doi.org/10.1038/s41586-021-03966-6




Background reading

J. Farago, T. Charitat, A. Bigot, R. Schotter, and I. Kuli¢. Counterrotation of magnetic beads in
spinning fields. Phys. Rev. E 102, 4, 042201 (2020),
https://doi.org/10.1103/physreve.102.042201, arXiv:2003.10782 [physics.class-ph]

Y. Y. Chau, R.-Y. Zhang, and W. Wen. Reverse rotation of soft ferromagnetic ball in rotating
magnetic field. J. Magn. Magn. Mater. 476, 376-381 (2019),
https://doi.org/10.1016/j.jmmm.2018.12.073

C. Gissinger. Wave-induced motion of magnetic spheres. Europhys. Lett. 112, 5, 50003 (2015),
https://doi.org/10.1209/0295-5075/112/50003, arXiv:1601.01111 [cond-mat.soft],
https://web.archive.org/web/20171010231323/https://www.phys.ens.fr/~gissinger/pdf/Gissinge
r epl2015.pdf

S. Liu, X.Yi, M. Leaper, and N. J. Miles. Horizontal deflection of single particle in a paramagnetic
fluid. Eur. Phys. J. E 37, 6, 47 (2014), https://doi.org/10.1140/epje/i2014-14047-8

S. C. Bhargava. Non-synchronous operation of a hysteresis machine (PhD thesis, Aston Univ.,
1972), https://doi.org/10.48780/publications.aston.ac.uk.00040584

FREE ENERGY George Green’s magnetic ring, Vortex Spin V2 (Magnetic Games, Magnetic
Games, 01/07/2016), https://www.magneticgames.eu/2016/01/07/free-energy-george-greens-
magnetic-ring-vortex-spin-v2/

Magnetic Force (R Nave, hyperphysics.phy-astr.gsu.edu), https://hyperphysics.phy-
astr.gsu.edu/hbase/magnetic/magfor.html




Problem No. 17 “Falling book cover”

A book is placed horizontally, and the partially open cover is allowed to fall. Investigate
the motion of the falling book cover.




Background reading

What Does Sound Look Like? | SKUNK BEAR (youtube, NPR's Skunk Bear, 09.04.2014),
https://youtu.be/px30VGXrdmo

Wikipedia: Added mass, https://en.wikipedia.org/wiki/Added_mass

Wikipedia: Stefan adhesion, https://en.wikipedia.org/wiki/Stefan_adhesion

J. Pantaleone. How the air slows a closing book. Am. J. Phys. 92, 1, 7-13 (2024),
https://doi.org/10.1119/5.0106926

J. Pantaleone. Jet propulsion from a closing book. Eur. J. Phys. 45, 3, 035006 (2024),
https://doi.org/10.1088/1361-6404/ad3ca3
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The ultimate response to all "What for?"-questions:

“1f we knew what we were doing,
it wouldn't be called research!

Albert Einstein




Habits and customs

= Originality and independence of your work is always considered as of a first priority
= Thereis no “correct answer” to any of the IYPT problems

= Having a deep background knowledge about earlier work is a must

= Taking ideas without citing is a serious misconduct

= Critically distinguishing between personal contribution and common knowledge is likely
to be appreciated

= Reading more in a non-native language may be very helpful

= Local libraries and institutions can always help in getting access to paid articles in
journals, books, and databases

= The IYPT is not about reinventing the wheel, or innovating, creating, discovering, and
being able to contrast own work with earlier knowledge and the achievements of
others?

= IsIYPT all about competing, or about developing professional personal standards?




Requirements for a successful IYPT report

Novel research, not a survey or a compilation of known facts
Balance between experimental investigation and theoretical analysis

Comprehensible, logical and interesting presentation, not a detailed description of
everything-you-have-performed-and-thought-about

Clear understanding of the validity of your experiments, and how exactly you analyzed
the obtained data

Clear understanding of what physical model is used, and why it is considered appropriate
Clear understanding of what your theory relies upon, and in what limits it may be applied
Comparison of your theory with your experiments

Clear conclusions and clear answers to the raised questions, especially those in the task
Clear understanding of what is your novel contribution, in comparison to previous studies
Solid knowledge of relevant physics

Proofread nice-looking slides

An unexpected trick, such as a demonstration in situ, will always be a plus



Feynman: to be self-confident?

= “I've very often made mistakes
In my physics by thinking the
theory isn’t as good as it really
IS, thinking that there are lots of
complications that are going to
spoil it

= — an attitude that anything can
happen, in spite of what you're
pretty sure should happen.”

R.P. Feynman. Surely You're Joking, Mr. Feynman (Norton, New York, NY, 1985)



Expediting metadata extraction for the Kit

. Each Kit includes extensive metadata for each reference as plain text
» Human-readable, comprehensible references (not just URL or DOI) to facilitate review and study

= A well-documented reference will remain (more) usable in the future even if an exact URL goes dead

Screen!ng, Acceptllng a Metadata Final Added to
immediate valid

reference o reparation olishin the Kit
rejections reference prep P g

Finding a

A—

Fetching metadata (e.g. publication dates for YouTube videos) is time consuming L=

- —
S

= However it must be done to keep the Kit usable and consistent now and in the remote future

. We acknowledge Sergey Bulykin and Artem Golomolzin for a custom-
designed script that contributes to expedited metadata extraction

. Publication date, title, author etc. is retrieved automatically via API, in
particular from YouTube, CrossRef, Semantic Scholar

. If the information cannot be found via API, a large language model (LLM)
extracts details directly from the contents of the link

. We also acknowledge Anastasiya Litvinova for assistance with retrieving
and preparing images and illustrations for the Kit




Call for cooperation

If you are interested in the idea behind the Kit — to structure the existing knowledge about
the physics behind the problems and to encourage students to contrast their personal
contribution from the existing knowledge — your cooperation is welcome

If more contributors join the work on the Kit for 2027, or plan bringing together the Kit for
2028, good editions may be completed earlier

It would be of benefit for everybody,

Q

students and team leaders, who would have an early reference (providing a first impetus
to the work) and a strong warning that IYPT is all about appropriate, novel research, and
not about “re-inventing the wheel”

jurors, who would have a brief, informal supporting material, possibly making them more
objective about the presentations

the audience outside the IYPT, who benefits from the structured references in e.g. physics
popularization activities and physics teaching

the IYPT, as a community and a center of competence, that may generate original, state-
of-the-art research problems, widely used in other activities and at other events

and also the authors of the Kit, who could rapidly acquire a competence for the future
activities and have a great learning experience



Number of references

Stats on the Kit: Size
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The present Kit for the IYPT 2027 (FDD) has attracted
more references than any prior Kit in 2007...2027
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No. 12 “Wilberforce Pendulum” (IYPT 2021) has
attracted the maximum number of references
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Number of references

Stats on the Kit: Categories
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Wikipedia (est. 2001) and YouTube (est. 2005) proved to be useful Peer-reviewed papers, preprints and
resources that were not available in the 1980s and the 1990s when academic textbooks now constitute

guidelines and practical tips for teams were prepared by Evgeny Yunosov ca. ¥z of all references in the Kit



Stats on the Kit: A glimpse into history

Publication Year of References
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The laws of physics remain invariant as time passes, and one may argue that a good reference might have been
published at any moment in the past. More recent references, i.e. after the 1960s, are inherently more frequent

The earliest reference seems to date back to Benjamin Franklin in 1773—1774 (No. 10 “Calm Surface”, IYPT 2010)

The most recent reference is a GetAClass video uploaded on July 14, 2026 (No. 15 “Cold drink”, IYPT 2027)



Stats on the Kit: A glimpse into history

Source Year vs Kit Year
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The creation of YouTube (2005) is particularly well visible in the data on references in the Kit

The Kit for 2007 was substantially enhanced after 2006—2007 and includes more recent references
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