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Introduction 
Have you ever wondered why some plants, like mimosa (Mi-
mosa pudica), open their leaves during the day and close 
them during the night? Or what regulates our heartbeats? 
Nature is full of rhythmic patterns like these, the basis of 
which are biological oscillations. An oscillation is a periodic, 
repeating change in any quantity or measurement, typically 
over time, that moves around a stable central value. Oscilla-
tions that occur in living systems, from molecules to organ-
isms, are called biological oscillations. Their roles range from 
regulating celluar processes to shaping our daily behaviours. 

Tick tock: Did you know that there are secret clocks ticking inside living organisms,  
including us? Let’s dive into the science of biological oscillators.
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Let’s explore the physical and biological mechanisms that 
many biological oscillators share, so we can understand how 
these oscillations arise.  

How biological oscillations  
set the rhythm
Biological oscillators have a wide range of functions that help 
cells keep time, respond to their environment, or coordinate 
complex processes. The cell cycle oscillator is a molecular 
timing system that ensures that our DNA divides in time be-
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fore the cells physically separate from each other to form two 
daughter cells. Glycolytic oscillations are fluctuations in glu-
cose products that coordinate energy production with energy 
demands in contracting muscle cells. The circadian clock is a 
biological clock that synchronizes our physiological process-
es, such as eating and sleeping patterns, blood pressure, and 
hormonal levels, with day–night cycles. As different as these 
examples sound, at the cellular level they all rely on two 
main principles: a negative feedback loop and a time delay.

To build the ticking heart of a biological oscillator, you need 
a negative feedback loop.  Negative feedback allows a sys-
tem to maintain equilibrium when a change happens to it by 
triggering responses that dampen that change. It differs from 
positive feedback, which amplifies changes that happen to 
a system. Figure 1 shows the mechanism of a negative feed-
back loop with activating and repressing components, which 
are molecules produced by the cells, such as proteins, ions, 
products of metabolism, etc. The repressor and activator en-
gage in an interaction loop in which the activator stimulates 
the repressor, which in turn suppresses the activator. When 
the activator is suppressed for long enough, the repressor’s 
effect drops, which then allows the activator to turn on again. 

A real-world example is a thermostat that detects when a 
room gets cold and then turns on the heating. The tempera-
ture decrease that triggers the thermostat to start increasing 
the temperature is the negative feedback that returns the 
system (the room) back to equilibrium (normal temperature). 
Once the room gets hot enough, the thermostat is triggered 
to turn off again.

Finally, a time delay within the negative feedback loop is also 
necessary for the oscillations to occur. In cells, this time de-
lay usually arises from how long it takes for the activator 
and repressor molecules to be produced, accumulated, and 
degraded. The delay prevents the system from quickly reach-
ing equilibrium by creating a temporal division between the 
activation and repression, thus making the system oscillate. 
In the absence of a time delay, the system cannot oscillate 
because it rapidly reaches equilibrium, stabilizing at a steady 
state (figure 2).

Figure 2. The interaction between an activator and a repressor 
in the absence of a time delay. After rapid initial activation, both 
repressor and activator are highly expressed and stabilize at a 
steady state. No oscillations occur (lower graph).
Image courtesy of the author

Figure 1. Interactions between an activator and a repressor within a negative feedback loop with a time delay. Top: Scheme of the activator/
repressor system. 1) The activator molecule activates (blue arrow) the repressor. 2) The repressor levels build up and repress (orange arrow) 
the activator. 3) The activator levels decrease. 4) Without the activator, repressor levels also decrease, which allows the activator levels to 
increase again and restart the cycle (1). Right: a graph showing how gradual reciprocal activation and repression with a time delay causes 
the activator and repressor levels to change, in opposite directions, in an oscillatory manner over time.
Image courtesy of the author

https://scienceinschool.org/article/2025/biological-oscillations-rhythms-of-living-things/
https://www.youtube.com/shorts/z-RRKsjvk7E


3www.scienceinschool.org/article/2025/biological-oscillations-rhythms-of-living-things

Issue 74 – September 2025

Segmentation clock:  
the rhythm behind your backbone
Let’s consider the example of a biological clock that is crucial 
during embryo development in vertebrates: the segmenta-
tion clock. In biology, development is the process by which a 
single cell grows and matures into a full organism with pat-
terned tissues and organs. All processes during development 
need to be carefully coordinated in time and space for the 
organism to develop properly, and the segmentation clock is 
responsible for this coordination during spine development.
The segmentation clock is a molecular oscillator located in 
the tail tissue of vertebrate embryos.[1] It controls the periodic 
formation of blocks of cells called somites that will later de-
velop into vertebrae and associated tissues, such as skeletal 
muscle and cartilage. The main clockmakers of this system 
are genes of Her/Hes family. These genes produce proteins 
that rhythmically activate and repress their own production 
by binding with a time delay to the genes that encode them, 
thus creating oscillations within cells. The oscillations are 
coupled between cells to create a periodic wave that rhyth-
mically sweeps through the tissue, determining where and 
when and how often each new somite is created, a process 
known as segmentation (figure 3). 

Similar to the segmentation clock, the circadian clock also 
ticks because activator proteins turn on genes that produce 
their own repressors, which eventually shut down the acti-
vators. Other cellular oscillators have different clockmakers, 
but they also maintain the oscillatory loop through activation 
and repression. As we can see, time-delayed negative feed-
back loops are essential for all self-sustaining oscillations.

Biological oscillations also share a remarkable ability to 
interact with one another – a phenomenon that becomes 
clearer when examined through the lens of physics.

Can biological oscillators sync up? 
Physics says yes!
Just like a swinging pendulum, a biological oscillator is a sys-
tem that is periodically displaced and returned to equilib-
rium, repeating its cycle in regular intervals. One complete 
back-and-forth cycle determines the period (T) of the oscilla-
tion, whereas the number of cycles per second is called fre-
quency (f). Heartbeats, which can have a period of millisec-
onds, belong to some of the fastest biological oscillations, 
whereas animal migration is an oscillation with a period of 
about one year, which is why it is called circannual rhythm 
(from Latin, circa: around and annus: year).

Mathematically, a periodic oscillation can be represented 
as a rotation around a circle or projected along an x-axis as 
a sine or cosine wave. For simplicity, the wave representa-
tion is shown here. Wave progression shows us how far away 
from the zero equilibrium the particle will be at a certain 
time, reaching maximum displacement at 1 and minimum 
displacement at −1. Specific locations within this oscillatory 
wave can be defined by measuring the phase of oscillation. 
Points A, B, and C in figure 4 represent different places on the 
periodic wave, and thus different phases.

Figure 3. Light microscopy images of a developing mouse embryo spine with somite structures. 
Images: Courtesy of Jona Rada with the microscope image of somites ©Paul Gerald Layague Sanchez, used with kind permission.
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Understanding phase makes it easy to compare oscillations, 
describe how much one oscillation is ahead or behind an-
other one, or even synchronize them. The phenomenon of 
synchronization arises when single oscillating units align 
their phases with each other (figure 5). In North America and 
Southeast Asia entire groups of fireflies (Photinus carolinus 
or Pteroptyx malaccae) synchronize their flashing, creating 
wonderful flashing displays. Each firefly is aware of the fire-
flies in its proximity and adjusts the timing of its flashing, 
overlapping the phase of its oscillatory behaviour with its 
neighbours, so that eventually the whole group becomes 
synchronized. Yeast cells can also align the phases of their 
glycolytic oscillations until they synchronize and can com-
municate with each other through synchronized signals. In 
this way, they can collectively respond to their environment 
and manage food resources better.
 

 
Figure 5. Three separate oscillations become synchronized over 
time. The dots represent the phase at the peak of each oscillation, 
visualizing how the phases of all oscillations align over time, as 
they become synchronized.
Image courtesy of the author

DIY synchrony 
You can create your own synchronous system with two 
or more metronomes, a few cylindrical cans or bot-
tles, and a flat board. Balance the board on top of the 
bottles, so it can roll easily. Set each metronome to tick 
at the same tempo, but out of sync, thus creating two 
oscillators that tick at the same period but out of phase. 
The metronomes tick independently. Now observe what 
happens if you place the metronomes on the board 
facing perpendicular to the rolling direction.

©Dmitry Baranov, used with kind permission

Can you explain how the metronomes become synchro-
nized? What do you think is happening with the phases 
of the oscillations (metronomes)?

Figure 4: a) An oscillation projected on the x-axis as a sine function. A, B, and C are three different phases, represent-
ing three different points of this oscillation. b) In the case of a swinging pendulum, phase A represents the left-most 
point of the swing, and phase C represents its right-most point, just before the pendulum swings back to the left. 
Image: a) courtesy of the author. b) courtesy of Chiara Obermüller. 
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Entrainment of biological clocks

When oscillators adjust their phase not to each other, like 
fireflies or yeast cells do, but instead to an external oscilla-
tor, the process is called entrainment. Imagine the periodic 
motion of a girl oscillating on a swing at her own rate. If an 
adult starts pushing the swing (an external cue), the origi-
nal period of the swing will adjust itself to the new period 
dictated by the adult’s pushes. External cues that can en-
train a system are called zeitgebers (from German, Zeit: time 
and Geber: giver). For example, almost all organisms have 
an internal biological oscillation that can adjust itself to the 
day–night rhythm, called the circadian clock. In the case of 
circadian clocks, light serves as the zeitgeber, with the day–
night cycle acting as the external oscillation that entrains 
our internal clock. This explains why we experience jet lag 
when our internal rhythm falls out of sync with it. Chronic cir-
cadian misalignment, for example, in people who work only 
night shifts, is associated with metabolic, cardiovascular, and 
mood disorders.[1]

Why is this important? 

Understanding how biological oscillators work, synchronize, 
and communicate with each other allows us to understand 
biological functions and behaviours better.  Firefly synchro-
nization has led to the development of mathematical mod-
els that reflect synchrony in neural systems.[2] Entrainment 
has been used by scientists to study how oscillators interact 
together, as well as to manipulate the phase and periodici-
ty of biological oscillations. By using entrainment as a tool 
to study the segmentation clock in mice, we have learned 
that the phase relationship of oscillations is important for 
the correct formation of mouse spines.[3] Furthermore, in our 
most recent research, we have entrained the segmentation 
clock with pulses of glucose, which opens new ways of think-
ing about how periodic changes of nutrients in the environ-
ment of embryos can affect their development.[4] All this re-
search could help us understand and prevent developmental 
disorders and birth defects, or learn how diseases, such as 
diabetes, could be connected to these oscillatory processes. 
From flickering fireflies to the precise segmentation in devel-
oping embryos, the physics of synchrony and entrainment 
can help us decode the rhythms of living things and perhaps 
teach us how to tune them ourselves.�

Glossary
 
Activator: A molecule that increases the activity of 
another molecule, for example, by activating a gene, 
by producing a protein, or by increasing the efficiency 
of a reaction. 

Biological molecular oscillator: A system in which 
small biomolecules, such as genes, proteins, or 
metabolites, interact in a rhythmic way, so that their 
activity and/or levels rise and fall cyclically, regulating 
biological processes that need precise timing. 

Cardiovascular: Related to heart and blood vessels.

Development: The process of growth and change of a 
living organism, which starts with a fertilized egg and 
ends when the organism is fully formed into a baby, 
plant, or animal. During development, cells divide, 
multiply, move, and group together to form tissues, 
organs, and body parts.      

Entrainment: A special form of synchronization, during 
which the rhythm of one or more oscillations aligns to 
an external rhythm.

Equilibrium: A balanced, stable state with no net 
change over time. 

Neural system: A network of nerve cells in the body.

Oscillator: A system, object, or process that undergoes 
regular, repeating cycles over time.

Repressor: A molecule that decreases the activity of 
another molecule, for example, by shutting down a 
gene, by degrading a protein, or by decreasing the 
efficiency of a reaction.

Segmentation: The arrangement of an organism’s 
body during development into repeating body parts or 
segments, such as muscles, bones, and vertebrae, until 
a full, structured body is built. 

Somite: The rhythmic activity of the segmentation 
clock coordinates cells to group together into somites, 
blocks of cells that form regularly along the length of 
a developing embryo. As development progresses, so-
mites become specialized structures such as vertebrae 
and muscles. 

Synchronize: To align the rhythm of two or more 
processes to each other, so that they occur at the 
same time.
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Resources

	⦁ Take a look at some animations that demonstrate how 
oscillating motions can be represented as sine and 
cosine waves. 

	⦁ Watch a video of cell-cycle oscillations in frog cells.

	⦁ Check out this series of educational videos on cellular 
oscillations. 

	⦁ Read a more detailed article on the segmentation clock.

	⦁ Watch the development of a mouse embryo under the 
microscope to see the segmentation clock in action. 

	⦁ Watch a simple animation showing how the segmentation 
clock works during development.

	⦁ Watch a video of synchronous fireflies glowing and read 
about the mathematics behind their synchrony.

	⦁ Have a look at this demonstration video of the 
metronome synchronisation experiments. 

	⦁ Explore how individual oscillators can give rise to 
collective phenomena, and how these phenomena can 
inspire the development of new technologies: Baranov 
D (2025) From birds to photons: collective phenomena in 
materials science. Science in School 74.

	⦁ Discover how a plant’s internal ‘clocks’ help them 
to respond to changing day–night cycles: Hubbard K 
(2019) How plants beat jet lag. Science in School 48: 8–11.

	⦁ Find out about the circadian rhythm of plankton and how 
it is similar to that of humans: How planktons get jet-
lagged. Science in School 36: 8−11.

	⦁ Learn how researchers have developed a molecular 
delivery system for continuous release of an anti-HIV 
medicine: Olga Matsarskaia (2025) Slow and steady 
wins the race: an exciting new material for long-acting 
medicines. Science in School 71.

	⦁ Find out how a new X-ray scanning method can create 
full 3D images of the human heart with incredible detail: 
Capellas Espuny M (2024) A unique atlas of the human 
heart: from cells to the full organ. Science in School 70.

	⦁ Learn how camel antibodies could revolutionize medical 
science: Hammarén M (2024) Inspired by camelids: 
nanobodies are a magnificent molecular velcro.  
Science in School 70.

	⦁ Discover how egg cells zip themselves shut to prevent 
fertilization by multiple sperm: Capellas Espuny M (2024) 
How does the body avoid multiple sperm fertilizing an 
egg?. Science in School 69.

	⦁ Explore the fascinating world of noncoding RNAs: 
Koskova Z, Hernandez M (2023) Not just a blueprint for 
proteins: the importance of non-coding RNAs.  
Science in School 65.

	⦁ Use baker’s yeast to demonstrate biofuel cells in the 
classroom: Grandrath R, Bohrmann-Linde C (2023) Simple 
biofuel cells: the superpower of baker’s yeast.  
Science in School 66.

	⦁ Gain insights into the biology of regeneration and the 
nervous system by using planaria as a model organism: 
Faria HM, Fonseca AP (2023) Hands-on experiments with 
planaria. Science in School 64.

	⦁ Try this role-playing activity to teach your students about 
synaptic transmission: Andersen-Gassner M, Möller A 
(2023) Hold your nerve: acting out chemical synaptic 
transmission. Science in School 63.

	⦁ Make our genetic code more tangible by creating an 
interactive, hands-on DNA model: Caccin P, Cristini A 
(2024) Handmade DNA: a tactile model to explore the 
basics of DNA. Science in School 70.
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	⦁ Sketch graphs from ‘story’ videos of everyday events 
to boost your understanding of data visualization: 
Reuterswärd E (2022) Graphing stories.  
Science in School 58.

	⦁ Discover the challenges of genome sequencing: Dyer S, 
Jackson B (2024) Plant genetics: explore DNA extraction 
and the challenges of gene sequencing.  
Science in School 68.

	⦁ Discover the many facets of proteins in our world: 
Obermüller CS, Pisano MP (2025) Nature’s body builders: 
explore the fascinating world of proteins.  
Science in School 71.

	⦁ Take a virtual tour of The World of Molecular Biology: 
Reiriz Martinez E, Hall SL (2024) Explore the world of 
molecular biology without leaving the classroom.  
Science in School 68.

Jona Rada is a developmental biologist 
from Kosovo with a background in bio-
chemistry, metabolism, signalling, and 
the segmentation clock. She is passion-
ate about science communication and 
making scientific research accessible to 
different audiences. 
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