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Do sperm swim like fish? This question was first addressed by Geoffrey Ingham (G.I) Taylor (1886 – 1975).  OTTI CROZE and 
FRANÇOIS PEAUDECERF describe his pioneering studies of the physics of swimming and their present relevance to biophysics 
research and the sustainability agenda. 

G .I. Taylor’s passion was for the 
mechanics of fluids - his essay 
on the structure of shock 
waves won him a Smith’s 
prize in 1910 and at the age of 
only 25, he became Reader in 

Dynamical Meteorology at Cambridge.  Taylor 
loved the sea and ships and became the 
meteorologist on the Scotia expedition, aimed 
at understanding iceberg formation following 
the sinking of the Titanic.  He used kites and 
balloons in new ways to measure accurately 
the vertical distributions of temperature, 
humidity and wind velocity in the atmosphere. 
This fieldwork inspired his life-long interest in 
turbulence, a field to which he contributed 
several breakthroughs.  For example, realizing 
that turbulent diffusion is a continuous 
process, in contrast to molecular diffusion, 
Taylor developed a new statistical description 
of turbulent transport.  After working in 
aeronautics during WWI, Taylor returned to 
Cambridge as lecturer in Mathematics.  There 
he became good friends with Cavendish 
Professor Ernest Rutherford, who allocated 
him laboratory space next to his own in the 
Cavendish Laboratory. 

Taylor had a knack for doing both theory 
and experiments to the highest standard.  
His innovations were often inspired by 
practical problems.  For example, he used 
his understanding of mechanical stability to 
design a more efficient type of anchor, the CQR 
(secure) plough anchor, now commonly used 
in small boats. 

After WW2, he began his studies of the 
physics of swimming microorganisms, 
inspired by Victor Rothschild’s observations 

of sperm swimming. Taylor addressed the 
intriguing question - do sperm swim like 
fish? Taylor realized that these organisms, one 
microscopic and one macroscopic, pose quite 
distinct problems in fluid physics. The relative 
importance of inertial and viscous forces on 
a swimmer is quantified by the Reynolds 
number: Re = UL U�P�with U and L the typical 
swimmer, or flow, speed and size, and U�and P 
the fluid density and viscosity, respectively.  For 
large Re, inertia dominates over viscosity. Fish 
living in a high Reynolds number environment, 
Re >103, are propelled by exploiting inertia, 
pushing fluid back by shedding vortices and 
drifting forward.  Sperm and other swimming 
microorganisms live in a low Re (~10-4) world 
dominated by viscosity. For them water is like 
treacle and inertia of no use. Low Re flows are 
time-reversible: symmetric swimming strokes 
get you nowhere - imagine stirring syrup 

up and down. To make progress, swimming 
microbes have evolved symmetry-breaking 
propulsion. For example, bacteria spin helical 
flagella, sperm wave them, as originally studied 
by Taylor, and the bi-flagellate algae we work 
with beat them to perform a microscopic 
breaststroke (Figure 2). 

Taylor created some wonderful demonstrations 
that put into stark contrast the differences 
between the physics employed by swimmers 
at different Re.  A robot fish (Figure 3), like 
children’s bathtime toys, swims by beating its 
tail to and fro. Placed in water, the fish swims 
well; in treacle, where its Re is the same as for 
microbes, it goes nowhere.  Robot bacteria, 
however, happily swim in treacle by rotating 
helical wire flagellae (Figure 3).  A box was 
recently found in the Cavendish Laboratory 
containing Taylor’s robot swimmers.  Inspired 
by this, we asked Colin Hitch and David Page-
Croft at the G. K. Batchelor Laboratory in the 
Department of Applied Mathematics and 
Theoretical Physics (DAMTP) to make replicas 
of the bacteria and fish robots. These now work 
well and will be wonderful for teaching and 
outreach events.

The physics of life at low Reynolds number 
pioneered by Taylor underlies much current 
research. This includes our own work on the 
statistical and fluid mechanics of suspensions 
of swimmers biased by environmental cues, 
such as chemicals, gravity or flow. Bacteria, 
too short to detect gradients along their body, 
swim in an alternation of straight runs and 
random reorientations. This swimming pattern 
and a short-term memory allow bacteria to 
probe their chemical environment, climbing up 
nutrient gradients (chemotaxis). Our research 
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FIG. 1. G. I. Taylor with his wife Stephanie sailing away 
from the Norwegian Lofoten Islands in 1927.

FIG. 2. (a) The asymmetric swimming flagellar beat of 
the alga Chlamydomonas, held here on a micropipette 
(Image courtesy of K. Wan).  

FIG. 3.  Taylor’s mechanical robot swimmers: fish flap 
their tails and bacteria spin helical flagella, both models 
powered by twisted rubber bands. The wind-up duck 
flaps its feet. These models were recently rediscovered in 
the Cavendish Laboratory.

is concerned with chemotaxis in porous media 
like soil, and its role in the symbiotic dynamics 
of algae and bacteria depending on each other 
for nutrients. The swimming and reorientations 
of chemotactic bacteria are described by the 
low Re mechanics Taylor discovered. The latter 
also describes the reorientation of bottom-
heavy swimming algae, predicted from low Re 
(‘torque-free’) balances between gravitational 
and viscous torques acting on these swimmers. 
This helps understand suspensions of 
swimming algae in flows, with application to 

industrial photobioreactors (see box). 
Taylor’s scientific legacy underpins practically 
all of modern fluid dynamics and much of 
what we now call soft matter and biological 
physics. It is also the basis of many engineering 
and industrial processes.  Taylor’s legacy 
also lives on in the research programme of 
DAMTP, theoretically and in a dedicated fluids 
laboratory.  Taylor’s modern day replicas can 
continue to inspire and keep alive the memory 
of his exceptional contributions. 

Videos of the model fish and sperm are now 
available at: www.damtp.cam.ac.uk/user/
gold/movies.html
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Otti Croze writes: My group studies the physics of microorganisms in biotechnological and 
ecological contexts.  Our research focuses on the physics of microswimmers, photobioreactors 
and symbiosis.  Photobioreactors are devices for growing algae for valuable bioproducts and 
bioenergy. Algal suspensions invariably flow through transparent pipes or channels, but current 
designs do not account for the peculiar physics of algae swimming in a flow. Theory predicts 
swimmer self-concentration in down-welling flows and non-canonical dispersion, which we 
derived by extending Taylor’s dispersion theory to swimmers [1].  We are using photobioreactors 
to test these predictions, in collaboration with co-workers at DAMTP and Plant Sciences. Di Jin has 
set up an ‘air-lift’ photobioreactor that quantifies swimmer and fluid dynamics. She is using it to 
compare stochastic computer simulations and experiments and will soon explore the effects of 
light-bias, phototaxis, and the coupling of swimming and growth. Our symbiosis research includes 
the study of ‘distant symbiosis’: algae need vitamins to make sugars and bacteria, requiring sugars 
to make vitamins interact through a diffusive bridge, passing only the necessary metabolites and 
not cells. A mathematical model I developed with François Peaudecerf predicts survival conditions 

for these partner populations. Experimental tests are in progress. This work, in collaboration with Alison Smith’s group in Plant Sciences, is 
relevant to microbial communities where mutualistic partners are spatially separated, for example, in microbial mats. Part III projects will also 
soon consider the effects of swimming on algal-bacterial symbiosis. We are also developing methods to detect metabolites.  For example, 
Hannah Laeverenz Schlogelhofer has been using genetically modified algae responsive to vitamin B12. Ongoing research on microswimmer 
physics has involved understanding the strange trajectory ordering of the alga Dunaliella salina in oscillatory flows [2], and measuring 
helical swimming parameters of algae using the new technique of Differential Dynamic Microscopy [1].

[1] M. A. Bees & O. A. Croze Biofuels 5, 53 (2014) http://dx.doi.org/10.4155/bfs.13.66
[2] A. Hope, O. A. Croze, W. C. K. Poon, M. A. Bees & M. D. Haw, Preprint arXiv:1507.07176

Figure above: Bioconvection patterns formed by Dunaliella salina, a swimming, beta-carotene producing alga. The alga is bottom-heavy 
and so gravity makes it swim up.  In a flow, an additional viscous torque causes swimming toward down-welling fluid. The pattern results 
from an interplay of fluid dynamics and swimming. Similar physics are relevant in photobioreactors to grow algae.
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 » Online Giving
The University’s Office for Development and Alumni Relations (CUDAR) 
has made it easier to make donations online to the Department and to 
two of our special programmes. If you wish to make a donation to the 
Department, please go to: 

campaign.cam.ac.uk/giving/physics

If you wish to support the graduate student programme, please go to: 

campaign.cam.ac.uk/giving/physics/graduate-support

If you wish to support our outreach activities, please go to: 

campaign.cam.ac.uk/giving/physics/outreach

If you would like your gift to be applied to some other specific aspect 
of the Development Programme, please contact Andy Parker or 
Malcolm Longair.  The Development portfolio is at:

www.phy.cam.ac.uk/development

 » A Gift in Your Will
One very effective way of contributing to the long-term development 
of the Laboratory’s programme is through the provision of a legacy in 
one’s will. This has the beneficial effect that legacies are exempt from 
tax and so reduce liability for inheritance tax. The University provides 
advice about how legacies can be written into one’s will. Go to: 
campaign.cam.ac.uk/how-to-give and at the bottom of the page 
there is a pdf file entitled A Gift in Your Will.

It is important that, if you wish to support the Cavendish, or some 
specific aspect of our development programme, your intentions 
should be spelled out explicitly in your will. We can suggest 
suitable forms of words to match your intentions. Please contact 
either Malcolm Longair (msl1000@cam.ac.uk) or Gillian Weale 
(departmental.administrator@phy.cam.ac.uk) who can provide 
confidential advice.

If you would like to discuss how you might contribute to the 
Cavendish’s Development Programme, please contact either Malcolm 
Longair (msl1000@cam.ac.uk) or Andy Parker (hod@phy.cam.
ac.uk), who will be very pleased to talk to you confidentially. 
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