
Internship: Adaptive microfluidic networks
Laboratory: Ladhyx, UMR CNRS 7647, Ecole Polytechnique

Supervision: Gabriel Amselem & Julien Bouvard
Email: gabriel.amselem@polytechnique.edu

Whether in biological or in engineering contexts, fluids often have to flow through complex net-
works of tubes, from the vasculature of animals and plants to the random porous media making up bat-
teries or packed-bed reactors, see Fig. 1. It has long been thought that biological network morphologies
were minimising the energetic cost associated to viscous flow dissipation in their branches. However,
another possibility, raised recently [1, 2], is for these networks to be optimal for mass exchange. We
then need not only to have a network that covers space efficiently, but also whose morphology leads to
an even flow of chemicals (catalysts, nutrients, oxygen,...) throughout all its tubes [2].

Such a uniform flow in all tubes of the network is in stark contrast with fluid flows in random porous
media such as an engineered packed-bed reactor. There, most of the transport is essentially limited to a
few very fast lanes [3], and mass exchange or chemical reactions cannot occur in most of the network.
The current strategy to create artificial porous media that minimise viscous dissipation and enable
efficient mass exchange, is to build, tube by tube, a prepatterned optimised network morphology [4].
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CES	30	:	Physique	de	la	maGère	condensée	et	de	la	maGère	diluée
The	project	consists	of	three	work	packages,	where	theory	and	experiment	go	hand	in	hand.	First,	we	
will	establish	protocols	for	simple,	straight,	adapGve	microfluidic	channel.	Second,	we	will	study	the	
feedback	of	chemicals	transported	by	the	flow	and	eroding	channel	wall	within	fundamental	network	
moGfs:	 the	H	 and	 the	 Y-juncGons.	 Last,	we	will	 use	 the	 building	 blocks	 used	 in	 the	 first	 two	work	
packages	 to	 develop	 protocols	 to	 self-organise	 random	 pore	 networks	 into	 efficient	 perfusion	
networks.	

Fig.	 1:	 Vasculature	 of	 (a)	 the	 slime	mould	Physarum	polycephalum	 (scale	 bar:	 0.25	 cm),	 (b)	 the	 raele	 snake	
reGna	(scale	bar:	500	µm)	(c)	and	the	raele	snake	pit	organ	(scale	bar:	250	µm).	 (d)	Flow	velocity	 in	a	model	
porous	medium.	Top:	experiment,	boeom:	 simulaGon.	 (e)	The	flow	velocity	distribuGon	 is	exponenGal	 in	 the	
model	porous	medium	shown	 in	 (d).	 (d)	and	(e)	taken	from	K.	Alim’s	work	[4],	 (b)	and	(d)	Courtesy	of	Tobias	
Kohl,	TUM	Leonardo	da	Vinci	Center	for	BiomimeGcs.	

b. PosiGon	of	the	project	as	it	relates	to	the	state	of	the	art	
The	 first	 adapGve	 microfluidic	 devices	 were	 pioneered	 in	 the	 lab	 of	 David	 Beebe	 [8],	 triggering	
mulGple	 subsequent	 developments,	 see	 e.g.	 [9,10]	 for	 reviews.	AdaptaGon	 is	 typically	 achieved	by	
combining	a	microfluidic	device	with	a	responsive	hydrogel,	which	swells	or	contracts	in	response	to	a	
sGmulus,	 usually	 a	 change	 in	 pH,	 someGmes	 a	 change	 in	 temperature	 [8,11,12].	 The	 responsive	
hydrogel	is	either	coaGng	the	channel	walls	or	is	polymerised	in	posts	in	the	microchannels,	creaGng	
valves	whose	width	depend	on	the	sGmulus	received.	Yet,	in	all	these	exis9ng	devices,	the	response	
is	binary:	a	channel	opens	or	closes	in	response	to	a	given	signal,	which	leads	to	the	fluid	flow	being	
enGrely	re-routed	to	a	parGcular	sub-branch	of	the	network,	while	the	rest	of	the	network	becomes	
useless	 for	 fluid	 transport.	 Moreover,	 responsive	 hydrogels	 most	 commonly	 used	 in	 adapGve	
microfluidics	 (pNipaam	 and	 its	 derivaGves)	 have	 a	 reversible	 behaviour:	 when	 the	 sGmulus	 is	
removed,	hydrogels	swell	back	to	their	original	width	and	the	network	morphology	goes	back	to	its	
original	state.	This	binary,	reversible	response	is	incompa9ble	with	the	forma9on	of		self-organised	
networks	op9mal	for	fluid	transport.		

In	opGmal	networks	such	as	the	one	made	by	the	tubes	of	the	slime	mould	Physarum	polycephalum,	
tubes	 adapt	 their	 diameter	 gradually	 in	 response	 to	 a	 sGmulus,	 such	 that	 the	 enGre	 network	 is	
parGcipaGng	 in	 flow.	Moreover,	 the	 network	morphology	 stops	 evolving	 once	 it	 is	 opGmal,	 which	
implies	that	tubes	have	a	non-reversible	evoluGon	that	can	be	arrested	at	a	given	Gme.	The	aim	of	
our	 project	 is	 to	 develop	 such	 gradually	 evolving	 adap9ve	 network,	 whose	 evolu9on	 can	 be	
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Figure 1: Vasculature of (a) the slime mould Physarum polycephalum (scale bar: 0.25 cm), (b) the
rattle snake retina (scale bar: 500 µm) (c) and the rattle snake pit organ (scale bar: 250 µm).

The aim of this experimental internship is to build smart porous media, whose morphology self-
organises to optimise perfusion throughout the network. Experimentally, we will make microfluidic
devices that degrade in the presence of a chemical. The first step is to build upon an existing protocol in
the lab to to make these degradable devices more efficiently. Then, we will monitor their degradation
rate as a function of the concentration of chemical, and of the flow dynamics. The geometry of the
device will be complexified, and depending on time, we will end up testing how a random network
responds to pulses of chemical. There will be a constant interplay between experiments at LadHyX and
our theoretician collaborators at TUM (Munich, Germany).
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