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It is getting increasingly evident that physical properties such as elastoviscoplastic properties of living 
materials are quite important for the process of tissue development, incIuding regulation of genetic pathways. 
Measuring such properties in vivo is a complicated and challenging task. In this paper, we present an instru
ment, a scanning air puff tonometer, which is able to map point by point the viscoelastic properties of Bat or 
gently curved soft materials. This instrument is an improved version of the air puff tonometer used by 
optometrists, with important modifications. The instrument allows one to obtain a direct insight into gradients 
of material properties in vivo. The instrument capabilities are demonstrated on substances with known elasto
viscoplastic properties and several biological objects. ·On the basis of the results obtained, the role of the 
gradients of elastoviscoplastic properties is outlined for the process of angiogenesis, Iimb development, bac
terial colonies expansion, etc. which is important for bridging the gaps in the theory of the tissue development 
and highlighting new possibilities for tissue engineering, based on a cIarification of the role of physical features 
in developing biological material. 

DOI: 1O.1103/PhysRevE.81.021920 PACS number(s): 87.85.G-, 83.85.-c. 83.60.-a. 87.80.Ek 

I. INTRODUCTION 

Measuring the mechanical properties of complex materi
als, such as embryonic tissues, is of utmost importance for 
understanding biological processes and regulations of ge
netic pathways [1]. Indeed, in addition to chemical gradients, 
the processes of morphogenesis (or pattern formation), re
modeling, and regeneration are always characterized by the 
existence of mechanical gradients [2,3]. The critical role of 
the pattern of the mechanical force field has been put forward 
for the processes of growth and extension of new biological 
tissue, in situ differentiation of existing tissue with local 
variations of mechanical properties [4], e.g., mesoderm dif
ferentiating into oriented cartilage inside chondrogenic con
densations [5], or extension of tracheal ducts in flies [6] and 
dUring any phenomenon which implies shear or strain, such 
as blood vessels remodeling under the action of blood flow 
[7]. However, the gradients of mechanical properties are of
ten inferred indirectly by model-dependent mathematical 
analysis [6]. 

There exists a limited number of techniques capable of 
measuring the biomechanical properties of tissue in vivo. The 
most Commonly used ones are optical tweezers techniques 
[8], cantilever techniques [9], magnetic beads techniques 
[10], particle tracking techniques [11], acoustic techniques 
[12], and also micropipette aspiration techniques [13]. All of 

the above techniques have their pros and cons. For example. 
acoustic techniques provide a rather poor spatial resolution. 
in the millimeter range. Optical tweezers techniques or mag
netic beads imply inserting little beads in the tissue, which is 
not always easy, not even mentioning the disruption of local 
mechanical properties by the insertion. Particle tracking 
techniques are interesting for homogeneous materials, but 
not so much for very inhomogeneous materials. Cantilever 
techniques require a physical contact between the sampie 
and the instrument, which renders point by point analysis 
difficult as the biological tissue have strong adhesion forces. 
Micropipette aspiration techniques are quite invasive. 

Therefore, in order to match the demands in probing the 
mechanical properties of living sampies in vivo, we have 
designed a new instrument, namely, a scanning air puff 
tonometer (SAPT), which is able to map point by point the 
elastoviscoplastic properties of flat or gently curved soft ma
terials. The principle of the instrument is inspired by the air 
puff tonometer used by optometrists [14]. A fine air jet is 
used to indent the sampie and the deformation is accurately 
measured optically. We present here after the detail of the 
instrumentation, and several case studies related to different 
scientific problems, in which the physical parameters of the 
biological situation may be. crucial. Several technical details 
are given in the Appendix. The proposed instrument has 
three main limitations: (1) the air jet cannot be imparted for 
long on the surface (risk of desiccation), (2) the air jet probes 
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only the outer layers of the tissue, and (3) it works better on 
flat surfaces. Still, homogenously curved surfaces (such as 
li mb buds) can also be addressed. The most important con
clusions derived from the set of experiments performed with 
the help of the SAPT and presented in this paper are as 
folIows. The instrument allows performing high-precision 
measurements of the elastoviscoplastic parameters of differ
ent kinds of biological sampies including bacteria colonies, 
yolk sac, liver tumors, limb buds, etc. The results obtained 
confirm the existence of compliance, or deformability, gradi
ents in all studied living tissues, related to stress gradients, 
and growth directions. 

11. SCANNING AIR PUFF TONOMETER 

The principle of the instrument is the following: the 
sampie surface is deformed by a focused air puff; the size of 
the deformation hole impacted on the surface is estimated 
optically and serves as a measure of the surface mechanical 
properties. In order to get valuable scientific information, the 
air puff must be localized, the deformation must be observed 
and measured accurately, and the air puff or the sampie must 
be displaceable. 

In order to complete this challenge, the instrument is con
structed in the following way. The air puff is blown through 
a glass micropipette generated with a pipette puller (pipS 
from Heka). The resolution of the instrument is in principle 
equal to the diameter of the pipette. However, mechanical 
forces are intrinsically long ranged, therefore, the geometry 
of the indentation is generally larger than the air jet itself 
(think of a book deforming a shelt). We present here below 
results obtained generally with tips in the 60 /Lm range (we 
were able to generate functioning pipettes down to 10 /Lm of 
diameter, results obtained with the help of these tips will be 
presented elsewhere). 

The air puff is generated by apressure line, controlled by 
an air port (PORTER Instruments, Ref. 8310), apressure 
gauge (Kelatron), and a ftux meter (GPE meterate 314). The 
pressure control included correction due to the atmospheric 
pressure variability since minute pressures (above Patm) , 

typically S millibar, are applied at the entry of the pressure 
line. 

In order to accurately measure the deformation, a consid
erable attention was dedicated to the problem of observing 
and measuring the deformation during the air puff and the 
following setup was eventually designed. In this setup, the 
pipette itself is used as a guide for the spot of light, shown 
directly onto the deformation concavity. By so doing, the 
same tip emits almost coaxially an air puff and a light spot. It 
is absolutely crucial for reproducibility and unbiased data 
interpretation that the light spot, the air spot, and the optical 
detection be coplanar [Fig. I (a)]. In addition, it is desirable 
that the air spot be oriented somewhat in the back of the light 
spot. By so doing, the travel of the light spot during defor
mation is one way and the signal-to-noise ratio is optimized 
[Fig. l(b)]. However, the SAPT can also be used in a mode 
where the total dimension of the spot is used for deformation 
analysis (see the Appendix). Another possible setup for mea
suring the size and position of the deformation consists in 
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FIG. 1. (Color onIine) (a) Orientation of the pipette and the 
detection optics. In order to obtain a good signal-to-noise ratio 
when measuring the spot travel and the deformation, the camera 
and objective axes must be coplanar. (b) Actual images of tip and 
the sampie surface (ethanol). Cross and arrow show the travel ofthe 
spot during the air puff. (c) In order to achieve the alignment ofthe 
tip and the positioning of the spot, the tip is motorized around its 
axis and the angle of the tip can be adjusted with a goniometer. Tbe 
sampie tiIt angle can also be adjusted. (d) View of the entire setup 
(not included are computers and control screens). 

observing the surface by the more classical shadowgraph 
technique [IS]. . 

Considering that each micropipette has its idiosyncrasy, It 
is necessary to place the micropipette on a rotative stage, i? 
order to be able to turn the tip around its own axis, so that It 
can be properly oriented during installation of a new tip. The 
setup is equipped with the motorized rotative stage (Newport 
SNB070611). Another stage (Newport Gon65-U) serves for 
rocking of the tip in the plane (tip, spot, detector), which is 
important for positioning the light spot ahead of the air spot. 

In order to generate the light spot, a cleaved and bared 
end of a multimode optical fiber "working fiber" (Hep 
M0200T from SEDI) is introduced inside the pipette: ~ne 
end of the optical fiber is inserted as deep as possible Ifls~de 
the micropipette (Fig. 2). We also checked that the insertIO.n 
was accomplished with no obstruction. The other end IS 
coupled to the "injection fiber" using a splice device (Siemon 
ULTRAsplice U.S.-2S0). At last, a laser beam produced b~ a 
diode (12 rnW Melles Griot) is injected in the "injectIOn 

fiber" using an optic positioner FP-IA and a bare fiber chuck 
holder FPH-J. 

The spot is observed at an angle of 90° with an analog 
video camera (Watec 512) which continuously films the sur
face and records on line the position and size of the Spod

t 

. . t rface (with a frame grabber from SCION corporatIon Ifl e 
with the free software NIHIMAGE created by Wayne Ra; 
band). The surface is filmed through a microscope tu 
(Optem zoom70XL). A second rnicroscope obse~.es .the 
sampie perpendicularly, for proper checks and POSItlÜlllng. 
and also for the shadowgraph measurements. For the c~~e~ 
data, a ftuorescent microscope (Leica MZFLIII) was use d 0) 
colocalization of the tumors (marked with a fluorescent ye 
and of the deformation spot. 
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FIG. 2. (a) Schematic view of the pipette. A glass fiber is in
serted inside the pipette and descended as far as possible toward the 
tip. Then the spot light and air puff are always elose to be coaxial. 
The process of the pipette installation ineludes positioning of the 
pipette on the tonometer and rotation of the pipette until the air puff 
and light spot become coplanar with the optics. (b) A typical tip; the 
end of the inserted optical fiber, pipette tip, and tip apex with the 
final (outer) diameter of approximately 60 /-Lm are shown. The spot 
of light on the sampie appears in the image to the right. 

With our equipment, the accuracy of the spot position is 
of the order of 0.1 pixel on the monitoring screen, which is 
0.8 /-Lm in metric units at magnification X 1 of the micro
scope and 0.16 J..Lm at magnification X5, which was, for 
example, used for the blood vessel measurements. In addi
tion, the sampies are placed on a moving table (Newport 
ESP300) such that the surface can be scanned at speeds up to 
0.2 mmJs and with a maximal data-acquisition rate of 10 Hz 
(limited by the frame grabber, most data below were taken at 
10 Hz). The sampie is also positioned on aprecision labolift 
(Newport MEL80), so that the pipette-to-sample distance can 
be accurately fixed. 

One typical run of a tonometry experiment consists of 
remaining at the same place, blowing air for a few seconds in 
order to generate an indentation of the surface, and recording 
the evolution of the surface during the entire air puff and 
during the recoil of the surface. Another typical run consists 
of scanning the surface at a constant air flow. This is only 
meaningful when the surface is very flat. A varied series of 
controls and examples is given in the Appendix. 

ID. PHYSICS OF AN AIR JET IMPINGING ON A SURFACE 

Since the tonometer exerts a force on the surface, the 
deformed configuration probes the resulting reaction forces 
in the material. Three basic cases should be distinguished: 
elastic solid, viscous liquid, and viscoelastic material. 

A. Elastic solid 

In the case of an elastic material, there exists a constitu
tive equation relating the stresses and deformations (e.g., 
Hooke's law). At equilibrium, by Newton's law, the de
formed configuration opposes itself to the force exerted by 
the air jet (elastic materials). The former appears in the 
boundary condition of the solid and continuity of the stresses 
at the boundary closes mathematically the problem (fluid
structure interaction). In this case, the tonometer probes the 
elastic parameters (spring analogy). 
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FIG. 3. (Color online) (a) Finite element mesh for the caIcula
tion of the deformation inside asolid exposed to an air puff. Black 
mesh (top mesh): the air, yellow mesh (bottom mesh): the solid. (b) 
CaIculation of the Navier-Stokes solution for the air puff coming 
out of a pipette. The caIculation was performed with the FREEFEM 

++ code of the INRIA (courtesy of Pironeau and Hecht) with fluid
structure interaction conditions. (c) Calculated deflection as a func
tion of the air flux at the pipette end. (d) maximal deflection of the 
solid, as a function of the parameter I/ E, with fixed aif flux and 
fixed Poisson ratio. The numerical codes of the finite elements 
method (FEM) calculation are in arithmetical dimensionless units. 
The scaling parameters are the absolute dimension (linear scale 
unit) of the calculation. The density and the viscosity of the air can 
be fixed arbitrarily, the air speed at the exit of the pipette can be 
fixed arbitrarily, and the elastic parameters of the surface (Poisson 
ratio and Young modulus) can be fixed arbitrarily. 

To be more specific, for asolid, we need to solve the 
deformation of the solid under the air jet. We have written a 
FREEFEM + + finite element code for calculation in two di
mensions (2D) of the deformation of an elastic solid with 
arbitrary values of elastic constants under a constant air jet 
coming out of a pipette, which can be provided upon request 
(Fig. 3). The calculations show that the behavior of the re
sponse is linear for a large range of parameters (air ftux, 
elastic constant), which is quite suitable for our purpose 
which is to measure material properties under agentie and 
short air puff. 

B. Surface or a liquid 

A liquid may deform statically in a way similar to asolid 
if it possesses a surface. In this case, the surface has a trivial 
constitutive equation by which the surface tension is a mate
rial constant, say CF. Then, a statically deformed fluid surface 
exerts a stationary force solely related to the static surface 
deformation (membrane analogy). 

In more detail, the problem of an air puff impinging on a 
liquid surface was studied by Labus and Aydelott [16]. These 
authors showed that the vertical deformation is inversely 
proportional to surface tension in a range of parameters, con
trolled by the tip-to-surface distance, wh ich we note H and 
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the pipette diameter noted d. Indeed, there exists actually a 
limitation related to viscous dissipation of the jet in the sur
rounding air before hitting the surface and also a second
order effect of gravity. These authors introduce the Bond 
number Bo, and the Weber number, We, in order to take into 
account the effect of gravity, surface tension, and inertia 

(1) 

in which PI is the density of the liquid upon which the air jet 
impinges (say water or ethanol in our controls), g is the 
acceleration due to gravity, and er the surface tension of the 
liquid. This number compares the respective roles of gravity 
and surface tension. Now, the Weber number reads 

We = Pgas V;asdl er, (2) 

in which Pgas is the density of the impinging gas (here, air), 
Vgas is the average speed of the gas, and er the surface tension 
of the liquid. This number compares the effects of surface 
tension and inertia. 

The Reynolds number relates the effects of viscosity 
(noted vgas) and that of inertia 

(3) 

In our case, 

d=50 /Lm, 

g=9.81 m S-2. 

Tabus and Aydelott show that the maximal deformation w of 
the surface (center of concavity) takes the form 

w=dWe/(K\ +K2 Bo) (4) 

and K\ and K2 are scaling parameters which depend on the 
pipette-to-surface distance Hand the diameter of the pipette 
d. These parameters are constant when the ratio H I d < 3. 

In our setup and experimental conditions, the air speed is 
of the order of meters per second, the pipette-to-surface dis
tance is of the order of 50-200 /Lm, and the pipette diam
eter is of order 50 /Lm. Therefore, from the analysis of Ta
bus and Aydelott, the SAPT will measure surface tensions, 
although on the upper boundary of the scaling law. (Bo - 3 
X 10-4 for water, -8 X 10-4 for ethanol.) We calibrated the 
tonometer on such liquid surfaces as water and ethanol (see 
the Appendix) in order to check the linearity of the deforma
tion as a function of air flux and to check the effects of 
varying H and varying er. 

C. Viscoelastic behavior 

Many materials have a complex viscoelastic behavior that 
can be modeled by a combination of dashpots and springs. In 
the simplest case, a viscoelastic behavior can be described by 
a single spring and a single dashpot in series (Maxwell equa
tion [17]) or in parallel (Kelvin-Voigt equation [17]). More 
complex cases are described by more complex combinations. 
In the first case, there is a rapid elastic response followed by 
a material flow. In the second case, the material reaches 
eventually an equilibrium after a viscoelastic transient. In 
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FIG. 4. (Color online) [(a) and (c)] Analysis of the viscous be
havior during the viscoelastic response of the gel as compared to 
the elastic response of a surface of water (Iarge circles forming a 
crenel below the gel data). A constant air puff is imposed onto the 
surface for, say 15 s, and the amplitude of the deformation is ana
lyzed [in (a) right] by plotting {Log[deflection(oo)-deflection(t)}. We 
find a conspicuous straight line, therefore, the gel has a simple 
viscoelastic behavior in this range of force associated to a single 
relaxation time T= vi E. (b) Comparison of the reaction of a 2% agar 
preparation in a Petri dish to an air puff at 3 millibar (curve 1) and 
9 millibar (curve 2). An irreversible deformation is generated, 
which can be seen directly on the surface by shadowgraph from the 
top [(c) left] or from the view at 90° [(c) right, the tip was moved 
somewhat away from the crater, the light emitted by the spot allows 
one to see the crater). This irreversible deformation is due to yield 
stress of the gel. 

this case, the final equilibrium corresponds to the elastic 
equilibrium of the spring (no deformation rate, eventuaIly). 

We analyzed a viscoelastic material, namely, the agar gel 
used as substrate for bacteria growth in the sequell (see Sec. 
IV A). Figure 4(a) shows the reaction of a 2% agar solution 
to a small air puff. The pattern of deformation is reproducible 
and reversible (the peak in the curve undemeath corresponds 
to the moment when the air is tumed off and the surface is 
left to relax). In this case, the analysis of the deformat~on 
shows a simple relaxation time of the viscoelastic matenal, 
associated to a Kelvin-Voigt-type behavior: after an e~po
nential transient, the system reaches a saturated defonnatIOn. 
If the air stress is stopped, the system recoils to the ini~ial 
position after a viscous transient. There is a single relaxatIOn 
time T equal to vE, where E is the spring stiffness and v the 
dashpot viscosity. . 

However, for larger puffs such as the two air puffs in Hg. 
4(b), there remains a small irreversible indentation in the 
form of a crater [Fig. 4(c)], which is ascribed to a nonlinear 
yield stress. In the absence of a deeper analysis of the non
linearities of the air-surface interaction care must therefore 
be taken in order to remain in a simpl~ viscoelastic regime. 
Extension of the instrument to nonlinear studies will be stud
ied in the future. 

Most biological sampies studied (the results are shown 
further in this paper, Sec. IV) were found to behave almost 
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elastically within the range of this study. They exhibited a 
limiting deformation after a rapid transient. This is also true 
for liquid surfaces. 

In order to assess the viscoelastic relaxation time of the 
agar gel during the viscoelastic response, the air puff is 
maintained for as long as possible and the data following the 
initial transient are analyzed assuming a simple viscoelastic 
behavior of the form Ao(1-exp(-t/r)). Figure 4(a) left 
shows an air puff over agar 2% maintained for 15 s (black 
dots) and an analogous gel reaction at a different spot of the 
same Petri dish (open circles) for an air puff (15 millibar) 
which is interrupted at 5 s: data are clearly reproducible. In 
the bottom of the graph, the crenel data correspond to the 
calibration on a water surface (four air puffs) in the same 
conditions (same tip, same air pressure). During a constant 
air puff, the strain of the viscoelastic material increases mo
notonously. If the air puff is interrupted, a damped recoil is 
obtained. Data of the continuous air puff were analyzed by 
subtracting the last value, changing sign, and plotting the 
logarithm of the amplitude of the deflection. For a linear 
viscoelastic behavior, a simple straight line with a single re
laxation time is expected and indeed obtained in Fig. 4(a), 
right, except for very short and very long times (elastic do
main and nonlinear creep at large deformations), with r 
=6 s. 

An anonymous reviewer has pointed our attention to an 
artiele introducing an instrument somewhat similar to this 
one [18]. In order to test the acoustic response of individual 
hair cells of the cochlea, the authors have used a fine pipette 
filled with a fluid and approached very elose to the cell under 
study, itself fixed. The fluid in the pipette is excited by an 
acoustic vibration which propagates to the tip and next, the 
acoustic wave propagates to the cell through the air. This 
setup is superior to ours in terms of oscillatory stimulation, 
but was apparently not used for spatial analysis in vivo. It 
would be interesting in the future to use such an oscillating 
tip to assess the full range of viscoelastic response, spatially. 
However, while the response to the acoustic oscillatory vi
bration (no mean force) is of utrnost importance for hearing, 
in the case of biological morphogenesis, the cell behavior 
(chronic push-pull action) is conceptually closer to the air 
puff action (chronic force). 

IV. BIOLOGICAL EXAMPLES 

We now turn to biological examples. The sampIes are 
presented in increasing technical difficulty, although they 
were not studied in this order. 

A. Case study 1. Bacteria colonies 

Bacteria colonies of Proteus mirabilis expand by forming 
successive rings characterized by the alternation of two bac
terial phenotypes: swanning and vegetative or "quiescent" 
[19]. The origin of these rings is not weIl understood. It has 
been suspected that it is related to a switch between different 
phenotypes of the bacteria itself depending on the physical 
properties of the substrate. The coupling between phenotypes 
and physical properties is in turn related to bacteria invasive-
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FIG. 5. (Color online) Shadowgraph and ftuorescent confocaJ 
images of Proteus mirabilis colony on 2% agar medium. (a) Gen
eral view of approximately one half of the colony with the rings of 
expansion (shadowgraph). The radius of the colony is 3 cm. (b) 
Cross seetion of the colony across one of the rings (staining by 
SYT09/propidium iodide 5 jLl shed directly over the colony, con
foca! mieroseopy of the green ftuoreseenee with a Zeiss micro
seope). (e) (Left) LocaJ relief in interna! area of the eolony seen by 
shadowgraph. The tip of the pipette is seen; the size of the bar is 
200 jLm. (e) Right. Loca! relief at the edge of the eolony (agar 
substrate to the right). The tip of the SAPT pipette is visible in the 
upper part of the image; the size of the bar is 200 /Lm. 

ness as ring expansion will depend on bacteria motiJity. Ac
tually, the behavior of the bacteria seems to 6e ~nt on 
the stiffness of the substrate, which they ptogressiveJy 
modify, by forming their biofilm. It is therefore believ~ tbat 
these rings are associated to different stiffnesses or viscosi
ties (gradient of water activity will be modified during a 
swarming phase) induced by production of surfactants and 
polysaccharides [20,21]). These contrasts of viscoelasticity 
induce different motilities of the cells and hence of the bac
teria invasiveness, therefore it is important to measure accu
rately the 10cal viscoelastic properties. Current models as
cribe the switch to a quiescent phenotype to a more fluid 
medium (Refs. [20,21]). We therefore analyzed by SAPT a 
bacteria colony (see sampie preparation in Sec. VI A). 

Figure 5(a) shows a shadowgraph image of the bacteria 
colony cultured on 2% agar, showing the different rings, c~r
responding to different mechanical parameters, already ~lS
ible as the surface has a different roughness and swelhng 
features. We analyzed by SAPT the boundary of the 
colony-where bacterial motility is maximal-and a more 
internal area of the colony-where no motility is observed. 
We performed this analysis by following the deflection of ~e 
spot and also by measuring directly by shadowgraph.the dI
ameter of the indentation. Figures 5(b) and 5(c) glve the 
local images of the areas which were investig.ated .. Figure 
6(a) gives the direct integration of the deformatIon dIameter 
during the air puff and Fig. 6(b) gives the. result of th~ 
tonometer. The shadowgraph data are less nOlsy because It 
integrates over the entire indentation, while the SAPT spot 
images also the nonlinearities of the in~ide of the deforma
tion cuvette. However, the same trend IS observed, namely, 
that the internal area of the colony is more fluid than the 
boundary, such that the quiescent phenotype is indeed related 
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FIG. 6. (a) Defonnation measured by direet integration of the 
defonnation surfaee, as seen by shadowgraph, where eurves 1, 2, 
and 3 eorrespond to pure 2% agar medium, area in the eentral part 
of the eolony, and area at the edge of the eolony, eorrespondently. 
(b) Same measurements perfonned by measuring the spot defleetion 
where eurve 1 is obtained in the eentral part of the eolony and eurve 
2 at the edge of the eolony. The features in the eurves (b) eorre
spond to aetual nonlinearities of the displaeement inside the defor
mation eoneavity due to the aetual shape of the eoneavity (not para
holie). These details do not appear in (a), wh ich integrates over the 
entire defonnation. However, the general trend is the same. Both 
measurements find a gradient of eomplianee, the inside being more 
eompliant than the very edge. Please note that the two teehniques 
do not sense the same thing: the shadowgraph (a) senses the surfaee 
area of the hole, while the SAPT (b) senses the depth of the hole in 
the area of the light spot. 

to a more fluid colony as already evidenced (Ref. [21]). The 
boundary was also compared to the agar just outside and a 
very large compliance difference was found. 

B. Case study 2: Fonnation of veins parallel to arteries 

There is increasing evidence that blood vessels are pat
temed by physical stresses in the embryo. However, while it 
has long been admitted that flow inside the vessels partici
pates in vascular formation [7,22,23], it was only recently 
realized that stress exerted by the surrounding tissue also is 
able to act as a "morphogene" on vessels [15,24]. Chronic 
viscoelastic deformations shape progressively the tissue, in
cluding its vessels. This chronic and progressive remodeling 
leads eventually to massive reorganizations of the vessels 
which can hardly be ascribed to a single genetic or biochemi
cal cause. Especially, during formation of blood vessels, it is 
an obvious observation that veins tend to form somewhat 
parallel to arteries, but at "some distance" and that capillaries 
in between are rarefied. This is observed in the yolk sac, but 
also in other organs, such as the brain [Fig. 7(a)], the human 
placenta [Fig. 7(b)], and the mesentery or the retina (personal 
observation, data not shown). Figure 7(c) shows a chicken 
yolk sac at 5 days of development. At early stages, veins and 
arteries share the same vascular field (the so-called 
"plexus"), with arteries and veins located "in series." But 
progressively, a deterministic parallel pairing of vessels ap
pears. This is weil known in anatomy, as, for example, the 
so-called "venosa concomitans" as described in the arms and 
legs [see Ref. [25] and references thereinJ and also evident, 
for example, in the placenta, where arteries and veins form 
the umbilical chord, but also paired vessels in the placenta 
itself radiating away in all directions from the umbilical 
chord [Fig. 7(b)]. In addition, veins and arteries may often be 

PHYSICAL REVIEW E 81,021920 (2010) 

found in different geometrical plateaus, the arterial plateau 
being located undemeath the venous plateau, in the yolk sac. 
In the chorio allantoic membrane (CAM), in the retina or in 
the brain, veins will tend to be more "outwards" and arteries 
more "inwards" with respect to the geometrical center of the 
organ (data not shown). These physical features, which ap
pear dynarnically (typically in 1-2 days after beginning of 
perfusion in a yolk sac), require an understanding of the 
arterovenous interaction, viewed as a dynamic process which 
progressively shapes both of them locally and globally. It is 
important to understand the dynamics of this interaction be
cause the formation of veins parallel to arteries is associated 
to a progressive disconnection of the capillaries located in 
between. While this disconnection is instrumental in allow
ing the formation of pairs of arteries and veins, it may induce 
pathologies if there is an excess of disconnection because in 
this case, the process ends in arteries which hardly perfuse 
the tissue [24]. This is especially obvious in the brain where 
avascular regions around arteries are called Virchow's spaces 
and have been related to dementia [26] but also in other parts 
of the body, where capillary rarefaction may occur as a con
sequence of pathological conditions, as, for example, in dia
betes [27]. 

Regarding this arterovenous dynamic interaction, one ob
serves at early stages of yolk sac development that while 
capillaries shrink along the arteries, they start to enlarge at 
some distance from the existing arteries [Fig. 7(c) and 7(d)], 
suggesting a direct physical or chemical induction of veins 
by the existing arteries, which are always first to appear, in 
the yolk sac. Direct observation of the early arterioies shows 
the presence of dilated cells, regularly stacked along the ves
seI wall [Figs. 7(e)-7(g)J. These cells are so dilated 
(~15 /Lm in width) that they swell the surroundings of the 
arteriole [Figs. 7(h) and 7(i)], suggesting actually a physical 
(mechanicaI) interaction explaining the crushing of capiIIar
ies and the repulsion of the venous bed. This situation would 
naturally explain the "multifactorial" essence of several pa
thologies which end in capillary rarefaction: disruption of 
osmotic balances of different nature would have eventually a 
similar effect (crushing of capillaries). 

In order to relate this phenomenon to physical properties 
of the tissue, we therefore analyzed in vivo the mechanical 
properties of the neighborhood of very young arteries by 
SAPT and evidence that the neighborhood of arteries, in the 
swollen region, is indeed much stiffer than the region located 
further away, in-between arteries [Fig. 7U)] at this early de
velopmental stage. Therefore, it is natural that the return flo~ 
will spontaneously flow away from arteries by a poroelastIc 
effect and that a biomechanical feedback, namely, increase of 
diameter in the presence of an increased flow, will progres
sively generate a true blood vessel exactly parallel to the 
arteries, but outside the stiff area [25J, in which capillary 
rarefaction is observed. In some sense, the stiffening of the 
area around arteries, Iinked to turgor pressure of the cells, 
expels the flow and creates an "exclusion" area betwee.n ar
teries and the forming veins, thus ensuring that there IS no 
direct shunt between arteries and veins at this early stage. 

This phenomenon has several remarkable consequences. 
One consequence is that arteries will tend systematically to 
have one or even two veins exactly parallel to themselves, as 
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AG. 7. (Color online) (a) Sequence of chicken embryo brain development (telencephalon between 7 and 8 days) showing the formation 
of veins paralleIing arteries. These images were acquired in vivo (see materials and methods). (b) Fresh human placenta showing the 
radiating paired vessels, which emanate from the umbilical cord (from Centre Hospitalier Universitaire Paris Jussieu). (c) At 4 days of 
development, in the chicken yolk sac, arteries already ex ist, while parallel veins start only to form (arrows). The sequence of images shows 
a 1 hinterval in vivo time-lapse of vascular reorganization. In a few hours. the capiIlaries adjacent to an artery remodeI into a vein parallel 
to the said artery. The artery is separated from its surrounding capillaries. as it is obvious from the fact that veins continue to mature and can 
even "cross" the existing artery (star). In fact, the vein does not pass "through" the artery, it follows the capillary path, disconnected from 
the artery, and crosses it from atop. (d) shows a typical vascular bed at day 5 of development in the yolk sac and at day 7 in the brain: arteries 
and veins are already cIosely parallel in the yolk sac. In the brain. capillaries gather on each side of an artery to form two venous paths. (e) 
(Left) Shadowgraph imaging of the topography shows that there is a swelling of the area surrounding the vessel. associated to the endoderm 
shell around the vessel. In (e) right, the endoderm image is taken from underneath on a rinsed yolk sac. It shows the shell of cells 
~urrounding the vessel (these cells appear as a whiter area). The shell of endodermal cells does not show up cIearly on the direct optical 
IOspection of the same sampie [Ce) middle]. (f) Veins tend to form paraIlel to the existing arteries, but there exists an area with fewer 
capilIaries around the arteries (visible in white. by absence of erythrocytes). In this area. the ceIls are very large cuboidal cells (10-15 #Lm 

10 length) stacked in an organized fashion, orthogonal to the vessel direction. and in an orthoradial order [(g) and (h)]. The swollen area is 
POinted by the arrow in (g) and (h). Scanning electron microscopy shows that these cells contain very large droplets of fatty acids which 
saturate the volume of the cell (i). We analyzed by SAPT the swollen area region around arteries (0). two examples]. The SAPT reveals a 
much stiffer area e10se to arteries (curves 1). in the swoIlen area. as compared to the area away from the artery (curves 2) (approximately a 

factor of 2 of compliance away from the artery). 
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a consequence of capillary remodeling on each side (see in 
Fig. 7, the case of the brain; Ref. [25] contains also examples 
in the yolk sac), while the area in between arteries and veins 
will contain few capillaries. This is a consequence, on one 
hand, of the snow-ball effect of capillary enlargement under 
shear and, on the other hand, of the quasi-two-dimensional 
nature of biological tissues or sheets, such that (depending 
possibly on other boundary conditions) the physical stiffen
ing of the sUIToundings of the artery creates two favored 
paths at the boundaries of this stiff area on both sides of the 
artery. 

The origin of the excess of stiffness elose to the arteries 
seems readily to be associated to the physical swelling of 
cells elose to the arteries, which is very conspicuous, and 
explains naturally the capillary crushing. These cells are very 
large, about 3 times as large as the other cells present in the 
yolk sac, and they form a more regular pavement than cells 
further away from the vesse!. These cells are in continuity 
with the underlying layer of endoderm. The endoderm is the 
cell layer located in contact with the yolk and its role is to 
take up the yolk, metabolize it, and transfer it to the vessels 
(and of course eventually blood flow brings it to the em
bryo). It is therefore normal that these cells be swollen with 
the fatty acids pumped from the underlying yolk, as con
firmed by scanning electron microscopy [Fig. 7(i)]. 

However, if direct uptake of fatty acids from the yolk 
were the explanation of cell swelling, this mechanism would 
not exist in brains, CAMs, retinas, etc. We therefore per
formed an experimental assay, in which the embryo is en
tirely removed from the yolk sac, rinsed, and tumed upside 
down. Then, yolk is added directly onto one half of the yolk 
sac only, the other side serving as contralateral contro!. The 
embryo survives and can be cultured this way in standard 
incubators. The result of this experiment shows that in this 
case, the vessels which are not in contact with the yolk un
dergo a massive dilation, which is extremely conspicuous, 
even spectacular (see Appendix, Sec. 6). This suggests that it 
is not directly the fatty acids of the yolk that regulate the 
swelIing of cells and that this cellular swelling is more gen
eral than just the yolk-sac case. 

In addition to being larger, these cells have distinct topo
logical properties which change progressively. They have a 
more random distribution at very early stages and get pro
gressively more organized in a conspicuous stacking order, 
orthogonal to the vascular direction, and with an orthoradial 
alignment of cells, as the artery becomes bigger. In addition, 
when cells are larger in the assay, the diameter of the vessels 
is also larger. The rationale therefore would be that increased 
circumferential stretch reorients and aligns physically the 
cells located along the arteries. These cells would swell as a 
consequence of physical tension which would allow a higher 
influx of fatty acids and/or other chemicals participating in 
cell physiology (salts, etc.). Whatever its cause, the swelling 
of the cells will tend to squeeze and disconnect the sUITound
ing capillaries. Hence, veins will form somewhat away from 
arteries, outside this more ordered, swollen, area, in which 
capillaries are squeezed. Of course, this swelling may be an 
important issue in pathologies if there is an excess of it. 

Also, since these swollen endodermal cells, which wrap 
the arteries, progress from undemeath upwards, the arteries 
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get disconnected preferentially in the deeper endodermal 
area first and progressively more toward the top layer, thus 
explaining naturally the observed segregation of veins and 
arteries into two plateaus, veins forming more "on top" of 
arteries wh ich will be found undemeath the veins. A more 
elaborated theoretical analysis of the problem of artery and 
vein pairing has been published recently in a specific paper 
[25], in which more extensive tonometry measurements are 
shown. Further work on this problem will consist in measur
ing the orientation order of cells (order parameter) along ves
sels as a function of tension in the vessel wall and measuring 
the respective viscoelastic properties of endothelial cells vs 
endodermal cells, since the competition between these two 
may be one factor regulating capillary disconnection. 

C. Case study 3: Liver tumors 

It was proposed recently that the mechanical properties of 
tumors play a role in their invasiveness and overall bio
chemical behavior [28]. We therefore compared the compli
ance of tumor and sane tissue on thin slices of fixed sampies 
of mice liver that contains small tumor nodes initiated by 
intrasplenic injection of transformed rat liver cells. The de
sign of the SAPT experiment in this case ineludes labe1ing of 
the tumor tissue by a f1uorescent dye in order to be able to 
precisely find the place to perform the SAPT experiment. For 
this purpose, in addition to the standard tonometry equip
ment, we use a fluorescent microscope placed above the 
sampie in order to monitor the exact region (tumoral or sane) 
exposed to the shot by the SAPT air jet. 

The size of the cancerous cell elusters formed in the mice 
liver is within the limits of 80-100 /Lm, while the spatial 
resolution of a local stress induced by the air stream deliv
ered by the SAPT pipette is in the order of ~60 /Lm. The 
deformation of the tissue can be measured with a vertical 
sensitivity of ~ 1 /Lm. Figure 8(a) shows the general view of 
the liver, where the cancerous nodes are seen as the whitish 
regions. In Fig. 8(b), a single cancerous locus, which is f1uo
rescent, is weil seen. 

In order to perform an unbiased comparison of compli
ance of sane and cancerous tissue, we performed several sets 
of SAPT experiments on cancerous nodes (f1uorescent re
gions) and neighboring sane tissue (nonfluorescent areas). 
The distance between any sane and a cancerous region under 
paired comparison does not exceed 100 /Lm. This way, we 
take into account the initial histological variability of the 
liver tissue and its further complexity upon formation of can
cerous nodes. 

Figure 8(c) depicts the deflection of the light spot posi~ion 
of a single tumor-sane region pair. Figure 8(d) summanzes 

the results of several SAPT experiments, where each data 
point shows the value of the maximal deflection of the ~ight 
spot during the SAPT experiment. The set of data obt.amed 
shows a systematic higher deformability of the sarnple m the 
sane areas as compared to the cancerous ones. Hence, ~ven 
in fixed tissue, the immature tumorous regions are suffer 
than the healthy regions. 

D. ease study 4: Limb buds 

An important question in developmental biology is that of 
the location of the point of outgrowth of limbs [29]. A recent 
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FIG. 8. (Color online) Comparison of compliance of cancerous 
and healthy tissues on an example of liver tumor in mice. (a) Direct 
optical image of the liver sampie, where cancerous nodes appear as 
the white zones, the tip of the SAPT pipette is seen on the left, and 
the size of the bar is 300 }Lm. (b) Magnified view under a fluores
cent microscope. The large voids are sections across blood vessels. 
The scale bar is 50 }Lm. (c) Tumor compliance (curve 2) and sane 
tissue compliance (curve 1) in two regions very elose to each other 
~<100 }Lm), as assessed by the SAPT. Please note that the sampie 
IS fixed. During the first seconds of the air puff, a very large com
pliance difference is found which progressively reduces. This re
duction in compliance contrast is ascribed to desiccation. (d) A set 
of data shows an almost systematic higher deformability of the 
sampie in the sane (I) area elose to a given cancerous (2) area. The 
distance between the places where the SAPT experiments are per
formed is < 100 }Lm in each pair. One point was found to be 
"wrong way." 

mathematical analysis of the problem of gastrulation motion 
shows that a hyperbolic flow of cells suffices to localize the 
limb lateral plates from which the limbs emanate in the 
shape of four domains located two above the navel and two 
below [30-32], Fig. 9. This explanation ascribes the forma-

FIG. 9. (Color online) (Left) An early embryo (day 2) at the 
stage where lateral plates form only small bumps. These bumps find 
themselves on each side (anterior and posterior) of the region of the 
presumptive navel (direct transmission illumination of a rinsed em
bryo). Already at day 2, the presumptive limb areas are visible in 
the shape of small round thickenings formed by the engulfment of 
the ectoderm, which rotates toward the posterior part and toward 
the anterior part, thus creating the limb fields. (Right) Later stages 
of embryo development, showing how the buds actually emanate 
from the initial engulfment (from database Geisha), which outgrows 
progressively up to the point where the buds become true limb 
paddles. The tail bud grows along the anteroposterior axis, passing 
over the limb plates, and generating the well-known rotational 
shape of the pelvis. 
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tio~ of pai~ed appendages to the topology of the initial flow, 
WhiCh sc ales up dynamically the areas of the limbs rather 
than. to two discr~te, ad hoc "inductions" occurring ~long a 
gradIent of chermeals acting as local "morphogenes." 

In th~ early blastula, prior to formation of the body axis, 
there eXIst vortex flows [31-35] (Fig. 10). The flow pattern is 
conve~gent toward the presumptive navel and divergent away 
fro~ It, as actually observed and confirmed by numerous 
studIes, such that progressively the cellular sheets form 
bumps in the areas of the presumptive hips and shoulders 
[15,33] defined by the early cellular distribution. These do
mains will grow out the limb buds, in the form of the well
known little limb paddles. This model, based on the actual 
cell tracts, is at variance with existing "induction" models of 
dev~l?pment [36,37]. In particular, due to vorticity, the ftow 
exhIbits cell tracks oriented in opposite directions in the 
same field, which is incompatible with chemotactic models. 
One ~rediction ~f the physical model ascribing limb morpho
genesIs to the tissue ftow is that the limb bud areas from 
which the limb buds emanate should be low-pressure re
gions, associated to tissue engulfment (rotation and transla
tion toward the median axis), as compared to the rest of the 
body in between limbs, which is more compressed. This is 
due to the following fact. 

Direct i~spection .of ~imb buds in embryos shows that they 
correlate With the wmdmg of the tissue. Now, eareful analy
sis of the tissue fiow pattern in early embryos shows that 
there exists indeed a stagnation point [31,32] such that the 
flow revolves away from the stagnation point. Cells converge 
toward the stagnation point in the left-right direction and 
diverge from the stagnation point in the anteroposterior di
rection. This remarkable situation can be analyzed at fiest 
order in terms of a hyperbolic ftow [32]. In effect, the pres
ence of a stagnation point (Vx=O, Vy=O at x=O, y=O) allows 
one to perform a linear expansion of the fiow around the 
stagnation point [Figs. lO(a) and lO(b)]. It is weIl known that 
such a linearized fiow writes (Vx, Vy) = (-kx,ky), whieh sat
isfies the mass conservation law div(V) =0, around a singular 
hyperbolie point. If we restrict ourselves to this linearization, 
we see that such a fiow derives from a viscous ftow pushed 
by an in-plane pressure field which has the form P(x,y) 
~x2-i. This is to say that the pressure will be high along 
the fianks and toward the presumptive navel area (stagnation 
point) and will decrease toward the limb plates, following 
the adveetion of the tissue downstream. 

We therefore expeet the point of outgrowth of the limbs to 
correlate with a low-pressure area, from which further 
growth will be easier. More specifically, submitted to a me
sodermal expansion, the existenee of an in-plane stress 
higher in the region of the stagnation point and lower away 
toward the revolving eores of the vortices will imply a local
ized bulging of the limb plates by out-of-plane equilibrium. 
In addition, although not the eore of our study, epigenetic 
transduetion effects of the pressure gradient are likely to be 
involved. 

In order to confirm our prediction that the presumptive 
limbs areas have a lower stress state, we have analyzed by 
tonometry the presumptive limb bud areas [Fig. 1O(f)]. A 
direet visual inspection of the air jet impact (data not shown) 
shows that the limb bud area is mueh softer than the more 
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FIG. 8. (Color onIine) Comparison of compliance of cancerous 
and healthy tissues on an example of liver tumor in mice. (a) Direct 
opticaI image of the liver sampIe, where cancerous nodes appear as 
the white zones, the tip of the SAPT pipette is seen on the left, and 
the size of the bar is 300 /-Lm. (b) Magnified view under a fluores
cent microscope. The large voids are sections across blood vessels. 
The scaIe bar is 50 /-Lm. (c) Tumor compliance (curve 2) and sane 
tissue compliance (curve 1) in two regions very elose to each other 
« 100 /-Lm), as assessed by the SAPT. Please note that the sampIe 
is fixed. During the first seconds of the air puff, a very large com
pliance difference is found which progressively reduces. This re
duction in compliance contrast is ascribed to desiccation. (d) A set 
of data shows an aImost systematic higher deformability of the 
sampIe in the sane (I) area elose to a given cancerous (2) area. The 
distance between the places where the SAPT experiments are per
fonned is < 100 /-Lm in each pair. One point was found to be 
"wrong way." 

mathematical analysis of the problem of gastrulation motion 
shows that a hyperbolic ftow of cells suffices to locali~e the 
limb lateral plates from which the limbs emanate m the 
shape of four domains located two above the navel and two 
below [30-32], Fig. 9 . . This explanation ascribes the forma-

FIG. 9. (Color onIine) (Left) An early embryo (day 2) at the 
stage where lateral plates form only smaIl bumps. These bumps find 
themselves on each side (anterior and posterior) of the region of the 
PTesumptive navel (direct transmission illumination of a rin.~d e~
bryo). Already at day 2, the presumptive limb areas are VISIble \0 

the shape of smaIl round thickenings formed by the engulfment of 
the ectoderm, which rotates toward the posterior part and toward 
the anterior part, thus creating the limb fields. (Right) Later stages 
of embryo development, showing how the buds actuaIly emanate 
from the initial engulfment (from database Geisha), which outgr?WS 
progressively up to the point where the buds become. true ~b 
P3ddles. The tail bud grows aIong the anteroposterior axIS, pa~s\Og 
OVer the Iimb plates, and generating the well-known rotauonal 
shape of the pelvis. 
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tion of paired appendages to the topology of the initial ftow, 
which scales up dynamically the areas of the limbs, rather 
than to two discrete, ad hoc "inductions" occurring along a 
gradient of chernicals acting as local "morpbogenes." 

In the early blastula, prior to formation of tbe body axis, 
there exist vortex ftows [31-35] (Fig. 10). The ftow pattern is 
convergent toward the presumptive navel and divergent away 
from it, as actually observed and confirmed by numerous 
studies, such that progressively tbe ceHular sheets form 
bumps in the areas of the presurnptive hips and shoulders 
[15,33] defined by the early cellular distribution. These do
mains will grow out the limb buds, in the form of the well
known little lirnb paddles. This model, based on the actual 
cell tracts, is at variance with existing "induction" models of 
development [36,37]. In particular, due to vorticity, the ftow 
exhibits cell tracks oriented in opposite directions in the 
same field, which is incompatible with cbemotactic models. 
One prediction of the physical model ascribing limb morpho
genesis to the tissue ftow is that the limb bud areas from 
which the limb buds emanate should be low-pressure re
gions, associated to tissue engulfment (rotation and transla
tion toward the median axis), as compared to the rest of the 
body in between limbs, whicb is more compressed. This is 
due to tbe foHowing fact. 

Direct inspection of lirnb buds in embryos shows that they 
correlate with the winding of the tissue. Now, careful analy
sis of the tissue ftow pattern in early embryos shows that 
there exists indeed a stagnation point [31,32J such that the 
ftow revolves away from the stagnation point. Cells converge 
toward the stagnation point in tbe left-right direction and 
diverge from the stagnation point in the anteroposterior di
rection. This remarkable situation can be analyzed at first 
order in terms of a hyperbolic ftow [32]. In effect, the pres
ence of a stagnation point (Vx=O, Vy=O at x=O, y=O) allows 
one to perfonn a linear expansion of th~ ftow around the 
stagnation point [Figs. lO(a) and lO(b)]. It IS weH kn0:-vn tbat 
such a linearized Oow writes (Vx, Vy) = (-kx,ky), whi~h sat
isfies the mass conservation law div(V)=O, around a smgular 
hyperbolic point. If we restrict ourselves to this linearization, 
we see that such a ftow derives from a viscous Oow pushed 
by an in-plane pressure field which has the form P(x, y) 
-x2-l. This is to say that tbe pressure will be high al~ng 
the Oanks and toward tbe presumptive navel area (stagna~on 
point) and will decrease toward tbe limb plates, followmg 
the advection of the tissue downstrearn. 

We therefore expect the point of outgrowth of tbe limbs to 
correlate witb a low-pressure area, from which further 
growth will be easier. More specifically, sub~tted to a me
sodermal expansion, tbe existence of an m-plane stress 
higher in the region of the stagnation. point .an~ lower away 
toward tbe revolving cores of the vortlces wllllIDpl~ ~ l~l
ized bulging of tbe limb plates by out-of-plane eqW?bnu~. 
In addition, although not tbe core of our study, . eplgenetlC 
transduction effects of the pressure gradient are likely to be 

involved. . 
In order to confinn our prediction that the presumptlve 

limbs areas have a lower stress state, we have analyzed by 
tonometry tbe presumptive lirnb bud areas [Fig. 1O(f)]. A 
direct visual inspection of the air jet impact (data not shown) 
shows tbat tbe lirnb bud area is much softer than the more 
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AG. 10. (Color online) (a) The engulfment of the ectoderm and 
the elongation of the A-P axis is associated to a dynamic rotation of 
the tissue and hence to a stress which decreases from the presump
tive navel area and toward the shoulder and hips regions, which will 
physically be low stress areas. (b) The early linearized flow is hy
perbolic around a stagnation point which is the presumptive naveI. 
(c) Shadowgraph inspection of the early embryo shows the trails of 
the epiblast engulfment and that the uplift of the epiblast colocalizes 
with the zone of winding. (d) The cell paths exhibit a vortex dy
namics, as they approach the center of the body, prior to rotate 
caudally (the green lines correspond to time-Japse tracking of cell 
paths during 5 h, with 5 min interval, on a chieken embryo; the 
starting point of each track is on the blue point). Scale bar is 
500 J-Lm. (e) Tbe cell dynamies has many anatomie consequences, 
for example, eventually, the tissue winding is directly visible in the 
path taken by the haemagioblasts which form the capillary lattice 
(visible here as a black mesh). (f) Measurement of the stress. We 
analyzed by SAPT the area of the presumptive limb buds and found 
that limb buds are much softer than the body. The plate in (f) shows 
the deformability in the forelimb plate (top, data 1), in the flanks in 
between (middIe data 2), and in the hindlimb plate (bottom data 3). 
Data represent the spot position as a function of time for aseries of 
six rapid air puffs exerted in situ. The limb plates show a much 
larger deformability (more flexible area). The outgrowth of limbs is 
quite clearly related to a higher deformability of the limb plates at 
early stages of development. Limb outgrowth is therefore correlated 
with the stress gradient and the corresponding deformation field, 
inherited from the early pattern of gastrulation movements. 

proximal parts (flanks and dorsal areas) of the body. We ori
ented carefully the li mb plates so that a similar spot was 
obtained proximally (on the back) and distally (on the lateral 
plate or bud) and analyzed the amplitude of the deformation, 
at very early stages, when limbs are absent and only identi
fied by a modest bump or budo Tbe measurement by the spot 
shows a large compliance difference between the lateral 
plates and the more proximal parts and along the flanks. 
Figure 10(f) shows deformability data in the presumptive 
hindlimb, forelimb, and flank areas. Tbis shows that the re
gion of the presumptive limb paddle is much softer than the 
presumptive flanks of the body. Tbis explains naturally the 
direction of further growth: after localization by the tissue 
winding, physical growth of limbs will next be oriented in 
the direction of decreasing stress by Newton's law. Of 
course, it may also be possible that there exists a difference 
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in material property, in addition to the stress state. However, 
the fiow pattern implies necessarily a stress gradient, which 
is in itself sufficient to explain the physical drift and final 
localization of the soft areas, and further epigenetic differen
tiation of cells. Assuming that there exists apriori an ad hoc 
softer area (e.g., lower Young modulus), by some chemical 
coincidence or "induction," implies an additional causal ex
planation of the localization, which is currently lacking, if it 
is not by the hyperbolic fiow. 

V. DISCUSSION AND CONCLUSION 

Tbe results reported in this paper cover the most impor
tant experiments performed by a unique self-developed in
strument (high-resolution scanning air puff tonometer), 
which is capable of in vivo measuring of the stiffness tissue 
without any contact, if we consider the air jet as noninvasive. 
Tbe first set of experiments presented here serves to test the 
capabilities of the device; another set is devoted to study the 
role of gradients of mechanical properties in the processes of 
tissue or cellular aggregates development. 

Tbe use of this new instrument shows that it is possible to 
locally indent with a rapid air jet biological surfaces. Since 
an air puff is used for the indentation, there is very little 
contact and the point under study can be shifted rapidly to 
some other place to analyze dot-by-dot gradients of material 
properties. It allows one to do spatially resolved analysis 
without dragging an instrument across the living sampie. In 
existing techniques, such as optical tweezers [8] or contact 
cantilevers [9], it is not so easy to perform measurements in 
different parts of the same, fresh, sampie. Acoustic elastog
raphy is a more promising technique in terms of imaging 
mechanical contrasts [12], but the spatial resolution is still 
low and the data need a nonintuitive interpretation in terms 
of acoustic waves. When operated skillfully, the SAPT al
lows one to gather instantaneously very valuable information 
on viscoelastic properties of materials. The acoustic tip de
scribed in Ref. [17] might help to improve both resolution 
and mechanical analysis. 

Nevertheless, some drawbacks still exist. First of all, the 
method of data acquisition we use, which is based on optical 
detection, limits the possible shapes of the surfaces un~er 
study to the ones that are elose to fiat. However, as the Ill

strument's resolution is quite high, due to the diameter of the 
air stream which can be diminished down to 10 }Lm, flex
ibility of the setup, which allows one making a precise ad
justment of the air jet, sampie, and the detector optics, the 
size of the fiat area, which is required for proper measure
ments, is quite small. For example, we were able to compare 
the mechanical properties ofchicken embryo skin in areas of 
developing feather buds to the flat skin areas in emb~os 
Hamburger and Hamilton (HH) stage 35 and 37 as the dIam
eter of the feather primordia in this stage is 150-200 }Lm, 
wh ich is large enough for the measurements. Tbe results are 
presented in a separate paper [38]. . . 

Moreover, as it is often not possible to expose the bwlogl
-

cal objects to the air puff for a long time due to the progres
sive desiccation of the sampies, especially the softest ones, 
the instrument is only suitable to study the surfaces whose 
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respons~s to the air puffs have relaxation times in the range 
of fractIOn of a second to minute. For the same reason the 
number of experiments performed on the same object is 'lim
ited by its rate of desiccation. At the same time, due to mini
mal contact of the instrument with the object under study, the 
dam~g~ of t~e tissue during the experiment is negligible, 
thus 1t 1S poss1ble to perform the measurements in vivo and to 
repeat the experiment on the same object after a variable 
period of incubation. Reproducibility of the data is very 
good. In this way, monitoring of the changes in mechanical 
properties of the tissue due to some external or internal dis
turbances may be studied. 

In this paper, we also present the results of the study of 
mechanical properties of different kinds of developing tis
sues. which ~e done by the SAPT tonometer. In all systems 
stud1ed, ~he lllstrument shows readily that there exist physi
cal grad1ents at all scales, ranging from the entire organ 
sh~pe (e.g., limb bud, flanks) to small details, such as the 
ne1ghborhood of the smallest arteries. Such gradients have 
morphogenetic properties, which are complementary to di
rect gen.etic inductions, and rarely emphasized because they 
are so. d1fficult to image spatially. It has been proven recently 
that b10molecular stainings in lung tissue may be correlated 
with strain maps [39]. In addition, the pattern of most genetic 
maps during early gastrulation can be analyzed as a simple 
c~nsequence of tissue advection [32], therefore a possibility 
~ses that many colored images provided by staining tech
mques be in fact impossible to interpret without a clear pic
ture of the stress and deformation maps. 

Possible developments of the instrument are (i) ultrareso
lutive tips, in the nanometer range, to turn the SAPT into an 
"air jet AFM," (ii) water puff tonometry to avoid dessication 
or to treat sampies inside buffers such as phosphate buffer 
solution (PBS), (iii) Nomarsky mode tonometry, which al
lows one to measure the deformation with a higher accuracy, 
or, in other contexts, (iv) high-speed tonometry with rapid 
c.ameras to get a more resolved response curve of quite elas
tlc materials. All these technical improvements will be pro
gressively tested. 

VI. SAMPLE PREPARATION 

A. Bacteria colonies 

The Proteus mirabilis wild-type strain WT19 corresponds 
~o the clinical isolate U6450 [40] from a chronic urinary tract 
lllfection (UTI) involving renal stone formation. WT19 was 
grown in lysogeny broth medium at 37 oe overnight. For 
studying periodic swarming, a 3 /LL of culture broth was 
deposited at the center of a Petri dish and was allowed to 
grow for up to 18-24 h on the LB agar 2%. 

The fluorescent labeling of the colony is obtained by 
shedding a so-called dead-live solution onto the colony. The 
~ad-live solution (Molecular Probes) contains SYT09 and 
1sopropidium. It is known that only the SYT09 enters living 
cells which then fluoresce green. Dead cells or inert materials 
transfer both SYT09 and isopropidium, in which case the 
fi~orescence is red. The agar will appear dark in the confocal 
nucroscope and the colony brighter as observed. 
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B. Thmor sampIes 

The cancer data were prepared in the following way. 
Transformed rat liver epithelial cells (FI) were labeled with 
the lipophilic tracer Dil (molecular probes). The fluorescent 
cancer cells were injected directly intraspleenic. The cancer 
no~ule was allowed to develop in vivo for 6 days, after 
Wh1Ch the mouse was sacrificed. Histological slices of the 
liver (40 /Lm thick) were cut and fixed with paraformaldhe
hyde 4%. The precocious tumor tissue is identified with clas
sical fluorescent microscopy (Leica microscope MZFLIII). 
The cancerous cell clusters are ~ 80-1 00 /Lm big. 

C. Chicken sampies 

~athogen-free, fertilized chicken eggs (Gallus gallus and 
wh1te leghorn eggs) were incubated at 37.5 oe in a humidi
fied incubator and embryos were staged according to HH 
[41]. 

1. Blood vessels 

For the blood vessel measurements, the chick embryos 
aged between 35 and 60 h were used for the yolk-sac experi
ment and the chick embryo aged between 2 and 4 days were 
used for the Formation of vitelline arteries and veins experi
ment. The albumen was drained out from a hole in the blunt' 
end of the egg's shell then a square window was opened in 
the shell. After cutting out the membrane surrounding the 
chick embryo's yolk sac, the embryo was rescued and 
washed in a PBS. The embryo was spread on a lamella and 
the excess of PBS was removed by capillarity with a steril
ized paper until the yolk sac appeared lying flat on the 
lamella, with no yolk or albumen remaining undemeath. 
Sampies were transferred either to the microscope for opticaI 
imaging or to the tonometer for tonometry analysis and stud
ied within 30 min. A typicaI tonometry data acquisition takes 

less than 1 min. 
The in vivo time-Iapse images were performed inside a 

minitüb standard incubator with a glass window and under a 
Leica MZFLIII stereo microscope; illumination was by a 
Shott fiber lamp with halogen dichroic light (24V, 2S0W). In 
order to avoid condensation on the window, the embryo is 
placed inside a double chamber with a warmer side on top 
(38.7 Oe) as compared to the bottom plate (37 Oe). 

2. Limb buds 

For the limb bud measurements, two types of experiments 
were performed. Early embryos HH stages 11-13 were stud
ied in vivo, in ovo. Older embryos from HHI3 to HH-16 
were extracted from the eggs. The yolk was carefully rinsed 
with the PBS solution. The embryos were spread out on the 
Petri dish. The measurements were done within the 30 min 
time interval after the extraction in order to prevent measure
ment artifacts due to the sampIe desiccation. Limb buds are 
generally thought to appear by stage 17 of Hamilton and 
Hamburger classification. Our observations show that in fact, 
the areas of limb buds are committed to form limbs much 
earlier by the winding of the tissue. The uplift of limb bud 
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areas is a dynamical process, not a stop-and-go discrete in
duction. 
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APPENDIX: CALmRATION EXAMPLES 

We present in this appendix physical measurements and 
controls which serve to understand how the tonometer func
tions and what is measured. 

1. Tip orientation 

Figure 11 shows an air puff experiment on distilled water. 
The same experiment is shown for the best pipette orienta
tion and for an orientation rotated by 1800 of the pipette. 
This clearly illustrates the importance of the pipette orienta
tion. However, once the calibration is done, even for a poor 
signal, an absolute calibration of deformation vs force is 
achieved. In Fig. 11 (Ieft), the observed slope of the response 
of the water surface deformation during the air puff is linked 
to the viscoelastic (oscillatory) damping. 

2. Absolute calibration 

A material of known physical properties can be used for 
absolute calibration. Figure 12 shows the same experiment 
performed on distilled water and on ethanol. 
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AG. 11. Comparison of water data to the same tip, for a refer
ence angle noted 00

, and with a rotation of 1800 around the tip axis. 
The positive displacement (large) becomes a negative displacement 
(very small). The pipette angle must therefore be carefully adjusted. 
This is why the rotation is motorized around the tip axis, to opti
mize the angle, when installing a new tip. The sketch to the right 
explains the angle which is rotated in order to achieve the optimal 
spot direction. The spot light direction is rotated until it finds itself 
slightly "ahead" of the air jet. 
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AG. 12. (Left) Typical measurements on pure water (distilled) 
and absolute ethanol. (Right) Spot deftection as a function of etha
nol concentration in distilled water. In S2-right, the black dots rep
resent the alcohol-water surface tension and the circ1es the mea
sured spot deftection. The surface tension decreases with increasing 
ethanol concentration, hence the deformation increases. 

3. Distance calibration 

The deformation imparted on the surface depends on the 
exact tip-to-surface distance because of progressive viscous 
diffusion of the air jet into the steady air surrounding the tip. 
Therefore, the indentation is sharper at c10ser distance. How
ever, another effect exists: when the air jet and light spot are 
not strictly coaxial (which is generally the case), there exists 
amismatch between the actual area of air impact and the 
actual illuminated zone. This mismatch increases for higher 
tip-to-surface distance. When the air jet is quite coaxial with 
the light, the spot deforms in an annular fashion; this sort of 
deformation has a deflection component in both directions, 
therefore reducing the deflection component which is mea
sured. Therefore, the detection may vary nonlinearly with the 
distance. Figure 13 shows a typical curve of deflection as a 
function of tip-to-surface distance taken on water. 
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AG. 13. Deformation as a function of distance between the tip 
of the pipette and the sampie surface (for the same pressure 11 
millibar). With a short distance, as shown on the image to the left, 
the spot has somewhat of an annular deftection image inside the 
deformation cuvette. With a Jonger distance, the spot is more offset 
with respect to the cuvette and it has a truly one way deftection. The 
deflection first increases and then decreases as a function of tip-to
surface distance. This effect is easily understood in the following 
way. When the tip is very elose to the surface. the spot is more 
centered around the air puff, therefore the spot deftection has a 
component in both directions (since the deformed spot has an an
nular shape). When the tip-to surface distance is increased. the light 
spot and air puff are more offset. The deflection becomes more one 
way because the light spot is on one slope of the cuvett~ only. 

. diffu on deHowever, as the tip-to-surface distance increases. lllr SI t 
creases the air impact. therefore eventually decreasing the force a 
the impact area. 
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FIG. 14. (a) Deformation as a function of the applied air pres
sure at the entry of the line (in millibar over atmospheric pressure). 
The initial overshoot is areal effect. When a surface (here of water) 
receives the air puff, there is an initial elastic overshoot, which is 
rapidly damped. However, for stronger puffs, this effect disappears 
and the convergence to the limiting value is overdamped. We as
cribe this to the tension imparted on the surface by the air puff: for 
a higher tension, the surface is stiffer and hence oscillates less. 
However, in the range of parameters studied, the deformation is 
linear with force, hence allowing direct interpretation of data. (b) 
Large absolute deformation of a water surface (130 /Lm) at a large 
absolute flux (20 cc/min) for a pipette which is 110 /Lm in 
diameter. The top images show the air off-air on spots. The bot
tom images show the actual spot displacement detection and 
the fiuxmeter bead. The corresponding air fiow of density 
1.2 kg m-3 is approximately 3 mls and hence the corresponding 
force of the impinging air ftux is approximately F= 10-6 N (F 
=[3 ms-1][1.2 kgm-3][20 cc/min] -3Xl kgX20.1O-6/60 N 
-10-6 N). 

4. Pressure calibratioD 

Of course, since we expect the surface deformation to 
vary with material properties, for a constant force, we also 
expect the same material to have an increased deformation 
for increasing values of the impacting air puff. Figure 14(a) 
shows the deflection measured on distilied water for different 
pressures measured at the entry of the air line. The overshoot 
which is seen at the beginning of the air puff is areal effect. 

The air flow was also measured in parallel with a floating 
bead flux meter (Meterate). For example, Fig. 14(b) shows 
the tip, the deformation, and the air flux, as measured in the 
same experiment. In this case, the force exerted is approxi
mately 10-6 N; for biological sampIes, the force was more in 
the 10-8 N range. However, we found that the pressure in
dication was more reliable, as the floating bead tends spuri
?usly to be arrested at aberrant positions due to friction along 
Its glass tube. 

The deformation of the surface is also dependent on the 
geometrical boundary conditions. Indeed, in principle, the 
deformation of a flat membrane is related to its tension and 
also to its diameter. This is why all calibrations examples and 
material comparisons (water or alcohoI) are made in Petri 
dishes of exactly the same size. In vivo, it is clear that the 
gross geometry of the tissue may come into play for the 
determination of the deformability. However, this is consis-

(c) 
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FIG. 15. [la) and (b)) Comparison of a typical spot deftection 
and spot size data for water and ethanol, acquired simultaneously. 
(c) When the air puff and the light spot are elose to coaxial, the air 
spot undergoes a dilation (magnification) in addition t6 a deftection. 
Then, both the size of the spot and the position of the spot can be 
followed to gather information about the surface deformation (in 
this experiment, the spot size is 50 /Lm). 

tent with the morphogenetic process: when a clutch of cells 
push themselves forward, what matters is the Deat deforma
tion which is obtained, for a given force, including any pos
sible boundary effects. In this respect, the push action of the 
air puff is conceptually analogous to the push action of cells. 

5. Spot size mode 

When the spot size is very weIl centered in the defonna
tion cuvette, the image of the spot is almost centrosymmetric 
and therefore the deflection of the center of gravity of the 
spot is small. However, in this case, the radial variation of 
the spot size amounts to an increase of the surface area of the 

FIG. 16. Chicken embryo as observed in direct illumination. 
Right side shows normal vesse1s, while left side shows a very con
spicuous swollen area along the arterioles. This effect is obtained 
when culturing embryos shell-Iess in a Petri dish. Simple PBS 
buffer is added on top of the left half and normal yolk on top of the 

control (right) half. 
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FIG. 14. (a) Deformation as a function of the applied air pres
sure at the entry of the line (in millibar over atmospheric pressure). 
The initial overshoot is a real effect. When a surface (here of water) 
receives the air puff, there is an initial elastic overshoot, which is 
rapidly damped. However, for stronger puffs, this effect disappears 
and the convergence to the limiting value is overdamped. We as
cribe this to the tensio n imparted on the surface by the air puff: for 
a higher tension, the surface is stiffer and hence oscillates less. 
However, in the range of parameters studied, the deformation is 
linear with force, hence allowing direct interpretation of data. (b) 
Large absolute deformation of a water surface (130 ,um) at a large 
absolute ftux (20 cc/min) for a pipette which is 110 ,um in 
diameter. The top images show the air off-air on spots. The bot
tom images show the actual spot displ acement detection and 
the ftuxmeter bead. The corresponding air ftow of density 
1.2 kg m- 3 is approximately 3 rnIs and hence the corresponding 
force of the impinging air ftux is approximately F= 10-6 N (F 
::[3 ms-I] [1.2 kg m- 3] [20 cc/ min] -3X I kg X20.1O- 6/ 60 N 
- 10-6 N). 

4. Pressure calibration 

Of course, since we expect the surface deformation to 
vary with material properties, for a constant force, we also 
expect the same material to have an increased deformation 
for increasing values of the impacting air puff. Figure 14(a) 
shows the deflection measured on distilled water for different 
pressures measured at the entry of the air line. The overshoot 
which is seen at the beginning of the air puff is areal effect. 

The air flow was also measured in parallel with a floating 
bead flux meter (Meterate). For example, Fig. 14(b) shows 
the tip, the deformation, and the air flux , as measured in the 
same experiment. In this case, the force exerted is approxi
mately 10-6 N ; for biological sampIes, the force was more in 
the 10-8 N range. However, we found that the pressure in
dlcation was more reliable, as the floating bead tends spuri
ously to be arrested at aberrant positions due to friction along 
Its glass tube. 

The deformation of the surface is also dependent on the 
geometrical boundary conditions. lndeed, in principle, the 
deformation of a flat membrane is related to its tension and 
also to its diameter. This is why all calibrations examples and 
~aterial comparisons (water or alcohoI) are made in Petri 
dlshes of exactly the same size. In viva, it is dear that the 
gross geometry of the tissue may come into play for the 
determination of the deformability. However, this is consis-
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FrG. 15. [Ca) and (b)] Comparison of a typical spot deftection 
and spot ize data for water and ethanol , acquired simultaneou Iy. 
(c) When the air puff and the light spot are e10se to coaxial, the air 
spot undergoes a rulation (magnification) in addition to a deftection. 
Then, both the size of the spot and the position of the spot can be 
followed to gather information about the surface deformation (in 
this experiment, the spot size is 50 ,um). 

tent with the morphogenetic process: when a dutch of cells 
push themselves forward, what matters is the neat deforma
tion which is obtained, for a given force, including any pos
sible boundary effects. In this respect, the push action of the 
air puff is conceptually analogous to the push action of cells. 

5. Spot size mode 

When the spot size is very weil centered in the deforma
tion cuvette, the image of the spot is almo t centrosymmetric 
and therefore the deflection of the center of gravity of the 
spot is small. However, in thjs case, the radial variation of 
the spot size amounts to an increa e of the surface area of the 

FIG. 16. Chicken embryo as observed in direct illumination. 
Right ide shows normal vessels, whi le left ide shows a very con
spicuou swollen area along the arteriole . This effect is obtained 
when culturing embryos shell-Ie in a Petri dish. Simple PBS 
buffer is added on top of the left hal f and normal yolk on top of the 

control (right) half. 
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spot on the detection charge coupled device (CCD) of the 
camera. In this situation, one can switch the tonometer to a 
"spot size" mode. Figure 15 shows two examples of water 
(H2ü) and ethanol (EtOH) data, observed simultaneously in 
spot deflection mode (a) and spot size mode (b). Figure 15(c) 
shows the actual spots during the ethanol data acquisition. 
The deflection follows the center of gravity of the spot and 
the spot size folio ws the surface area of the spot. Data show 
that both müdes can be accurately followed; the size mode 
may help to confirm the data in deflection mode (this is 
analogous to the so-called A - Band A + B signals of the 
atomic force microscope). The spot size mode is less sensi
tive to noise than the spot deflection mode, however, it may 
be sensitive to surface reflectivity. From a geometrical point 
of view, the spot size mode gives the size of the blurred 
image of the spot across the equivalent diopter of the de
formed surface. In the small deformation regime, this 
amounts to a magnification, which is proportional to focal 
length. 

6. Appendix Part 6 

Cell swelling in the yolk sac is not directly related to the 
uptake of fatty acids from the yolk itself toward the endoder-
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