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Zero applied stress rheometer
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In order to test the fluctuation-dissipation relation on rheological properties of soft materials, we
built an experiment to measure thermally excited strain in a sample and compare it to the classical
response to an external stress. The rheometer is based on a cylindrical Couette geometry. We use
differential interferometry to achieve better than~1®rad/\JHz sensitivity in angular position

above 0.5 Hz. The forcing method, based on electrostatic interaction in a capacitor, generates
torques comparable to that of thermal noise. Experiments on a calibrated silicon oil show good
agreement between response and fluctuation measuremerg80American Institute of Physics.
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I. INTRODUCTION technique has already been used in several experiments, to

, . extract properties of biological, chemical, and physical
The measurement of any response function of a phys'c%ystems?.“"

system is usually based on the same procedusenall ex- The case of out of equilibrium systems is a bit different,
ternal forcing has to be applied to the system in order tQnce the requirements of FDT are not fulfilled. However,
study its responsesmall because we work under the funda- gome recent theories for glassy materials point out the inter-
mental hypothesis of the linear response thédfie forcing ot of the study of fluctuation-dissipation ratio in these

of the s_ystem should not dr.ive. it.to another state Where_it§|ow|y aging system&Experimentally, such a measurement
properties are different. While it is generally easy to fulfill ., jjies an independent determination of fluctuations and re-

this condition, it may become tricky in some cases. For exgponse, with a vanishing driving in the second case to avoid

ample, systems that are very fragile or close to a critica,, mogification of sample aging. Recent experiments, all

point cannot be tested without extreme care. Likewise, SySgycysed on electrical properties of glasses, have shown the
tems that are still evolving must be handled with precaution;

: ) ) Y : interest of such an approaffi.
since they are not in equilibrium, any external forcing may g experiment was built in this context; in order to test
change(delay, accelerate, ejdheir natural evolution. FDT in glassy materials, we developed an original rheometer
For systems in equilibrium, the study of intrinsic fluc-

! _ whose purpose is to measure thermally excited strain in a
tuations of one property can give an answer to that problengamme, and compare it to what can be expected from FDT.

in Onsager’s hypothesis, thes_e thermally excited flu.ctuationq‘rhe experimental setup is based on a classic cylindric Cou-
are governed by the same linear response functions. Th&te rheometer configuration. To measure the angular posi-
fluctuation-dissipation theorer(FDT),* resulting from this tion of the rotor, we use a differential interferometele-
hypothesis, allows determination of response functions fromriped in Sec. ), which permits detection of thermally
the study of fluctuations. Let us recall briefly the expression,, .ited motion. In Sec. Ill, we present the forcing method,
of this theorem. We consider an observaklef the system  paseq on electrostatic interaction, that we use to generate
and its conjugate variable. The response functioge(f),  torques comparable to that of thermal noise. Section IV il-
at frequencyf, describes the variatioax(f) of x induced | sirates rheometer operation with a silicon oil, demonstrat-
by a perturbation 6F(f) of F, that is, xxe(f) jng its ability to measure response function from thermal
= ox(f)/oF(f). FDT relates the fluctuation spectral density ¢ ~tuations. We discuss in Sec. V.
of x to the response functiog,r and the temperaturé of
the system:

Il. STRAIN MEASUREMENTS: DIFFERENTIAL

4kgT INTERFEROMETRY
” Im{ xxe(f) ], (1)

Si(f)=
In order to measure the infinitesimal displacements that

whereS,(f )=(|x(f )|?) is the fluctuation spectral density of are thermally excited in the sample, we use a differential
X, kg is the Boltzmann constant, [m(f )] is the imaginary  interferometer. Originally proposed by Nomar&khis tech-
part of x,g(f), and w=2=f. Textbook examples of FDT nique is well suited to measure submicron displacements
are Nyquist's formula relating the voltage noise to the elecwith better than 10*® m/\/Hz sensitivity.
trical resistance and the Einstein’s relation for Brownian mo-  Figure 1 reports the optical scheme we used in our ap-
tion relating the particle diffusion coefficient to the fluid vis- paratus. Light emitted by a stabilized He—Ne la@delles
cosity. Therefore, the study of fluctuations can give a trueGriot 05STP90Bis brought to the interferometer through a
zero forcing measurement of a response function. This smapolarization maintaining singlemode optical fiber. The highly
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FIG. 1. Scheme of the differential interferometer. A calcite prism splits (Hz)

input light into two parallel beams with cross polarizations. These WOE|G 2. |nterferometer noise. With a single mirror we fix a constant differ-
beams are recombined with the same optical component after a reflection Qthce of optical path. The output noise quantifies the resolution of the inter-
a mirror. The phase shifs between cross polarizations keeps track of opti- ferometer: it is better than 162 m/\Hz above 0.6 Hz. Peaks are mechani-

cal path difference in the sensitive area. Analysis of this beam is made witl'&aI resonant frequencies of the apparatus, whereas the base line is due to
a Wollaston prism, oriented at 45° with respect to the calcite. ContraSEonditioning electronics and laser phase nc’)ise

between intensities collected by photodiodes is a sinusoidal functign of

clean divergent beam emerging from thewih-diam core of ¢+ . Since variations ofp will be small in our experi-

the fiber is collimated with a convergent lens, and enters {a:nentzs, we can choose to tugle= — /2 rad, and linearize
calcite prism(Melles Griot 03PPDO01R The polarization of g.(2) to get
the beam makes a 45° angle with the neutral axes of the 20
crystal; thus the output consists of two parallel beams of ~ C=sin(¢)=¢=-—4L. (©)
equal intensities but with orthogonal polarizations. These
two beams cross a region which is the sensitive area of the Measurement of the contrast functi@ thus directly
interferometer; each beam is reflected back in the calcitéead to that of the difference between optical path This
prism by a mirror, and the phase shiftof one beam with technique has been further improved to avoid linearization of
respect to the other contains the information on the differEq. (2),° but these developments are out of the scope of the
ence between the two optical patbls =\ ¢/27. present article. Figure 2 reports low frequency performance
The two beams recombine inside the calcite. The recomof the interferometer, in terms of the spectral densitybf
bined beam is then sent in the analyzing branch by the beaWhen the difference between optical path is fixed, output
splitter. It first crosses a Babinet compensa@pt. J. Fi- noise is lower than 10"> m/\Hz for frequenciesf larger
chou), that adds a tunable phageo the phase shift between than 0.6 Hz. Residual noise is attributed to mechanical vibra-
cross polarizations. The light is further split into two beamstions of the apparatugics), laser phase noise and condition-
of orthogonal polarization with a Wollaston pristielles  ing electronic nois€base ling.
Griot 03PPWO00R whose neutral axes are oriented at 45° Now that we have a highly efficient tool to measure
with respect to the calcite. Now interferences due to the glovariations of optical path between two parallel beams, we
bal phase shift between the two cross polarizations are vigvould like to use it to record the angular position of the rotor
ible, and can be recorded with two low noise avalanche phoin the rheometer. This can be done accurately by interposing

todiodes(Hamamatsu SR5344 a square prism in the light path, and using a single mirror, as
Measured intensities are easily computed as shown in Fig. 8a). When the two beams enter the cube on
both sides of a diagonal, the variation &f is just propor-
I, =lo[1+cog e+ ¥)], tional to that of the angular positiofhof the prism; as shown
in Fig. 3b), a linear approximation is excellent in all the
I _=lg[1—coget+¥)]. range accessible ia:
SL=L,y6. (4)

With adapted low noise analog conditioning electronics, we
can measure the contrast function of these two signals:  For our experimental conditions, we computé,

=20 mm/rad with a 30° range available in theta. Thus using
c =1 ) this deflection technique the contrast is proportional6to

= = + ).
[ +1_ cod ¢+ ) Specifically, inserting Eq4) in Eq. (3):

This way, we get rid of fluctuations of laser intensity, and

2
have a direct measurement of the cosine of the total phase €= Lo0=Ab ®
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Hr=30 mm. The sample fills the 1 mm gap between the
10 m$ ) % | «%« rotor and the stainless steel cell. Suspension steel wires have
|

a diameter of 0.2 mm and are tightened to ensure correct
S ‘ L centering of the cylindric Couette setup, and to fix the reso-
! ' nant frequency of the torsion pendulum in the middle of the
measuring frequency range. In order to remain within the
linear range of the interferometer, the displacements due to
the forcing technique must remain very small, thus the
10 torque acting on the rotor too. We chose to use electrostatic
=30 20 -10 0 10 20 30 interaction to achieve this goal, as shown in Fig. 4: two small
) "(}S) metallic cylinderglabeled A and A), fixed on the rotor, are
set in correspondence with two othdfabeled B and B)),
FIG. 3. (8 When the beams go through a square prism, the optical patifixed on the external cell. Each pair of cylindéss,—B,; and
differencesl is modified. It is a function of the anglebetween the prism ~ A,—B,) constitutes a capacitor. Applying a voltage=vg
and optical axis(b) We plot oL (6), computed for a BK71§=1.5) prism  _,, petween them creates an attractive foFge(i=1,2)
with a 15 mm side. This function is almost linear féf < 15°; it is fitted by between corresponding cylinders. Respecting the symmetry
SL=Ly0 with Ly=20 mm/rad. ! . e :
around the vertical rotation axis, the total force is zero and
we end up with a torqué' acting on the rotor, tending to
align all the cylinders in the same plane. Cylinders to apply
torque hae a 3 mmdiameter for a 10 mm height and their

| |
| |
-5 | |
| |
| |
1 |

with A=2.09 18 rad *. Advantages of this deflection tech-
nigue are the following: insensitivity to any translation of the

3lrjlzn':otoarrwoug::nl:crgrl:]r:;tchn%pizil aX:)Ss’itri]c())ni?] O'm,'\;grsg/(gpistance is about 2 mm. The resulting capacitance is of the
y disp ' yp 9. order of the pF. Useful driving is achieved whéa is a

sensitivity to rotations around the second horizontal axis arg e noise with a peak amplitude of about 100 V.

second order terms in the optical path expression. Therefore, Knowing the value of the torque as a function of the

;(rellri)rii?sfgﬁgviclhgglrf d}c\}a_itz;;\i/tl:\r/\it;hfeo?lf\irigleaétligfr-app”ed voltage and angular position' is far too complicated to
of rotation around a vertical axis only be trusted, therefore, we cannot directly access the torque
' value. But we know that’, created by electrostatic interac-
tion, is a quadratic function of the driving voltage, that is,
I1l. RHEOMETER SETUP AND LOW STRESS 2
GENERATION I'=Béov7, ©

Figure 4 illustrates the rheometer setup. A rotor is susWhereB is & proportionality constant, which depends on the
pended by two steel wires in a cell of radiRs=7 mm. The  Precise positioning of the cylinders. It can be determined by
rotor, which is made of poly-vinyl chloridéPVC) to reduce the inertial calibration procedure described in the next para-

its inertial momentJ, has a radiuRg=6 mm and a height graph. This electrostatic stress method allows us to apply
extremely tiny torque to the rotor, of order of magnitude

10~ 2 N m/\/Hz.

To study the rheological behavior of the sample, we have
to measure the response of the rotor to an external forcing,
i.e., the response functiog,-= 86(f )/T'(f) where 50(f)
andI'(f) are, respectively, the amplitudes at frequehaf
the angular position variatiofig and of the applied torquE.

For small displacementsjé is simply proportional to the
output of the interferometer, the contr&tBeingl linear in
sv?, then in Fourier space,r is just proportional to the
transfer functionyc,2. Specifically, using Eqg’5) and (6):

_s6(f) A C(f) A
XUTT(f) B A(f) BX®”

)

whereA(f) is the amplitude at frequendly of the Fourier
B transform ofSv2. The proportionality constar®,=A/B in
Eq. (7) can be found using an inertial calibration of the mea-
surement.

FIG. 4. Rheometer setup, tdp) and side(b) view. The rotor is suspended To illustrate this method, we consider that the cell is
in the cylindrical cell with two steel wires; it behaves as a torsion pendulumfijjled with a fluid of viscosity 7 and densityp and that the

whose damping coefficient can be linked to the sample rheological proper—otor is subiected to an oscillating external torque of ampli-
ties. To apply a torque, we use electrostatic interaction between cyIinderE | g a p

A, ,, fixed to the rotor, and B,, attached to the outside cell. When sub- tudel'(f) and pulsationrw=2=f. In such a case the equa-
mitted to a voltagesv =vg—v,, the two capacitors A-B, and A—B, tion of motion of the rotor in Fourier space is
create adv? dependent torque tending to align all cylinders in a single

plane. -J w? 56(f)—i a wdo(f)+k S6(f)=I(f), (8)

(b)
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whereJ is the rotor inertia momenk the steel wires stiff-
ness, andr is a geometric factor which depends on the size
of the rotor and of the gap between the cell and the rotor. For
our geometry  a=4 Hg/(1/RE3—1/R2)=(5
+0.5) 10 ° m®, within the approximation that the velocity

profile of the fluid inside the gap between the rotor and the

cell is linear, that is Re— Rg)2< /(27 f p). Equation(8)

directly leads to the expression of the response function ol

this torsion pendulum

s6(f) 1
XUC=T(f) ~ (k—Jod)—ia 7 o

©)

From Eq.(9) we see that Re(¥r) =(k—Jw?) is a pa-
rabola whose quadratic coefficientdis The rotor inertia mo-

ment J, being known with good accuracy, can be used to

calibrate the measurement. From Eg). we find that

Zero applied stress rheometer

3289
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To determineP. we have just to fit the real part of the % oorf
inverse of the transfer function[c,2(f )] with a parabola. & 4l
The coefficient of the quadratic term is just the product of :5 P
P, J. &) 0.05 7
Thus P, is determined with good accuracy from this £ oo} -
parabolic fit. The inertial calibration technique allows a pre- .|
cise reading of the applied torque, and a complete determi s
nation of the response functiop,. After calibration, the 0021 7
response function can of course be generalized for any fluic o1}
of complex shear modulus=G,—i G,, specifically, , , , , , , , .
00 10 20 30 40 50 60 70 80 90 100
S6(f) 1 (b) f (Hz)

XOC=T(f) ~ (aG+k—Jdwd)—iaG,’ (D

IV. RHEOMETER OPERATION

FIG. 5. Response of the rheometer to a white noise excitation. Théajeal
and imaginary(b) part of 1/, are plotted as a function of frequency. The
rheometer is filled with a viscous oil with=3.3 Pa s. The dashed curve in
(a) corresponds to a quadratic fit of the data, and allows inertial calibration
of the measuremer(see the text for detailsThe dashed line irfb) is a

To excite the rheometer we used a white noise source farmear fit of low frequency data, it is consistent with a Newtonian behavior

év. Simultaneous acquisition & and dv is done by a com-

of the fluid and leads to a viscosity of=3.2 Pa s£10%.

puter via a 16 bits data acquisition system. The computer

calculatessv? and the response functiop, 2.

To test the performance of the rheometer, we study
silicon oil whose viscosity, measured with an industrial rhe-
ometer(HAAKE, SR100, is G;=0 and »=(3.3+0.1)Pas
at w=0. In Fig. 5, we plot as a function of frequency, the

real and imaginary part of the inverse of the response func

tion of our rheometer, },r. As expected from Eqg9) and
(10), the real part is a parabola centeredfen0 Hz. The fit
of this parabola allows us to determiRg andk. OnceP, is
known, from the linear fit of the imaginary paftfor f
—0), we can access the value of the viscosity; for a New-

This measurement corresponds to a classic rheological

aexperiment, except for the tiny values of stress and strain

applied to the material: the rms value of the shear applied is
less than 10* s™1 with a rms displacement of about 4 nm.
But we can even perform a true zero applied stress determi-
nation of viscosity with this experimental setup. Indeed, let
us apply FDT to the rheometer, that is rewrite Et) for
coupled variable® andI'; when no external forcing is ap-
plied, the angular position fluctuation spectr@pis given

by

tonian liquid, the slope is the viscosity up to the known geo-
metrical factora. We measure;=(3.2£0.3)Pas, in agree-
ment with the other measurement. The main source of
uncertainty in this determination is that for the geometricalThus measuring thermal noise of the rotor angular position
factor @, we cannot ensure better than 10% centering of thejives a determination of the imaginary partgf- , with true
rotor with our current experimental setup. We notice a deviazero forcing. In Fig. 6 we plot the measured noise spectrum
tion to the linear behavior fof >20 Hz; it is due to the and that computed using E(L2) and the previously deter-
non-Newtonian behavior of this silicon oil at high frequen- mined values ofy,-. The agreement with the prediction of
cies. FDT is good between 0.2 and 100 Kihe peaks above 15

4kgT

0= Im(xor)- (12
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10° . : (i) Noise measurement. Without any external forcing,
we record angular position noisg,. If the sample is at
equilibrium, FDT is valid and Eqg11) and(12) allow us to
determineG. [From Eq.(12) only the imaginary part of o
can be determined, but the real part can be deduced via
Kramers—Kronig relation$.
This second procedure provides a new tool to investigate
1 rheological properties of a media. When used alone, it pro-
vides a true zero stress rheological measurement, that, for
example, can be useful for highly fragile materials. When
o compared to the classical measurements, it tests the validity
of linear response hypothesis; if the two measurements dis-
agree, the sample is out of equilibrium. This can be due
either to intrinsic process in the materialg., aging, chemi-
R cal reactions, etg.or to the external forcing applied in the
f (Hz) classical measurement.

_ o This rheological experiment was built in order to test
FIG. 6. Spectrum of the thermal fluctuations @fThe rheometer is filled EDT in aging materials, preliminary results of this applica-
with the same oil used to measure the response reported in Fig. 5. Th . . .
continuous line is the result of the measurement whereas the dotted line #ON can be found in Ref. 10. Based on a cylindric Couette
computed-inserting into Eq12), the measured response of the rheometer setup, this technique can certainly be extended to other ma-
andT=300 K. terials or configurations, and may find useful applications in

various research domains.

Hz are due to mechanical vibrations, which are amplified by
the rheometer This agreement shows that FDT can be used
to determine viscosity of a liquid, without applying any shearACKNOWLEDGMENTS
to it.

Indeed from the best fit of noise spectrum using @Q)
one can measure the viscosity which is the only unknown o
Eq. (12). From this best fit we gef=(3.05+0.3)Pa s which
is in good agreement with the value measured directly.
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