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Abstract. When viscoelastic bulk phases are sheared, the deformation
of the sample induces not only shear stresses, but also normal stresses.
This is a well known and well understood effect, that leads to phe-
nomena such as rod climbing, when such phases are stirred with an
overhead stirrer, or to die swell in extrusion. Viscoelastic interfaces
share many commonalities with viscoelastic bulk phases, with respect
to their response to deformations. There is however little experimen-
tal evidence that shear deformations of interfaces can induce in-plane
normal stresses (not to be confused with stresses normal to the inter-
face). Theoretical models for the stress-deformation behavior of com-
plex fluid-fluid interfaces subjected to shear, predict the existence of
in-plane normal stresses. In this paper we suggest methods to confirm
the existence of such stresses experimentally.

1 Introduction

The response of a complex fluid-fluid interface to a deformation is determined by
a wide range of parameters. It is well-known that apart from the familiar surface
tension, this response is affected by surface rheological properties such as the surface
shear and dilatational modulus ([1] and references therein), by the bending rigidity of
the interface [1–8], and by its permeability [8,9] (the latter is particularly important
for interfaces in vesicles or phase-separated biopolymer systems). In their response to
shear deformations viscoelastic interfaces show behavior similar to viscoelastic bulk
phases. Their response is characterized by a surface shear storage modulus G′s, a
surface shear loss modulus G′′s , and a set of relaxation times τs. These properties
have been determined experimentally for interfaces, stabilized by a wide range of
components, such as polymers, proteins, colloidal particles, and mixtures thereof [1].
It is less well-know if shear deformations of interfaces can also induce normal stresses
in the interface, similar to the normal stresses induced in shearing flows of bulk phases.
The latter lead to well-known phenomena such as rod-climbing when such bulk phases
are stirred with an overhead stirrer, or to die swell in extrusion processes. A study
by Olson and Fuller [10] on the behavior of PODMA [poly(octadecyl methacrylate)]
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Fig. 1. Three-dimensional view, top view, and side view of a surface shear device for mea-
suring surface normal forces. The surface is sheared using a rotating band. The shear de-
formation induces a normal force in the direction of the yellow arrow. This force can be
measured with a sensor connected to a nano-force transducer. The barrier can be moved to
control surface concentration of adsorbed species.

stabilized interfaces in contraction/expansion flows shows evidence of “surface die
swell” phenomena, which clearly points to the existence of surface normal stresses.
Surface normal stresses should not be confused with stresses normal to the inter-

face. For a flat interface with surface coordinates (x, y), and z denoting the coordi-
nate perpendicular to the surface, an in-plane shear deformation with magnitude γxy
would induce a surface shear stress with magnitude σsxy. The surface normal stress (if
present) is equal to the stress difference σsxx−σsyy, and is a tangential stress difference,
oriented perpendicular to the direction of flow (see Figure 1). Stresses normal to the
surface would be pointing in the z-direction.
When surface normal stresses are induced, they may lead to effects observed also

in bulk phases. In surface shear experiments using bi-conical disk [11–15] or double-
wall ring geometries [16,17], they could lead to disk- or ring-climbing. Experimental
observations of such effects have so far not appeared in the literature (to the knowledge
of the author).
There are however theoretical models for the stress-deformation behavior of com-

plex interfaces that predict the existence of such stresses. An example of these is a
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structural model for interfaces stabilized by a mixture of low molecular weight sur-
factants and rod-like particles, recently developed by Sagis and Öttinger [18,19], in
the context of the GENERIC nonequilibrium thermodynamic framework [20–23]. The
interface is basically described as a dilute suspension of rod-like particles in a surfac-
tant stabilized interface, and the surface extra stress tensor in this model is given by

σs = (εd − εs) [trDs]P+ 2εsDs + kBT
sρsP
m

(Cs −P) (1)

where εd and εs are the surface dilatational and surface shear viscosity of the part of
the interface that is covered by surfactant (described by a linear Bousinesq model),
Ds is the surface rate of deformation tensor [15], and P is the surface projection tensor
(the unit tensor for the tangential vector fields) [15]. The last term on the right hand
side of (1) describes the contribution of the particles to the surface stress. In this term
kB is the Boltzmann constant, T

s is the surface temperature, ρsP is the surface mass
density of particles in the interface (kg/m2), and m is the mass of the particles. The
second order tensor Cs is the second moment of the particle orientation distribution.
It is defined as 〈nsns〉s, where ns is the unit vector denoting the direction of the
length axis of the rod-like particles, and the brackets denote a local average. In the
model by Sagis and Öttinger [18,19] the time rate of change of this tensor is given by

∂Cs

∂t
− Cs · (∇svs)T − (∇svs) · Cs

+
1

τ
([1− β]Cs −P+ βCs · Cs) = 0. (2)

Here τ is a relaxation time, β is a parameter describing deviations from linear relax-
ation behavior, ∇s is the surface gradient operator [15], and vs is the surface velocity.
The first terms in this expression describe the orientation of the particles in the di-
rection of flow by the imposed velocity gradient, the last terms describe relaxation
processes that randomize the orientation by rotational diffusion.
The model described above is able to predict the shear thinning behavior observed

experimentally for interfaces stabilized by anisotropic particles [24–26]. An interesting
feature of this model is that in steady in-plane shear it predicts the existence of
nonzero surface normal stresses. From (1) we find that the surface normal stress
difference equals

σsxx − σsyy =
(
2kBT

sρsP
m

)
(Csxx − 1) (3)

and this allows us to express the surface normal stress coefficient Ψs as

Ψs =
σsxx − σsyy
γ̇2

=

(
2kBT

sρsP
m

)
Csxx − 1
γ̇2

(4)

where γ̇ is the applied surface shear rate. Experimental proof of the actual existence
of such stresses would greatly enhance our understanding of the behavior of complex
interfaces. The normal stresses predicted by the model described above are quite
low. For a dilute 2D suspension of particles (surface fraction ∼0.01), with particle
dimensions of the order of 10 × 1 × 1μm3, a surface density of about 10−5 kg/m2,
a particle mass of the order of 10−14 kg, and assuming almost full alignment of the
particles (Csxx ≈ 2), we would obtain (using equation (3)) a normal stress difference
of the order 10−11N/m. Such low stresses would be hard to detect, and are unlikely
to have a significant impact on the behavior of an interface during a surface shear
experiment. But for interfaces stabilized by a dense layer of particles or polymers
these stresses could be several orders of magnitude higher, and might be detectable.
In the next section we will suggest a setup that could be used for this purpose.
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Fig. 2. Effect of contact angle on measured normal force. The measured force equals Fn sin θ,
where θ is the contact angle of the subphase with the sensor.

2 Suggestions for a device to measure surface normal stresses

To measure surface normal stresses, we need to subject an interface to a well defined
shear deformation. Figure 1 shows a setup based on a Langmuir trough, in which a
surface is sheared using a rotating band. A shear field is created between the rotating
band and the left (fixed) wall of the trough, and this field induces a normal stress
difference at the left wall, pointing in the direction of the rotating band (the yellow
arrow in Figure 1). In the left wall a sensor is placed at a vertical level such that the
fluid-fluid interface is in contact with the sensor. The sensor could be a highly sensitive
pressure sensor, or a rigid plate connected by a rod to a nano-force transducer. The
normal force FN measured by the latter would be equal to

FN =
(
σsxx − σsyy

)
L (5)

where L is the width of the sensor plate. High sensitivity force probes (load cells)
can measure forces down to a few nN, which would mean that for a sensor width of
the order of 0.01m the lower limit for the surface normal stress differences we could
potentially detect is of the order of 10−7N/m.
The measured normal force will be affected by the contact angle θ between the

interface and the sensor plate. This is depicted in Figure 2. The force measured by
the force transducer will be equal to FN sin θ, which will be maximal at an angle of
π/2. So to increase resolution of this method we should choose the material for the
sensor plate such that the contact angle is close to 90◦. Alternatively, the surface of
the sensor plate could be roughened (for example by sand-blasting it).
The setup depicted in Figure 1 is based on a Langmuir trough. The advantage

of this setup is the easy control of surface concentration, especially when studying
insoluble surface active species, which are spread on the interface. The normal force
measurements can also more easily be combined with structural analysis methods for
the interface [27]. A drawback of the setup, which uses a rotating band to apply a
shear deformation, is that we cannot simultaneously measure the shear stresses. As
an alternative, the principle suggested here could be implemented in an oscillating
needle rheometer [28], in which the interface is deformed using a thin magnetic needle,
displaced by two magnetic coils. The sensor and force transducer should then be
placed in the side-wall of the Langmuir trough of this rheometer, parallel to the
direction of the needle. A drawback of the needle rheometer is that the range of
surface shear rates it can apply is rather limited, and may not be sufficient to produce
measurable normal force signals.
In principle the sensor and transducer could also be fitted in the outer wall of

a bi-conical disk or double-wall ring geometry, which would also allow simultaneous
measurement of surface normal and surface shear stresses. But in these setups it is
more difficult to characterize the structure of the interface. Moreover, at high shear
rates centrifugal forces may obscure the normal force signals.
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3 Conclusions and outlook

In this note we have discussed a possible setup for the measurement of surface normal
forces, based on a Langmuir trough, in which a surface shear field is created using a
rotating band. The normal forces induced by the shear field can be measured with a
sensor located in the fixed wall of the trough, connected to a nano-force transducer.
Whether such a setup would be sensitive enough to detect surface normal forces needs
to be confirmed by experiments. Confirming the existence of these stresses would
greatly enhance our understanding of the dynamics of complex fluid-fluid interfaces.

References

1. L.M.C. Sagis, Rev. Mod. Phys. 83, 1367 (2011)
2. J.B.A.F. Smeulders, C. Blom, J. Mellema, Phys. Rev. A. 42, 3483 (1990)
3. J.B.A.F. Smeulders, C. Blom, J. Mellema, Phys. Rev. A. 46, 7708 (1992)
4. K.H. de Haas, G.J. Ruiter, J. Mellema, Phys. Rev. E 52, 1891 (1995)
5. E. Scholten, L.M.C. Sagis, E. van der Linden, J. Phys. Chem. B 108, 12164 (2004)
6. E. Scholten, L.M.C. Sagis, E. van der Linden, Macromolecules 38, 3515 (2005)
7. E. Scholten, L.M.C. Sagis, E. van der Linden, J. Phys. Chem. B 110, 3250 (2006)
8. L.M.C. Sagis, J. Controlled Release 131, 5 (2008)
9. E. Scholten, J. Sprakel, L.M.C. Sagis, E. van der Linden, Biomacromolecules 7, 339
(2006)

10. D.J. Olson, G.G. Fuller, J. Non-Newtonian Fluid Mech. 89, 187 (2000)
11. S.G. Oh, J.C. Slattery, J. Colloid Interf. Sci. 67, 516 (1978)
12. D.A. Edwards, H. Brenner, D.T. Wasan, Interfacial Transport Phenomena and Rheology
(Butterworth-Henemann, Boston, 1991)

13. P. Erni, P. Fischer, E.J. Windhab, V. Kusnezov, H. Stettin, L. Läuger, Rev. Sci. Instrum.
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23. H.C. Öttinger, D. Bedeaux, D.C. Venerus, Phys. Rev. E 80, 021606 (2009)
24. B. Madivala, J. Fransaer, J. Vermant, Langmuir 25, 2718 (2009)
25. P.F. Noble, O.J. Cayre, R.G. Alargova, O.D. Velev, V. Paunov, J. Am. Chem. Soc. 126,
8092 (2004)

26. M.G. Basavaraj, G.G. Fuller, J. Fransaer, J. Vermant, Langmuir 22, 6605 (2006)
27. E. van der Linden, L.M.C. Sagis, P. Venema, Curr. Opinion Coll. Interf. Sci. 8, 349
(2003)

28. G.F. Brooks, G.G. Fuller, C.W. Frank, C.R. Robertson, Langmuir 15, 2450 (1999)


	1 Introduction
	2 Suggestions for a device to measure surface normal stresses
	3 Conclusions and outlook
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


