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The design of an instrument capable of opto-mechanical studies of the rheology of viscoelastic polymeric flu-
ids near solid interfaces is described. The instrument probes the ‘meso’-scale (length scales of 0 (µm)) and bridges
the gap between molecular-scale devices such as the Surface Force Apparatus (SFA) and conventional rheome-
ters. The high viscosity materials and intermediate length scales probed with the current device are of direct rel-
evance to industrial coating and thin film polymer processing operations, in addition to fundamental investi-
gations of slip and interfacial instabilities. The device utilises small fluid samples (of the order of 1 µL), allows a
wide range of viscosities (and thus molecular weights) to be investigated and can also be used with different
substrate materials and surface coatings. Direct optical access to the sample also permits in-situ rheo-optical
studies of material response under different loading conditions and flow histories.
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1 INTRODUCTION
The conformational and dynamical behaviour of
polymers near surfaces is of vital interest to the
polymer processing industry. Problems associ-
ated with extrusion and film processing and fun-
damental studies of adhesion or the under-
standing of new biochemical systems all require
a need to develop a clear picture of how macro-
molecules behave near interfaces. Of particular
interest are the behaviour of polymer melts as
they are processed under strong shearing condi-
tions and the onset of viscoelastic flow instabili-
ties. These instabilities lead to unstable flow and
extrudate distortion which have been attributed
(at least in part) to the violation of the no-slip con-
dition at the polymer-metal interface [1, 2]. We
do not pursue a detailed review of these phe-
nomena; however we note that there is still con-
siderable discussion in the literature over the
mechanism and cause of these effects [2-7].

The physical models for these phenomena
typically invoke molecular, or micro-mechani-
cal, arguments. The resulting failure modes pre-
dicted by these models vary considerably, and
lead to unstable motions with markedly differ-
ent spatial and temporal characteristics. For
example, in support of evidence for a critical
stress-induced slip (predicted by most bulk
techniques such as capillary rheometry [3, 8, 9]),
various authors have argued that a cohesive
failure is the most likely mechanism [9, 10].
Here, chain disentanglement occurs between
the adsorbed layer and the bulk, and hence the
slip plane is close to, but not at, the interface.

However, a recent study by Mackay and Henson
suggests that slippage can occur at any stress
and the authors argue that a critical stress is
more likely to be a result of sensitivity limita-
tions when attempting to measure these small
stresses using a conventional bulk technique.
Forcible desorption of the entangled polymers
from the surface due to the externally imposed
flow (effectively an adhesive failure) has also
been blamed for apparent wall slip [12]. Signi-
ficantly, both explanations predict that the
dynamics of such events are connected to the
conformational changes induced in the layer of
molecules adjacent to the substrate. The poly-
mer chains nearest the wall are expected to
have markedly different relaxation times (and
hence effective viscosities) from the entangled
macromolecules in the bulk melt [13]. This effect
is increasingly important as the molecular
weight and degree of entanglement of the
chains increases [14]. It is therefore of both prac-
tical and theoretical interest to examine the
non-equilibrium behavior of high molecular
weight polymer chains at solid-melt interfaces,
and the associated dynamical slip or ‘stick-slip’
events that are involved in the development of
‘sharkskin’ and, eventually, gross melt fracture
[15]. It is worth emphasising that these confor-
mational changes will also affect the linear vis-
coelastic properties of the system [13]. However,
experimental investigations of slip at small
strain amplitudes are extremely limited and
most slip studies to date have focussed on
steady shear or large amplitude oscillatory
behaviour.
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scales. We have outlined the design consider-
ations and construction issues faced in building a
microrheometer. We have emphasised the prob-
lems associated with the requirement for paral-
lelism and the necessity for an absolute measure
of the gap. We have also clearly demonstrated
that these problems are solvable and allow the
design of a parallel plate rheometer capable of
operating at very small separations. In the pre-
sent configuration, the instrument is driven elec-
tromagnetically, allowing us to keep the lateral
compliance within reasonable limits. Strain is
derived from an inductive position sensor and, by
adjusting the stiffness of the leaf springs, a broad
range of fluid properties can be accessed. From
the data presented we show that the apparatus
is capable of probing rheological properties
down to gaps of less than ten microns. In addi-
tion the device can also be used as a convention-
al rheometer for unusual, rare, or expensive
materials in which large samples are not avail-
able. The use of interferometry provides an
absolute measure of the gap and the parallelism
and hence removes any uncertainty about gap
variations during the course of an experiment.
Conversely a measurement of normal displace-
ment during imposed shearing deformation
could be used to obtain the normal force exert-
ed by the fluid during the deformation (if the ver-
tical compliance is calibrated). We plan to report
on such enhancements in the future. Also the
instrument has been designed with the specific
intention of supporting higher sample tempera-
tures and leaving the sample optically accessible
for opto-rheological experiments. Current
research activities in our laboratory include a
detailed investigation of the change in apparent
viscosity in an homologous series of polymer
melts as the gap is varied. We are also investi-
gating the effects of various surface finishes and
chemistry (e.g. fluorocarbon sprays, roughness,
silanisation) on the rheological behaviour of the
confined film.

REFERENCES
[1] Drda PP, Wang S-Q: Stick-Slip Transition at Polymer

Melt/Solid Interfaces, Phys. Rev. Lett. 75 (1995) 2698-2701
[2] Larson, RG: Slip of Polymer Melts and Solutions, XIIth Inter-

national Congress on Rheology, (1996)
[3] Hatzikiriakos SG, Dealy JM: Wall slip of molten high den-

sity polyethylene. I. Sliding plate rheometer studies, J.
Rheol. 35 (1991) 497-523

[4] Inn Y, Wang, S-Q: Hydrodynamic slip: Polymer Adsorption
and Desorption at Melt/Solid Interfaces, Phys. Rev. Lett.
76 (1996) 467-470

[5] Mhetar V, Archer LA: Slip in Entangled Polymer Solutions,
Macromolecules 13 (1998) 6639-6649

[6] Archer LA, Ternet D, Larson RG: “Fracture“ phenomena in
shearing flow of viscous liquids, Rheol. Acta 36 (1997) 549-584

[7] Yarin AL, Graham MD: A model for slip at polymer/solid
interfaces, J. Rheol. 42 (1998) 1491-1404

[8] Ramamurthy A: Wall slip in viscous fluids and influence of
materials of construction, J. Rheol. 30 (1986) 337-357

[9] Reimers MJ, Dealy JM: Sliding plate rheometer studies of
concentrated polystyrene solutions: Nonlinear viscoelas-
ticity and wall slip of two high molecular weight polymers
in tricresyl phosphate, J. Rheol. 42 (1998) 527-548

[10] Wang S-Q, Drda PA: Superfluid-Like Stick-Slip Transition
in Capillary Flow of Linear Polyethylene Melts. 1. General
Features, Macromolecules 29 (1996) 2627-2632

[11] Mackay ME, Henson DJ: The effect of molecular mass and
temperature on the slip of polystyrene melts at low stress
levels, J. Rheol. 42 (1998) 1505-1517

[12] Migler KB, Hervet H, Leger L: Slip Transition of a Polymer
Melt Under Shear Stress, Phys. Rev. Lett. 70 (1993) 287-290

[13] Subbotin A, Semenov A, Hadziioannou G, ten Brinke G:
Nonlinear Rheology of Confined Polymer Melts under
Oscillatory Flow, Macromolecules 29 (1996) 1296-1304

[14] Brochard F, de Gennes PG: Shear-Dependent Slippage at
a Polymer/Solid Interface, Langmuir 8 (1992) 3033-3037

[15] Denn M: Issues in viscoelastic fluid-mechanics, Ann. Rev.
Fluid Mech. 22 (1990) 13-34

[16] Bird RB, Armstrong RC, Hassager O: Dynamics of Poly-
meric Liquids: Volume 1 Fluid Mechanics, John Wiley and
Sons, New York (1987)

[17] Larson R: Constitutive Equations for Polymer Melts and
Solutions, Butterworths, Boston (1988)

[18] Landman, U, Luedtke WD, Gao J: Atomic-Scale Issues in
Tribology: Interfacial Junctions and Nano-elastohydrody-
namics, Langmuir 12 (1996) 4514-4528

[19] Bird RB, Armstrong RC, Hassager, O: Dynamics of Poly-
meric Liquids: Volume 2 Kinetic Theory, John Wiley and
Sons, New York (1987)

[20] Israelachvili JN, Tabor D: Proc. Roy. Soc. Lon. A331 (1972)
19-38

[21] Israelachvili JN, McGuiggan PM, Homola AM: Dynamic
Properties of Molecularly Thin Liquid Films, Science 240, 8
April, (1988) 189-190

[22] Klein J, Luckham PF: Forces Between Two Adsorbed Poly-
ethylene Oxide Layers immersed in a Good Aqueous Sol-
vent, Nature 300 (1982) 429-431

[23] Granick S, Demirel AL, Cai LL, Peanasky J: Soft Matter in a
Tight Spot: Nanorheology of Confined Liquids and Block
Copolymers, Israel J. Chem. 35 (1995) 75-84

[24] Öttinger HC: Stochastic Processes in Polymeric Liquids,
Springer-Verlag, Berlin (1996)

[25] Doyle P, Shaqfeh E, Gast A: Rheology of polymer brushes:
A Brownian dynamics study, Macromolecules 31 (1998)
5474-5486

[26] Brady J, Bossis G: Stokesian Dynamics, Ann. Rev. Fluid
Mech. 20 (1988) 111-157

[27] Soga I, Dhinojwala A, Granick S: Optorheological Studies
of Sheared confined Fluids with Mesoscopic Thickness,
Langmuir 14 (1998) 1156-1161

[28] Dhinojwala A, Granick S: New approaches to measure
interfacial rheology of confined fluids, J. Chem. Soc., Fara-
day Trans. 92 (1996) 619-623

32 Applied Rheology
January/February 1999

AR • Vol 9 • Nr 1  19.04.2000  9:19 Uhr  Seite 32

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org



[29] Demirel AL, Granick S: Friction Fluctuations and Friction
Memory in Stick-Slip Motion, Phys. Rev. Lett. 77 (1996)
4330-4333

[30] Henson DT, Mackay ME: Effect of Gap on the Viscosity of
Monodisperse Polystyrene Melts: Slip Effects, J. Rheol. 39
(1995) 359-373

[31] Luengo G, Schmitt F-J, Hill R, Israelachvili J: Thin Film Rheo-
logy and tribology of confined polymer melts: contrasts
and bulk properties, Macromolecules 30 (1997) 2482-2494

[32] Klein J, Perahia D, Warburg S: Forces between polymer-
bearing surfaces undergoing shear, Nature 352 (1991) 
143-145

[33] Peachey J, van Alsten J, Granick S: Design of an Apparatus
to Measure the Shear Response of Ultrathin Liquid films,
Rev. Sci. Instrum. 62 (1991) 463-473

[34] Dhinojwala A, Granick S: Micron-gap rheo-optics with
parallel plates, J. Chem. Phys. 107 (1997) 8664-8667

[35] Mackay ME, Cathay CA: A device to measure the dynamic
shear properties of small samples, J. Rheol. 35 (1991) 
237-256

BIOGRAPHIES
Dr. Gavin J.C. Braithwaite was born in 1970 in Dundee,
Scotland. He studied for his B.Sc. in Physics at the Univer-
sity of Edinburgh. After a M.Sc. in Electronics at
Southampton University he obtained his doctorate in
Chemical Engineering from Imperial College of Science,
Technology and Medicine, London working on using AFM
type approaches to measure Colloidal Forces. Since then
he has been employed as a Research Associate at M.I.T.

Prof. Gareth H. McKinley was born in 1963 in Hert-
ford, England and attended Downing College at the Uni-
versity of Cambridge where he obtained B.A. and M. Eng
degrees in Chemical Engineering. From 1986 to 1991 he
was a doctoral student in the Program in Polymer Science
and Technology (PPST) at M.I.T. In 1991 he joined Harvard
University as an Assistant Professor in the Division of
Engineering & Applied Sciences. In January 1998 he
returned to M.I.T. as an Associate Professor in the
Department of Mechanical Engineering. His research
interests include extensional rheology of complex fluids,
viscoelastic flow instabilities and microgravity fluid
dynamics.

33Applied Rheology
January/February 1999

Applied Rheology
Masthead

Editors: 
Dr. Peter Fischer & Dr. Martin Kröger (v. i. S. d. P.)

Editorial offices:
APPLIED RHEOLOGY
Universitätsstr. 2
CH-8092 Zürich
Switzerland
Phone: x41.1.632.5349/6622
Fax: x41.1.632.1155
APPLIED RHEOLOGY
Sekr. PN 7-1
Hardenbergstr. 36
D-10623 Berlin
Germany
Phone: x49.30.31425225
Fax: x49.30.61402083

E-mail address: editors@AR.ethz.ch
Website: www.AR.ethz.ch
Contributions bearing the full name or the initials of the author
represent the opinion of the author, not necessarily that of the
publisher. The reproduction of proprietary namens, trade names
and commercial names in this publication does not imply that
such names be used freely. These are frequently protected, 
registered trademarks.
The journal and all contributions and illustrations contained
therein are protected by copyright. No portion of this publication
may be reproduced or utilised in any form or by any means, 
electronic or mechanical including photocopying, recording, 
or by any information storage or retrieval system without 
permission in writing of the publisher.

Publisher:
Peter Fischer, Streulistr. 76, CH-8032 Zürich, Switzerland
Martin Kröger, Oranienstr. 23, D-10999 Berlin, Germany
VAT-Reg.-No. DE 115699823

Advertisements:
Hilmar Dolp, Mörikestraße 4, D-93138 Lappersdorf, 
Phone: x49.941.891720, Fax: x49.941.897451.
Please call for prices and formats. Closing date for 
advertisements is 20 days prior to publications.

Subscriptions:
Circulation manager: Cora Kröger, E-Mail: kroeger@AR.ethz.ch.
In order to receive subscription information.
(i) send a blank e-mail to www_ar@decweb. ethz.ch (Subject:
subscription info).
(ii) send just your name and address by fax x41.1.6321155 (To: AR),
(iii) visit our website
(iv) phone us at one of the Editorial offices.
We will reply correspondingly. The price of this bimonthly
journal by yearly prepayment is 249 DM, 149 US$ or 125 Euro.
Single journal 55 DM. Subscription charges are payable one
year in advance net on receipt on invoice from publisher.
Cancellations are valid to the end of the billed subscription
year and must be in writing on six weeks notice. In the event
of premature cancellation, the single copy price will be charged
retrospectively. No obligation to supply in case of force
majeure.

Layout, typesetting and printed by:
Kerschensteiner Verlag GmbH, Lappersdorf

Jurisdiction and place of performance:
CH-8092 Zürich and D-93138 Lappersdorf

© KERSCHENSTEINER VERLAG ISSN 1430-6395

AR • Vol 9 • Nr 1  19.04.2000  9:19 Uhr  Seite 33

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

This is an extract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org


