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Abstract 

A new generation of the “flexure based microgap rheometer” (FMR) has been developed which 

is also capable of measuring, in addition to the shear stress, the first normal stress difference of 

micrometer thin fluid films. This microgap rheometer with a translation system based on 

compound spring flexures measures the rheological properties of microliter samples of complex 

fluids confined in a plane couette configuration with gap distances of h = 1 – 400 µm up to shear 

rates of γ&  = 3000 s
-1

. Feed back loop controlled precise positioning of the shearing surfaces with 

response times < 1 ms enables to control the parallelism within 1.5 µrad and to maintain the gap 

distance within 20 nm. This precise gap control minimizes squeeze flow effects and allows 

therefore to measure the first normal stress difference N1 of the thin film down to a micrometer 

gap distance, with a lower limit of 11 2

1 9.375 10N hγ η−= ×&  that depends on the shear viscosity η 

and the squared inverse gap. Structural development of complex fluids in the confinement can be 

visualized by using a beam splitter on the shearing surface and a long working distance 
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microscope. In summary, this new instrument allows to investigate the confinement dependent 

rheological and morphological evolution of micrometer thin films. 

 

Keywords: first normal stress difference, thin film rheology, confinement, FMR, 

microrheology 

PACS: 47.80.-v 

 

I. INTRODUCTION 

The rheological properties of a thin fluid film with a thickness that is comparable to the 

characteristic length scale of the microstructure within the fluid are different from the bulk 

rheological behavior of the fluid.1 The investigation of the shear and normal stress evolution 

when confining a complex fluid is of utmost importance in consumer products such as food and 

cosmetics where the application process is often determined by the confinement effect of the 

boundaries rather than the bulk flow properties, but it is also relevant in novel scientific 

developments such as microfluidics or lab-on-chip designs. 

  

In a general shear rheology experiment of a bulk fluid sample, the transmission of a stress 

through the fluid from one shearing surface to the other is determined as a function of a velocity 

gradient, carefully avoiding the influence of any direct interaction of the surfaces or any 

kinematic discontinuities at the surfaces. However, when the dimensions of confinement 

approach the length scale of the internal microstructure of a fluid, the influence of boundary 

effects such as wall-slip
2,3

 or cohesive
4
 and adhesive failure

5
 on the rheological properties can no 
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longer be neglected. As pointed out by McKenna,
6
 as soon as the gap distance between two 

shearing surfaces reaches the dimensions of the microstructure of a complex liquid, it becomes 

increasingly important to separate the bulk rheological response of a sample from effects due to 

the confining surfaces. In this case, although still performing a rheological experiment - with 

well-defined dimensions for the shearing surfaces and a well-controlled gap between them - the 

momentum transfer between the surfaces can be dominated by the confined microstructure of the 

liquid. This can also happen for apparently simple fluids, since for example airborne dust 

particles and other contaminants can lead to a direct interaction of the surfaces at gaps below 

approximately 3 µm as described by Granick and co-workers.
7
 For a wide range of complex 

fluids, ranging from colloidal-sized suspensions to immiscible blends and other multicomponent 

systems, one can expect to observe a complex material response under confined conditions.  

However, there are few techniques that enable experimental exploration down to this mesoscopic 

region characterized by gap separations of the shearing surfaces of order O (1 µm). Many early 

investigations of the effect of geometric confinement were therefore actually performed by 

increasing the dimensions of the microstructural elements rather than decreasing the confining 

gap; this way it was possible for two phase polymer blends and emulsions to be investigated 

morphologically under confined conditions in conventional rheometric geometries with gaps 

between shearing surfaces that are larger than 50 µm. Examples include visual observation of the 

confined motion of single droplets in cylindrical tubes,
8-12

 Couette cells
13

 or parallel plates.
14-17

 

Pronounced effects of geometrical confinement can be observed on features such as the critical 

capillary number for droplet breakup15 and the corresponding breakup mechanism.18-20 For 

suspensions, such ‘scale-up’ experiments make it possible to observe the effect of macroscopic 

interfaces on the volume fractions at which phase transitions occur.
21-24

 However, little 
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information is available on the relation between the state of stress and the observed deformations 

or the morphology development during confined shearing flows. 

There are also techniques that allow probing of molecular thin films of a sample via atomic force 

microscope (AFM) techniques 
25-28

 nanoindentation 
29

 or variants of the Surface Force Apparatus 

(SFA) 
30-34

. For the smooth surfaces and thin gaps attained in the SFA, very pronounced and 

unexpected effects of confinement may arise. These phenomena have been referred to 

collectively as “nanorheology” and have been studied extensively by Granick and coworkers 34,35. 

While these investigations actually present an example of confining a bulk sample of a complex 

fluid, the dimensions of the gap in the SFA are constrained to nanometer dimensions, and the 

available surfaces are typically restricted to opposed cylinders of cleaved mica. 

In order to investigate the mesoscopic region characterized by gap separations of the shearing 

surfaces of order O (1 µm), techniques are necessary that directly probe rheological properties on 

a micrometer length scale. Granick and co-workers developed a microgap rheometer that is 

capable of operating at ‘mesoscale’ gaps of 3 – 500 µm7,34 and which can perform small 

amplitude oscillatory shear experiments.
36

 This device is limited to small deformation amplitudes 

due to the construction of the translator setup. Several designs of piezoelastic vibrators allow 

probing the linear viscoelastic regime of liquids at gap settings between 10 and 100 µm
37-39

 and 

this has recently resulted in a controversial discussion on the limits of these techniques.6,40 

Mackay and coworkers41 showed that it is possible (with a very well-aligned rotational rheometer 

and specially-machined parallel plates) to perform reliable steady shear experiments down to 

gaps of 10 µm. Stokes and co-workers recently presented a study
42

 in which they evaluated the 

capability of commercially available rotational rheometers for accessing shearing gaps below 100 

µm with parallel plates of 60 mm diameter. A careful correction of results obtained with a plate-
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plate geometry, taking into account fluid inertia
43

 and gap errors due to non-parallelism
44,45

 

allowed them to perform steady shear flow experiments for gaps down to 20 µm. Clasen et 

al.1,46,47 introduced the flexure-based microgap rheometer (FMR), a sliding plate configuration 

that utilizes white light interferometry (similar to the setup of Granick7,36) to set and maintain 

absolute gaps in the range of 0.1 – 100 µm. The compound-flexure-based translation mechanism 

of the FMR is optimized for applying large deformations and performing steady shear flow 

experiments on small amounts of fluid sample.
48,49

 

 

With the exception of Davies and Stokes,
42

 all of the above mentioned techniques focused solely 

on the determination of the shear stress response of thin films and did not try to measure also the 

normal stresses. This is a serious shortcoming since normal stresses, which reflect the elastic 

behaviour, are common in complex fluids and are responsible for many flow anomalies. The 

normal stresses in thin films, in addition to being of fundamental research interest, are considered 

to be the key element in investigating the psychophysical perception of sensory experiences due 

to the interplay between the neuromechanical sensory system of the skin and the actual stimulus 

created by the state of stress in an applied thin film of a microstructured fluid. Moreover, the 

effectivity of nearly all microscale lubrication and tribological processes depends on the created 

normal forces. How the state of stress (shear stress and in particular the first normal stress 

difference) evolves in these very thin films is so far not understood. Only a fundamental 

investigation of the structure-stress relation in confinements can close this gap of understanding. 

 

The aim of this paper is therefore to introduce the technical features of a second-generation 

flexure based micro-gap rheometer (the N-FMR) that enables a simultaneous shear and normal 
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force detection, as well as an optical microscopy investigation of fluid films with thicknesses 

ranging from 1 µm to 400 µm. The most critical requirement for an accurate rheological 

investigation of the confinement effect in micrometer thin film is the precise maintenance of the 

gap distance over the entire range of shearing deformations. Key elements of the N-FMR are 

therefore a compound flexure in combination with a piezo feedback loop that assures a minimal 

displacement of the shearing surface along the orthogonal direction.  

 

II. EXPERIMENTAL SETUP AND PRINCIPLE OF OPERATION OF THE N-FMR 

The N-FMR consists of two parallel, square, flat surfaces with areas varying from 25 to 2500 

mm
2
, separated by an adjustable distance h of 1 – 400 µm, between which a fluid is confined. Fig. 

1 shows the complete setup while Fig. 2 gives a schematic drawing of the key elements within 

the N-FMR. The rheological response of the fluid is determined by moving the upper shearing 

surface (Fig. 2(l)) parallel to the lower shearing surface (Fig. 2(m)) to generate a plane Couette 

shearing flow, and by simultaneously determining the shear stress via the small displacement of 

the lower surface (Fig. 2(m)) against the resisting force of the sensor leave spring assembly (Fig. 

2(h)). The general operating principle of a flexure-based translation has been described 

elsewhere.
1,46

 Also the operating principle of the shear cell in an FMR, in particular the 

construction of the shearing plates and the sample loading procedure applied to minimize edge 

effects is described in detail elsewhere.
46

  

In order to enable this sliding plate type rheometer to also determine the first normal stress 

difference, there are two major technical challenges that are addressed in this paper. First of all, 

the determination and adjustment of the parallelism of the shearing surfaces is described in the 
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subsection ‘shearing surface alignment’. Subsequently, the parallel movement of the shearing 

surfaces with minimized orthogonal displacement in a nanometer scale is explained in the 

subsection ‘shearing surface translation’. Finally the determination of the stresses and the 

operating principal of the optical observation of the structural evolution are discussed. 

 

 

 

A. Shearing surface alignment 

The two shearing surfaces (Fig. 2(l) and (m)) consist of optical flats (λ/20, CVI Melles Griot, 

Germany). The upper shearing surface is cut into a square shape, with the edges parallel and 

perpendicular to the travel direction of the actuator. The lower shearing surface is several 

millimeters wider than the upper shearing surface to hold the fluid over the whole travel distance 

of the upper shearing surface. Both shearing surfaces are attached to holding fixtures and can be 

removed from their mounts to permit easy cleaning and to provide the possibility of using 

shearing surfaces with different areas. The use of different shearing surface areas allows to adjust 

the range of measurable stresses as well as to affect the rate of normal force relaxation during 

sample loading, which involves large squeezing deformations at small gaps. The holding fixtures 

with the shearing surfaces are mounted on three-point nanopositioning stages (Fig. 2(i) and (k), 

Model 8885, New Focus, San Jose, CA), which allow an adjustment of the tilt angle of the 

shearing surfaces in two dimensions with a resolution per single step of < 1.5 µrad. The upper 

Fig. 2 

Fig. 1 
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shearing assembly is mounted to a linear nanopositioning stage (Fig. 2(b), Model 9067-X-P, New 

Focus, San Jose, CA) that allows for an adjustment of the orthogonal position of the upper 

shearing surface and therefore of the gap h between the optical flats with minimum incremental 

steps of < 30 nm. All nanopositioning stages are operated by fine-threaded screws that are driven 

by piezoelectric transducers via lockable jaws. The locked screws maintain a set position during 

the actual shearing experiment, thus avoiding the natural drift encountered in piezo actuators. 

 

The parallelism between the two shearing surfaces as well as the absolute gap distance is 

determined by three noninvasive inductive proximity sensors (Fig. 2(j), SMT 9700-20N, 

KAMAN Instrumentation, Colorado Springs, CO) mounted to the upper holding fixture. They 

can measure the distance to the lower holding fixture over a range of 500 µm with 5 nm accuracy. 

Before every experiment, the upper shearing assembly is detached from the nanopositioning stage 

(Fig. 2(i)) and directly placed onto the bottom shearing surface (Fig. 2(m)) to define and calibrate 

the zero gap value readouts from the three sensors. The reconnected upper shearing assembly is 

then set to a desired gap separation h with the upper linear stage (Fig. 2(b)), and parallelism is 

adjusted by a combined action of the upper linear stage and the upper nanopositioning stage (Fig. 

2(i)), using the calibrated readouts of the three sensors. This way the two shearing surfaces can be 

positioned parallel with each other with a tilt angle error of α = 1.5 µrad, determined by the 

minimum incremental motion of the nanopositioning stage. In a second step, the shearing 

surfaces are aligned parallel to the shearing direction. The gap variation during a shearing 

movement of the upper shearing surface is monitored with the sensors (Fig. 2(j)) and minimized 

via a simultaneous adjustment of the surface tilt angles with the upper and lower nanopositioning 

stage (Fig. 2(i) and (k)) in order to maintain the parallelism. 
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Any remaining non-parallelism can cause additional shear and normal forces via a lubrication 

flow. The additional normal force arising from the lubrication flow between the shearing surfaces 

with a tilt angle α is,
50

 

 

  N,lub 2

6 sin sin
ln 1 2

sin ( / ) sin 2( / )

U
F L

h L h L

η α α
α α

    
= + −    +    

    (1) 

 

with L the length and width of the square surface, η the viscosity of the fluid, U the upper 

shearing surface velocity, and h the (lowest) gap distance between the tilted shearing surfaces. 

For a relatively high viscosity fluid (e.g. η = 30 Pa s) at the lower gap limit (h = 3 µm) and at 

maximum velocity of the upper plate (Umax = 5 mm/s) with an integrated normal force sensor in 

the upper shearing surface (normal force sensor diameter = 10 mm), the calculated lubrication 

force for a tilt angle error of α = 1.5 µrad becomes FN,lub = 0.04 N which is equal to an additional 

first normal stress difference of 508 Pa. The lubrication force of highly viscous fluids can thus 

not be neglected for very low gap distance. The effect will be discussed in more detail in section 

III.  

 

The current setup has four square exchangeable upper shearing surfaces with areas of L
2
 = 25, 

169, 625, and 2500 mm
2
. The two larger fixtures are equipped with a piezo force sensor 

integrated into the shearing surface to directly measure the normal force as discussed in section D. 

The two smaller fixtures are used for the measurement of high viscosity fluids and do not contain 

the surface integrated sensor. In the latter case the normal force is measured by the load cell (Fig. 
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2(d)) onto which the normal force acting on the bottom shearing surface is translated by the 

normal force spring assembly (Fig. 2(g)).  

 

B. Shearing surface translation 

One key element of the N-FMR is the compound flexure system
51,52

 that is used to hold both the 

upper shearing assembly/three point nanopositioning stage/linear nanopositioning stage (the 

‘drive spring’, Fig. 2(e)), as well as the lower shearing assembly/three point nanopositioning 

stage (the ‘sensor spring’, Fig. 2(h)). In such a translation system every bending movement of an 

inner spring is mirrored by that of an outer spring which enables purely linear movement over a 

distance of several millimeters while maintaining the orthogonal position with nanometer 

accuracy. The upper spring assembly is driven by an actuator (DC servo motor, Fig. 2(f), LTA-

HS, Newport, Irvine, CA) over a distance of l1 = 2 mm with a minimum incremental motion of 

100 nm, and controlled velocity up to Umax = 5 mm/s. This maximum velocity determines, in 

combination with the gap distance h between the shearing surfaces, the maximum applicable 

shear rate γ&  = Umax/h. The dynamic force of the compound flexure is determined by the spring 

constant K, which can be calculated from the length Ls, depth w, thickness d, and Young’s 

modulus E of the single leave springs: 

 

3

3

s

wd
K E

L

 
=  

 
       (2)  

 

Alignment fidelity, device orthogonality, and total error stack-up are all optimized by machining 

the compound springs embedded into the entire instrument frame from a single monolithic block 
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of aluminum, using wire-EDM technology. The spring constant K of the upper compound flexure 

has been designed to be 12750 N/m in order to deliver a maximum resisting force of 12.75 N to 

the drive motor at maximum deflection of ±1 mm. The absolute lateral position and absolute 

velocity U of the drive spring compound flexure (and therefore of the upper shearing surface) is 

determined with a non-contact proximity sensor (Fig. 2(a), SMT 9700-20N, KAMAN 

Instrumentation, Colorado Springs, CO). The gravitational pull on the drive spring compound 

flexure and the attached upper shearing assembly leads to weakening of the outer and stiffening 

of the inner pair of leaf springs, resulting in a slight orthogonal displacement of the upper 

shearing surface during the linear translation movement. The amplitude of this orthogonal 

displacement is measured with another non-contact proximity sensor with 2 nm accuracy (Fig. 

2(o), SMT 9700-20N, KAMAN Instrumentation, Colorado Springs, CO). The maximum 

amplitude was determined to be 200 nm at maximum deflection l1/2 = 1 mm of the upper spring 

(see curve (1) in Fig. 3). While this small displacement can safely be ignored in a shear stress 

measurement, it will affect the normal forces acting on the shearing surfaces due to the induction 

of an additional squeeze flow during a shearing cycle. An estimation of the additional normal 

forces arising from the induced squeeze flow, FN,sq , can be obtained from the Stefan 

equation,
53,54

 

 

4

, 3

3

8
N sq

R dh
F

h dt

ηπ
=         (3) 

 

with η the viscosity of the fluid, R the radius of the sensor surface, t the time, and h gap distance. 

Since FN,sq is proportional to h
-3

, the normal force due to the squeeze flow cannot be neglected for 

the small gaps encountered in the N-FMR.  
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In the current setup the squeeze flow effect is minimized by an active control of the gap variation 

that enters Eq. (3) via the first derivative dh/dt. For this purpose, the orthogonal position of the 

upper shearing assembly is measured by the non-invasive displacement sensor (Fig. 2(o)). 

According to this readout, a stacked piezo actuator (Fig. 2(n), RA 12/25 (internal force (500 N) 

preloaded), Piezosystem jena GmbH, Jena, Germany) beneath the lower shearing assembly 

adjusts the position of the lower shearing surface to compensate the gap variation with a response 

time of 1 ms. In Fig. 3 curve (1) shows the orthogonal displacement of the upper shearing surface 

along with the motor movement. The position of the lower shearing surface (line (2) Fig. 3) was 

measured using a separate displacement sensor. The actual gap deviation (line (3) in Fig. 3) is 

then calculated by subtracting curve (1) from (2), which agrees within ± 5 nm with the gap 

variation determined by the three proximity sensors in the upper shearing assembly (Fig. 2(j)). 

This feedback loop assures that the maximum gap variation between the surfaces is kept < 20 nm 

over the linear translation distance l1 = 2 mm of the upper shearing surface. The piezo drift is less 

than 10 nm over its orthogonal movement range of 200 nm for periods < 120 s.   

 

It should be noted that the squeeze flow also affects the loading time of a sample into the N-FMR. 

Outgoing from the Stephan equation Eq. (3) one can formulate a relaxation time 

4 33 8R Chλ ηπ=  with which the normal force relaxes proportional to te λ−  after the loading 

process, where C is the compliance of the instrument (which was determined for the current setup 

as C = 1.9 N/µm). During and after sample loading, the gap distance and the normal force 

Fig. 3 
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relaxation process are continuously monitored and an experiment is started only after a normal 

force relaxation below the resolution limit . 

 

C. Determination of the shear stress 

The controlled lateral displacement of the upper shearing surface via the actuator (Fig. 2(f)) 

generates a shearing deformation and a resulting state of stress in the fluid between the shearing 

surfaces represented by the tensor 

 

 

11 12

21 22

33

0

0

0 0

p

p

p

σ σ
σ σ

σ

− 
 = − 
 − 

σ  (4) 

 

with the convention that the first suffix component refers to the normal of the plane onto which a 

stress is acting and the second suffix component to the direction of the force (with 1 – lateral 

displacement direction, 2 – direction orthogonal to the shearing plates, 3 – neutral direction), and 

p the ambient pressure. The shear stress component 21 1F Aσ =  is evaluated from the shear force 

1F  which acts on the lower shearing surface in direction 1 and the effective shearing area A  of 

the upper surface. The shear force 1F  is determined from the lateral displacement of the whole 

lower compound spring assembly (sensor spring), which is measured by two inductive proximity 

sensors (Fig. 2(c)); the first sensor measures a sensor spring displacement up to ∆x1 = 100 µm 

with 2 nm accuracy and the second sensor up to ∆x1 = 2 mm with 100 nm accuracy. The 

sensitivity of the sensor spring/shearing assembly combination is determined by measuring 

Brookfield calibration oils (with nominal viscosities of 5.4 Pa s, 29.5 Pa s and 100.4 Pa s at 25.0 
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o
C), resulting in an actual spring constant of 971 N/m, which is close to the theoretical value of 

950 N/m calculated from Eq. (2). This spring constant in combination with the sensor ranges 

gives a theoretical measurable range of the shear force F1 from 19 µN to 1.0 N. The actual lower 

limit of detectable force is determined by the mechanical noise of the instrument. With the 

ambient low frequency building vibration of 0.5 –––– 5 Hz, the resonance frequency of the sensor 

spring of 2.6 Hz is amplified to an oscillation amplitude of ~4 µm. Passive damping of the sensor 

spring with a viscous oil damper and an active damping of the instrument frame with a dynamic 

vibration isolator (AVI 350M, HWL Scientific Instruments GmbH, Niederfüllbach, Germany) 

was able to reduce the noise amplitude of the sensor spring to 100 nm which enables reliable 

deflections to be determined down to ∆x1 = 200 nm (and therefore an actual lower shear force 

limits of F1 > 1.9 mN). The measurable range of shear stresses and shear rates for the different 

shearing surface areas are given in Fig. 4. The shear rate range is determined by the range of 

applicable velocities of the actuator U =100 nm/s – 5 mm/s as well as the gap h ranging from 400 

µm to 1 µm, and the shear stress range by the range of measurable shearing forces (1.9 mN – 1.0 

N) and the shearing surface areas of 25 – 2500 mm
2
.  

 

 

D. Determination of the first normal stress difference (N1) 

The first normal stress difference 1 11 22N σ σ= −  can be determined from the force 2F
 
that acts 

perpendicular to the shearing surfaces in direction 2. With the normal force per shearing area 

2F A  equal to the component 22 pσ −  of the stress in Eq. (4) and 11 pσ =  at the free interface of 

Fig. 4 
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the liquid normal to direction 1 it follows that 1 2N F A= . The N-FMR can measure the force 2F  

in two different ways: with a force sensor directly integrated into the upper shearing surface (Fig. 

5(b)) as well as with a load cell (Fig. 2(d)) onto which the force 2F  is translated from the lower 

surface via the normal force spring assembly (Fig. 2(g)). 

 

For the first method, a piezoelectric force sensor (Fig. 5(d), Model 9215, Kistler Instrumente AG, 

Winterthur, Switzerland with a sensitivity of -81 pC/N and an upper limit of the measurable force 

of 2 N) is fixed into the upper holding fixture and carries a circular free glass segment of the 

upper shearing surface with radius R = 5 mm (Fig. 5(b)). In combination with the surface area A 

= 78.5 mm
2
 of the free segment this assembly can measure the first normal stress difference up to 

N1 = 25 KPa with a resolution of 13 Pa. The local normal force measurement over a small area 

(Fig. 5(b)) at the center of the larger shearing surface (Fig. 5(c)) minimizes the effect of 

secondary flows that can be generated due to a non-zero normal stress differences 22 33σ σ− in 

combination with the free sample surfaces in the 2 and 3 direction.55,56 A key requirement for this 

type of fixture is that the sensor surface (Fig. 5(b)) and the surrounding shearing surface (Fig. 

5(c)) are parallel to avoid an additional lubrication flow following Eq. (1). In order to achieve this 

alignment, the circular glass segment and the surrounding shearing surface are placed on an 

optical flat glass plate as shown in Fig. 5 and the free space of 20 µm between the aluminum 

sensor tip (Fig. 5(e)) and the glass plate (Fig. 5(b)) is filled with a UV-curing glue which is 

subsequently cured with UV light that is tramsmitted through the lower glass components. A 

linear shrinkage of the cured glue film of 0.4 % is observed, leading to an 80 nm height 

difference between the surface of the free glass segment and the surrounding surface. The gap 

between the circular glass segment and the surrounding material of the shearing surface is ~ 50 
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µm, allowing fluid to penetrate into this gap during experiments. The high rigidity of the force 

sensor (100 N/µm) limits the orthogonal displacement of the sensor surface to 20 nm even when 

the maximum normal force is applied, which is 2 N in the current set-up.  

 

For high viscosity fluids, the loading time to reach the final gap distance h can be reduced by 

using smaller surface areas A (Eq. (3)). For this purpose two shearing fixtures with smaller 

surface areas of 25 mm2 and 169 mm2 and without piezo force sensor are available. In this case 

the normal force is measured by using a third set of compound springs (the ‘normal stress spring’, 

Fig. 2(g)) incorporated in the sensor spring. The movement direction of the normal force spring 

that carries the lower shearing assembly is direction 2, orthogonal to the linear displacement of 

the drive or sensor spring. The movement of the normal force spring is completely decoupled 

from the displacement of the sensor spring and allows translating the force F2 acting on the lower 

shearing plate along the direction 2 to a force transducer without affecting the plate position in 

direction 1. The force transducer consists of a force compensation load cell (Fig. 2(d), WZA 64, 

Sartorius, Goettingen, Germany) with an accuracy of 0.1 mg over a sampling period of 0.1 s and 

a maximum load of 64 g.  

 

E. Video microscopy 

Microscopic imaging of the sample in the shearing gap is possible with the two small shearing 

surfaces (Fig. 6(c)). These fixtures carry an additional 5 mm beam splitter (Edmund optics, York, 

UK) that is attached to the upper shearing surface instead of the normal force sensor. A long 

working distance microscope (Fig. 6(a), Infinity Photo-Optical, Boulder, CO) mounted in close 

Fig. 5 



17 

 

distance to the beam splitter makes it possible to monitor the structural evolution in the 

confinement. In the current setup video sequences are recorded with a CCD camera (XCL-5000, 

SONY electronics, Park Ridge, NJ) at a frame rate of 15 fps and with 2456 x 2058 square pixel 

resolutions (the spatial resolution of the resulting images is 78 nm/pixel). As an example, Fig. 

6(b) shows a picture taken with this configuration of 5 µm monodisperse polystyrene particles 

within the shearing cell. 

 

III. VALIDATION OF THE INSTRUMENT PERFORMANCE  

A. Shear stress measurement 

The shear stress of a branched polydimethylsiloxane (PDMS) melt was measured at room 

temperature with the N-FMR for several gaps ranging from 3.4 µm to 91.5 µm and is compared 

in Fig. 7 with the results obtained from a conventional ARES G2 rotational rheometer (TA 

instruments, cone and plate fixture with diameter of 50 mm and cone angle of 0.02 rad). The 

apparent shear rate /app U hγ =&  applied by the N-FMR in Fig. 7(a) was corrected for wall slip 

with the Yoshimura and Prud’homme equation
57

 (Eq. (5)), 

 

    
2 s

app

UU

h h
γ γ= = +& &        (5) 

 

where γ&  is the actual shear rate, 
sU  is the slip velocity, and h is the gap distance. The observed 

slip velocity depends on the shearing surface material as well as on the fluid. In the above 

Fig. 6 
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equation it is assumed that both surfaces consist of the same material and the same slip velocity is 

established at each plate. The actual shear rate γ&  in Fig. 7(b) is obtained from a linear regression 

of appγ&  as a function of 1/h at constant stress levels, and the resulting data are in good agreement 

with the bulk sample result obtained with the ARES G2. For measurements below a gap h = 3 µm 

airborne dusts contamination leads to a dominant direct interact of the surfaces.7,47 

 

 

B. The first normal stress difference (N1) measurement 

The normal force detection of the N-FMR was first tested with a Newtonian Brookfield standard 

oil of nominal shear viscosity of 29.5 Pa s as a reference fluid. For this fluid, a normal force is 

only expected to arise from the squeeze flow due to an orthogonal displacement of the upper 

shearing surface (Eq. (3)), or the lift force caused by the lubrication flow due to a non-parallelism 

of the shearing surface (Eq. (1)). Both effects become important at small gaps as Eq. (1) scales 

with h
-1

 for small α and Eq. (3) with h
-3

. These additional normal forces were experimentally 

determined for the Brookfield oil at a selected gap distance of h = 14.7 µm and are compared in 

Fig. 8 with the theoretical values obtained from Eqs. (1) and (3) for which the tilt angle between 

the shearing surfaces α is taken as 1.5 µrad. The additional normal force originating from the 

squeeze flow at small gaps dominates over the additional normal force generated by the non-

parallelism. The calculated apparent N1 from Eq. (3) in Fig. 8 is good agreement with the 

apparent N1 measured for the Newtonian fluid with the N-FMR. This allows formulating a lower 

detection limit for the actual N1 of a fluid. Rewriting Eq. (3) with the assumption that 

Fig. 7 
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1dh dt h h lγ= ∆ &  (where h∆  = 20 nm is the determined maximum orthogonal displacement or 

gap change over the travel distance l1 of the upper plate) we obtain 

 

    
2

1, 11

2 2

1

3
9.375 10

8

appN hR

l h h

η η
γ

−∆
= = ×

&
.    (6) 

 

The actual N1 of a fluid needs to be significantly larger than this apparent first normal stress 

difference 1,appN   at a certain shear rate γ&  in order to be reliably determined. Furthermore it is 

obvious from Eq. (6) that the apparent first normal stress difference arising in the N-FMR is 

directly related to the viscosity η of the sample and scales with the inverse squared gap 2h− .  

 

A comparison of the apparent N1 of the Newtonian Brookfield oil (Fig. 8) to the actual N1 

determined for the PDMS melt of similar viscosity (Fig. 9) demonstrates that down to a gap 

distance of 14.7 µm the additional N1 originating from the squeeze flow is much smaller than the 

actual N1 of the fluid. The measured first normal stress difference of the PDMS is (as expected 

for this rheologically simple fluid) independent of the gap setting. However, for the selected 

viscosity level the squeeze flow starts to affect the measurements below a gap of h = 14.7 µm. 

 

 

Fig. 9 

Fig. 8 
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Figures 

 

 
 

FIG .1. Flexure-based microgap rheometer capable of determining normal forces (N-FMR)  
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FIG. 2.  CAD image of the key elements of the N-FMR. (a) Sensor for detecting the movement of the actuator; (b) 

translation stage for sample loading and gap adjustment; (c) two sensors for shear stress measurement; (d) 

load cell for normal force detection; (e) driver spring; (f) motorized actuator; (g) normal force spring; (h) 

sensor spring; (i) upper three-point nano-positioning stage; (j) three sensors for parallelism gap distance 

measurement; (k) lower three-point nano-positioning stage; (l) upper shearing surface; (m) lower shearing 

surface; (n) piezo actuator; (o) sensor for piezo-feedback loop.  
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FIG. 3. Orthogonal position of the shearing surfaces as a function of the lateral position of the upper shearing surface 

during a shearing cycle; (1) orthogonal position of the upper shearing surface measured with the sensor (Fig. 

2(o)); (2) orthogonal position of the bottom shearing surface set by the piezo actuator (Fig. 2(n)); (3) 

relative orthogonal displacement of the upper surface with respect to the lower surface (relative gap 

distance).  

 

 

 

 
 

FIG. 4. Shear rate and shear stress range of the N-FMR. The shear rate range is determined by the velocity range of 

the actuator of 100 nm/s ~ 5 mm/s and the gap setting ranging from 400 µm to 1 µm. The sensors can 

measure the shear displacement from 1 mm down to 200 nm, limited by the mechanical noise in the 

instrument. The measurable stress range can then be calculated with the actual spring constant of 971 N/m. 

Depending on the viscosity of the fluid and the range of interest, upper fixtures with different shearing areas 

can be used. The solid box in the figure represents the measurable range for the minimum gap of 1 µm and 

the maximum shearing surface area of 2500 mm
2
, the dashed lines indicate the limits for smaller areas and 

larger gaps.  
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FIG. 5.  Upper shearing assembly with an integrated piezoelectric force sensor. The bottom pictures show a cross 

sectional cut of the fixture; (a) non-contact displacement sensors;  (b) normal force sensing area; (c) upper 

shearing surface; (d) piezoelectric force sensor; (e) aluminum sensor tip; (f) reservoir for UV-curing glue.  

 

 

 

 

 
 

FIG. 6.  Monodisperse polystyrene particles (diameter = 5 µm) observed with a long working distance microscope at 

a focal distance of 51 mm. Spatial resolution of the resulting images is 78 nm/pixel. (a) The microscope 

mounted at the backside of the FMR. (b) The image of polystyrene particles (diameter = 5 µm) in the 

shearing gap. (c) The upper shearing fixture with a beam splitter to enable the optical observation. 
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FIG. 7. Shear stress of a PDMS melt measured with the N-FMR (symbols), and with the ARES G2 (solid line) at 

24.3 
o
C. A shearing surface with an area of A = 169 mm

2
  has been used for the N-FMR measurement, and 

a cone and plate geometry with a diameter of 50 mm and a cone angle of 0.02 rad has been used for the 

ARES-G2 measurement. The figure (a) shows the shear stress as a function of the apparent shear rate U/h 

and (b) as a function of the real shear that has been corrected for wall slip following Eq. (5).  
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FIG. 8.  Apparent first normal stress difference N1 as function of  the shear rate for a Newtonian standard oil with a 

nominal viscosity of  η = 29.5 Pas, measured with the N-FMR at a gap distance of h = 14.7 µm (closed 

symbols). In addition the theoretical apparent N1 arising from squeeze flow effects (Eq. (3), solid lines) and 

non parallelism (Eq. (1),  dashed lines) are given for different gaps h (the factor dh/dt in Eq. (3) is calculated 

based on the maximum gap displacement ∆h =20 nm obtained from Fig. 3). The horizontal dashed line is 

the lower limit of the normal force sensor.  
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FIG. 9. The first normal stress difference N1 of the PDMS melt measured with the N-FMR (open symbols, surface 

area A = 625 mm
2
 with an integrated force sensor in the upper shearing assembly), and the ARES G2 

rotational rheometer with parallel plates of  25 mm diameter (solid line) at 25.4 
o
C as a function of wall slip 

corrected shear rate.  

 

 


