
             A new Flexure-based Microgap Rheometer (FMR) 
                    Case Study: Microrheology of Mayonnaise 
 

Christian Clasen 
Hatsopoulos Microfluidics Laboratory 
Dept. Mechanical Engineering, M.I.T. 

Cambridge MA 02139, U.S.A. 

Introduction 
The conformational and dynamical behavior of viscoelastic polymer melts and solutions close to solid 
boundaries is of great interest for the polymer processing industry. In particular, when the length scale of 
the flow approaches microscopic scales, boundary effects such as wall-slip [1, 2], cohesive [3] and 
adhesive failure [4] occur on the same scale as the overall deformation of the bulk sample and their 
impact on the measured rheological properties can no longer be neglected. These effects are especially 
important when structural elements (such as those encountered in self-assembling biopolymer solutions, 
microgels and emulsions) dominate the viscoelastic properties of the fluid system or when the 
characteristic microscopic length scales such as the inter-chain separation or the mesh spacing of a gel 
approach the characteristic dimension of the probe volume.  
Previous microrheometer designs such as the Surface Force Apparatus (SFA) [5, 6], imbedded probe 
particles [7] or AFM techniques [8] focus mainly on the studies of thin films in the nanometer range. On 
the other hand many industrial processing operations, as well as the emerging field of microfluidics, lead 
to flows on an intermediate or ‘meso-scale’ range (~100nm - 100µm) that cannot be readily probed with 
either bulk rheometry or nanoscale measurements of apparent viscosity or surface friction. With the 
exception of the work of Granick and co-workers [9] there are few established experimental techniques 
that are capable of measuring the material properties of complex fluids on the meso to micro-scales. 
The aim of this paper is therefore to introduce a new design of a Flexure-based Microgap Rheometer 
(FMR) that allows the determination of the viscometric properties of small fluid samples (<10µl) in 
adjustable gaps that cover meso-scale dimensions of 200µm down to micro-scale dimensions of 1µm. 

Problem 
The characterization of complex fluids using rheometry has always been a difficult task due to the large 
number of independent molecular parameters and the complex intermolecular and interphasial 
interactions in a multiphase system. The observation of an overall rheological behavior is hard to connect 
to the compositional parameters of a system and often impossible to model. Furthermore the rheological 
properties of the bulk sample often do not properly represent the flow behavior of a complex fluid in 
extreme situations that can occur during processing and which often limit the final properties and stability 
of a product. 
This is especially true for rheological properties of foodstuffs and consumer products such as mayonnaise 
where the microscopic structure of an emulsion reaches the dimensions of the flow geometries during the 
processing and affects the spreading processes of the final product. In particular poorly-defined but 
commercially important parameters such as the difference in “texture” or “mouthfeel” between ‘full-fat’ and 
‘fat free’ products are related to the high shear rates and narrow gaps associated with ‘mastication’ or 
chewing and may not be readily measurable in standard bulk rheometry. Furthermore “natural” emulsion 
such as that present in Cains All Natural Mayonnaise with no artifical surfactants other than the 
glycerophospholipids of the eggyolk is very sensitive to de-emulsifying processes and quality diminution 
due to phase separation. The analysis of its mechanical stability under the full range of possible stresses 
is one of the key features in the production of a consumer-satisfying product. 
So far there have been no investigations of the shear rate and shear stress dependent flow behavior of 
emulsions in gaps that actually reach the dimensions of the droplet sizes of the emulsified phase of the 
system. In this case the overall flow behavior is dominated by the interactions of the complex fluid with 
the wall and the subsequent changes in the fluid structure. The effects of these changes in the flow 
behavior cannot be deduced from the rheological properties of the bulk sample. To determine and predict 
the flow properties of a mayonnaise in µm sized gaps, one has actually to observe the flow in these gaps 
in situ. 
This has not been possible so far, since no rheometer existed that was capable of measuring the 
viscometric material functions of low-moderately viscosity fluids in a constant gap below 200µm for a 
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constant shear rate. Cone-and-plate systems have a constant shear rate but non-constant gap, whereas 
plate-and-plate systems allow for a constant gap but result in a non-constant shear rate profile. Couette 
and Searl type systems allow for a constant gap with a approximately constant shear rate profile, but the 
gap is constant for a chosen fixture. Furthermore none of these conventional systems is capable of 
precisely adjusting gap separations on a µm scale or of controlling a proper alignment in these 
dimensions that is crucial for the determination of accurate and reproducible values of the material 
functions. 
The aim of this paper is therefore to introduce a new type of accurate and shear-rate-controlled Flexure-
based Microgap Rheometer (FMR) that is capable of measuring the shear stress in a plane Couette type 
sliding plate setup with directly controlled gaps between 1 µm and 200 µm. This setup then allows us to 
determine the microgap-dependent flow behavior of a representative emulsified food mayonnaise over 5 
decades of shear rate. 

Methods 
The Flexure-based Microgap Rheometer (FMR) (Figure 1) is a miniaturized sliding plate rheometer and 
generates a plane Couette shearing flow between two optical flats (polished flat to within λ/20, or 30nm 
and coated with a semi-reflective layer of 100nm TiO2). 
 

         
Figure 1. Flexure-based Microgap Rheometer (FMR) showing both a picture of the assembled instrument and an 
isometric projection of the key subsystems. 

Key to the FMR’s capability of delivering large deformations while keeping a constant gap on a 
micrometer scale is the compound flexure system [10] that is used to hold the test fixtures and fluid 
sample between a drive spring and an independent sensor spring. A compound flexure system (shown in 
Figure 2) compensates for orthogonal as well as for rotational displacements and enables purely linear 
relative translation of the surfaces over distances of several millimeters with an orthogonal displacement 
of less than 1 nm. 
Alignment fidelity, device orthogonality and total error stack-up are all optimized by machining the entire 
instrument frame from a single monolithic aluminum block using CAD design plus water-jet and EDM 
technology. 
Finite element method (FEM) simulations (Figure 2) have been carried out to determine the maximum 
orthogonal displacement and the mechanical response limits of the setup to optimize the spring 
dimensions for the desired stress and shear rate range. The simulations show an unlimited fatigue 
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lifetime for the setup, no yielding at maximum deflection and a normal force stability of the springs against 
buckling (over the whole displacement range) of at least 170N. 

The dynamic force range of the instrument determined by the spring constant K can be varied greatly by 
changing the length L, depth w, thickness t, and/or Young’s modulus E of the compound flexures.  

      ⋅
= ⋅

3

3

t wK E
L

     (1) 

Furthermore the upper optical flat is exchangeable and allows the usage of fixtures with different areas 
(see Table 1) to further extend the measurable stress range and the fluid sample volume.  

Displacements in the sensing 
flexure are detected using an 
inductive proximity sensor (KAMAN 
Instrumentation, Colorado Springs, 
CO) with a resolution of ±3 nm. 
Depending on the chosen stiffness 
K of the sensor spring the detection 
of maximum loads of up to 6 N with 
an accuracy of 3 mN is possible. 
Calibrations give a standard 
deviation from linearity of the sensor 
spring of less than 2%. The lower 
(driven) plate is attached to a 
compound flexure which is driven by 
an ‘inchworm’ motor (Burleigh 
Instruments, Victor, NY) with a 
maximum displacement of 6 mm 
and a resolution of 0.5 nm, capable 
of speeds up to 2 mm/s. 
The parallelism of the shearing 
surfaces with respect to the 
shearing direction as well as the 
absolute gap separation are both 
controlled using white light 

  

Figure 2. Flexure systems. Left: double flexure assures displacement δ 
without rotational movement but results in an orthogonal displacement 
h. Right: compound flexure compensates for orthogonal movement and 
allows for a purely linear travel 

Figure 3. Finite Element Method (FEM) 
simulations of the optimized drive 
compound flexure to determine the 
orthogonal displacement as well as the 
fatigue, yield and buckling limitsl. 

 

 
Figure 4. White light interferometry: only integer wavelengths are passed 
in the cavity of the shearing gap h. A shift in the passed wavelengths 
along a dispersed crosscut of the shearing surface refers to a changing 
gap distance, resulting in a tilted fringe pattern. 
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interferometry [11, 12]. Only integer wavelengths are passed through the semi-reflective cavity of the gap. 
Orthogonal 1D optical crosscuts of the shearing surfaces are dispersed by a spectrometer as shown in 
Figure 4. Image processing of the fringe pattern allows the determination of the tilt angle of the surfaces 
and simultaneous feedback adjustment to parallelism with software-controlled nanopositioning stages 
(New Focus, San Jose, CA) with a tilt angle resolution < 0.003º. The absolute gap h can be calculated in 
terms of the known refractive index of the fluid (nf) and from two fringe wavelengths λm and λm+k according 
to the following equation. 

     λ λ
λ λ
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+
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⋅ −
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The gap can be adjusted with a single nanopositioning stage with a step resolution of ∆h < 30nm. 
In addition to the optical control of the 
gap, the determination of the relative 
position of the upper surface with an 
inductive proximity sensor (Figure 5) 
allows the determination of the gap for 
non-transparent fluid systems with a 
resolution of ±10 nm. The convenient 
optical access perpendicular and 
parallel to the transparent shearing 
surfaces enables an optional 
simultaneous optical microscopy (Figure 
5 shows the configuration with a video 
microscope) and might be used in later 
setups for the detection of optical 
properties as flow-birefringence and -
dichroism. 
The accessible shear stress range of 
the instrument as well as a comparison 
to results of a standard bulk rheometer 
is demonstrated in Figure 6 using a 
standard low molecular weight 
polybutadiene melt (Mw = 1600 g/mol) 
that shows Newtonian flow behavior 

over the observed shear rate range. The instrument accurately measures the shear stress independent of 
the gap over 3.5 decades and is limited by the resolution of the inductive proximity sensor. 
 

Table 1. Technical specifications of the FMR (Flexure-based Microgap Rheometer) 

Gap Fixture Size  
Min.: 5 µm Max: 150 µm 4 mm2 25 mm2 225 mm2 

Shear rate 2⋅10-4 s-1 – 
4⋅102 s-1 

2⋅10-4 s-1 – 
1.4⋅101 s-1 

   

Shear stress   1.1⋅102 Pa – 
6.8⋅105 Pa 

1.8⋅101 Pa – 
1.1⋅105 Pa 

2.0⋅100 Pa– 
1.2⋅104 Pa 

Max. Deformation 320 10    
Sample Volume   0.05-1.5 µl 0.2-6.0 µl 1.3-40 µl 
 
 
  

 
Figure 5. Configuration of the FMR with an optional video 
microscope (spatial resolution 0.3 µm.) 
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In an ambient environment that is 
not dust free, the minimum gap is 
limited to hmin ~ 5 µm. Below this 
minimum gap setting trapped dust 
particles dominate the stress 
response below a critical shear 
stress and cause a nearly 
constant sliding frictional stress as 
can be seen in Figure 6 for a gap 
of 4.43 µm and stresses below 
100 Pa. In dust-free environments 
the gap limit is determined by the 
spatial resolution of the white light 
interferometry and is hmin ~1 µm. 
The accessible shear rate range 
is limited by the construction of 
the inchworm motor, a reliable 
minimum shear rate limit could be 
experimentally confirmed at 2⋅10-4 
s-1, the upper limit corresponds to 
a maximum velocity of Umax = 
2mm/s and the shear rate is 
determined by the gap and lies 
between 20 s-1 and 400 s-1, giving 

a shear rate range of 6.3 decades. The specifications of the current setup of the FMR are given in Table 
1. 

Results and discussion 
The flow behavior of mayonnaise has been investigated in detail with conventional bulk rheometers by a 
number of authors. Although the differences in composition and manufacturing lead to quantitative 
differences in the obtained material functions, there is a good agreement about the qualitative flow 
behavior. Mayonnaise shows a plastic like response at low shear stresses caused by a network structure 
of the lipoproteins [13, 14] that is destroyed when the stress exceeds a critical level, leading to a yielding 
of the mayonnaise, a subsequent shear thinning behavior with rising stress [15] and time dependent 
structural breakdown of the mayonnaise at high stresses [16]. This overall behavior is also observed for 
the mayonnaise investigated in this report.  
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Figure 7. Shear stress vs shear rate measured with a conventional stress controlled rheometer (TA Instruments, 
AR1000) for different fixtures (cone and plate ∅ = 4cm, angle= 1°, plate and plate ∅ = 4cm) and for different 
mayonnaises. 
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Figure 6. Comparison of the shear-rate-dependent properties of a 
polybutadiene melt (Mw=1600 g/mol) in a commercial stress controlled 
rheometer (TA Instruments, AR1000) and the FMR. 
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Figure 7 shows the shear rate dependence of the stress for a cone and plate fixture measured on a 
conventional rheometer. The stress first rises with a slope of 1 in the Newtonian creep region of the 
undisturbed mayonnaise, then leveling into the plateau region of the yield stress before finally rising in the 
shear thinning region with a slope of ~0.31. 
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Figure 8. Shear stress vs shear rate dependence of “Cains all natural” mayonnaise for different gaps measured with 
the FMR. The open symbols represent the data for a measurement of the same sample with a conventional stress 
controlled rheometer (TA nstruments, AR1000). 

As a comparison the results for the same mayonnaise have been obtained with a plate and plate fixture 
for different gaps on a scale comparable to the larger gaps of the FMR. For high shear rates only the 
largest gap of 100 µm gives the same results as the cone and plate fixtures, whereas the smaller gaps of 
50 µm and 20 µm fail to reproduce the macroscopic flow curve over the whole shear rate range due to the 
incapability of a standard rheometer to adjust these small gaps. Although in the literature a correction 
factor has been introduced to adjust for improper alignment and gap adjust of plate and plate fixtures by 

calibration with a standard Newtonian oil [17], it cannot 
be ruled out that this factor corrects not only for 
geometric misalignment but also for any gap effect that 
alters the viscoelastic response of the microstructured 
material at these small gaps.  
Figure 7 shows also the data for the fat free 
mayonnaise. The data nearly superimposes on the data 
for the “all natural” mayonnaise; i.e. the real and the fat 
free mayonnaise have been formulated to exhibit the 
same macroscopic shear flow behavior. 
In contrast to the macroscopic behavior, totally different 
flow properties can be observed on a microscopic scale 
with the FMR. Figure 8 shows the shear rate dependent 
stress for different gaps between 95.5 µm and 7.8 µm. 
After leaving the linear region at low shear rates (γ ≤  
10-3 s-1) the stress shows the typical overshoot with 
increasing shear rate before it levels into the plateau 
region of the yield stress [18]. However the level of this 
fluid yield stress depends on the gap and rises with a 
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Figure 9. Yield stress as a function of the gap. 
Values for the yield stress represent the middle 
between the overshoot maximum and the 
following minimum (shown as errorbars) from the 
stress curves in Fig. 8. 
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decreasing gap size. Figure 9 shows the dependence of the yield stress on the gap. 
The yield stress increases slowly with a decreasing gap between gap sizes of 100 µm and 22 µm, 
whereas below gaps of 22 µm, it shows a steep increase. 
At higher shear rates the flow is no longer determined by the yielding process but by a rate dependent 
viscometric function. A detailed view of the shear stresses in this region, shown in Figure 10, indicates 

that the stresses increase in a power-law 
fashion with the shear rate, but do not 
converge for different gaps. This behavior 
can be interpreted as an increasing wall slip 
with rising shear rate above some critical 
shear stress, as has been reported previously 
for mayonnaise at high shear stresses [19, 
20]. A method for extracting the thickness of 
the slip layer δ for a certain stress was 
described by Yoshimura and Prud’homme 
[21] via the proportional sum of the shear rate 
in the bulk γ b and the shear rate in the slip 
layer γ w, for slip layers δ much smaller than 
the actual gap h. 

 δγ γ γ δ= +
2 ,b w h
h

 (3) 

Linear regression of plots of shear rate as a 
function of the reciprocal gap for constant 
applied shear stresses, as shown in Figure 
11, allow for the determination of the gradient 
2δ γ w also known as the slip velocity. 

Assuming that the slip layer consists of water [2, 20], one can substitute the wall layer shear rate with the 
viscosity (γ w = η ⋅ τ) and calculate the overall slip layer thickness 2δ from the slip velocity for a certain 
stress τ. The results are shown in Figure 11. 
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Figure 11. Determination of the watery slip layer thickness 2δ as a function of the shear stress τ from the gradients 2 
δ γ w of the linear regressions of plotting the apparent shear rate γ  as a function of the reciprocal gap 1/h according 
to Eq. (3).  
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Figure 10. Enlarged view of the shear thinning region of the 
data from Figure 8. 
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The wall slip only occurs above a critical shear stress of ~165 Pa. The thickness 2δ  of the watery layer 
increases linearly with shear stress and is of the order of a few nanometers. These experiments do not 

allow one to determine if the slip 
occurs on both walls with each 
layer of thickness δ or in a single 
layer of thickness 2δ. 
For stresses below the onset of 
the wall slip one can observe a 
second yielding regime (shown in 
detail in Figure 12 over a range of 
shear rates γ 1 < γ  < γ 2). 
Simultaneous video microscopic 
imaging of the oil droplet 
movement in the emulsion flow 
shows that below the critical 
shear rate γ 2 single oil droplets 
close to the walls are not moving, 
whereas above γ 2 a continuous 
flow across the gap can be 
observed. This observation 
indicates the presence of a ‘stick’ 

layer at the wall even at stresses above the primary yield stress. These ‘sticktion’ layers start to yield once 
a critical shear stress is exceeded. 
A calculation of the thickness of a stick layer with possible magnitudes in the range of the overall gap is 
possible if one modifies Eq. (3) and incorporates a decreasing thickness of the bulk layer. 

     δ δγ γ γ = − + 
 

2 21b wh h
     (4) 

Assuming that the shear rate, γ w, in a stick layer is zero, the second term in Eq.(4) can be neglected [22] 
and an analysis similar to the slip layer determination in Figure 11 can be performed. For the data shown 
in Figure 8, this is possible only in a limited number of cases since the linear region at stresses below the 
secondary slip is very often covered by the primary yielding process. The few results for stick layers at 
two different constant stresses at τ = 63.1 Pa and τ  = 106.0 Pa (corresponding to the data for largest 
gaps of 53.3 < h < 95.9 µm in Figure 8) are shown as hollow symbols in Figure 13. 

Despite this difficulty, the onset of the secondary 
yielding regime at the shear rate γ 1 where the 
stick layer δ  is still intact is typically observable, 
as can be seen in Figure 12. Assuming that at the 
end of the secondary yielding regime (shear rate 
γ 2 ) the stick layer thickness is zero, one obtains 
from Eq. (4) that γ 1 = γ b (1 – 2δ /h) and γ 2 = γ b. 
With a constant bulk shear rate γ b in the plateau 
region of the secondary yielding regime one can 
calculate the stick layer thickness according to the 
following equation: 

  γ γ
δ

γ
−

= 2 1

2

2   (5) 

The results for the stick layer thickness in Figure 
13 show that the layer thickness is independent of 
the gap size and has a constant characteristic 
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Figure 12. Primary and secondary yielding for two representative gaps, 
data taken from Figure 8. The stress range is shifted for the second curve 
for a better visualization. 
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Figure 13. Thickness of the stick layer 2δ as a function of 
the gap from Eq. (5) (full symbols) and as a function of 
the stress from Eq. (4) (open symbols.) 
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size of ~ 21 ± 2.7 µm. This is in good agreement with the critical gap distance of 22 µm determined in 
Figure 9 for the onset of the dramatic increase of the yield stress. Below this critical gap it is the 
interaction of the wall stick layers that determine the yielding process, whereas at larger gaps the weaker 
bulk sample between the stick layers dominates the yielding process. 
The values for the secondary yield stresses as a function of the gap are shown in Figure 14 (hollow 
symbols). With the primary yield stresses and the critical stress at the onset of the wall slip (determined 
from Figure 11b) one is able to draw a “phase diagram” of the flow behavior of mayonnaise as 
determined by the gap and the shear stress.  
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Figure 14. Gap dependent flow behavior of mayonnaise depending on the applied shear stress and the gap 
separation. The filled symbols refer to the gap dependent primary yield stress, the hollow symbols to the secondary. 
The image shows a microscopic view of the mayonnaise, the view direction is perpendicular to the gap. The white bar 
equals a length of 25 µm. 

According to Figure 14 the level of the secondary yield stress caused by the stick layer converges with 
the primary yield stress when the gap size reaches 20 µm. this is consistent with the thickness of the stick 
layer shown in Figure 13. An explanation of the nature of this stick layer can be taken from the picture in 
Figure 14. Image analysis shows that the biggest droplets in the emulsion have a dimension of ~ 11 µm. 
This is approximately half of the overall stick layer and therefore corresponds to the objects that form a 
single stick layer on one wall. The increase in the yield stress can therefore be attributed to the onset of 
direct interactions of the biggest droplets on opposing walls. As the gap closes further additional 
interactions between smaller droplets lead to the continuous increase in the yield stress. 
In contrast to the huge influence that the microscopic structure of the emulsion has on the flow on a 
microscopic scale, FMR studies of the fat free mayonnaise (as shown in Figure 15) reveal no influence of  
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Figure 15. Shear stress vs shear rate for “Cains fat free mayonnaise” for different gap sizes determined with the FMR 
and compared with the value from a conventional stress controlled rheometer (TA Instruments, AR1000). 
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the gap size on the flow behavior. Although the macroscopic shear flow behavior of the fat free 
mayonnaise has been successfully formulated to be nearly the same as for a real mayonnaise (Figure 8), 
the resulting differences in texture and mouthfeel are also strongly related to the microscopic flow 
behavior and for strong shearing deformations in small gaps fail to mimic the real mayonnaise. 
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