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Abstract

Rotational rheometers are frequently used to quantify viscoelastic material properties. The shear-rate range
of rotational rheometers is usually confined to about 10% s™. The measurement window can be extended by
reducing the gap width in the parallel-disk configuration. Yet, zero-gap errors and a superposition with
elongation flow make it is difficult to reduce the gap width below about 100 pum. We present a modification
for commercial rotational rheometers aligning the plates in the parallel-disk configuration perpendicular to
the axis of rotation with a precision in parallelism of about 1 um. This lowers the zero-gap error by a factor
of about 25 and more and enables measurements at gap widths well below 100 pm.

1 Introduction

Rotational rheometers are the work horses of rheologists. They offer a wide dynamical range for measuring
the viscoelastic properties of fluids and solids (Mezger 2011). Besides, they can be used to precisely set up,
control and change shear flows, see e.g. the studies by Agudo et al. (2012, 2014, 2017, 2018). Important
guantities to control or to measure are, among others, the shear stress and the shear rate. The wide range of
shear stresses is due to the torque range of the apparatuses, which covers several orders of magnitude, and
can be further extended using different geometrical configurations with varying size (Mezger 2011). The
accessible shear rate is governed by the angular velocity, which again can be varied over several decimal
orders, and by the gap width between moving surfaces that confine the samples. Any easy way to set up
high shear rates is to use parallel plates at narrow distance. Yet, imperfections in the alignment of the plates
and in determining the zero gap result in increasing errors when narrowing the gap, usually restricting the
gap to widths of about 100 um or larger.

Nevertheless, it is advantageous to decreases the gap width well below this limit. Improving the alignment
of the plates considerably, it is possible to extend the measurement range of rotational rheometers from
shear rates of about 10% s to more than 10° st With decreasing gap width, thresholds for flow instabilities
that may restrict the measurement window shift to higher shear rates (Dakhil and Wierschem 2014; Ewoldt
et al. 2015). Furthermore, only very little amount of sample (of the order of 10 ul) is required and studies
of low viscous samples at high shear rates are possible (Dakhil and Wierschem 2014). Also new applications
become accessible: The effect of geometrical confinement can be studied (Luengo et al. 1997) and average
linear viscoelastic properties of a large number of cells can be determined quantitatively in single
experimental runs as shown by Dakhil et al. (2016) allowing to study the impact of diseases and of drugs
on the mechanical cell behavior. Also the adhesion limit of cells on substrates (Dakhil et al. 2018) as well
as their load limit (Kokkinos et al. 2016) can be studied in a low viscous environment. Here, we briefly
show how the accessible gap width is restricted in standard rotational rheometers and we describe how to
overcome this limitation.
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2 Zero-gap error

In a parallel-disk configuration, the sample is placed in a gap between two horizontal plates. One disk is
usually held at rest while the other one rotates around its central vertical axis, creating a linear shear flow.
The shear rate increases linearly with distance from the axis of rotation having a maximum value at the
radius of the smaller plate, R. The maximum shear rate yy is:

YR =" (1)
where 2 and h indicate angular velocity and gap width, respectively. Hence, the shear-rate range can be
increased easily by decreasing the gap width. Yet, the measured viscosity usually decreases with smaller
gap width. Figure 1(a) shows an example for a Newtonian silicon oil. The decline of the viscosity values is
usually due to a zero-gap error. This error is provoked by inclined plates and by squeeze flow when setting
the zero level for the gap width (Davies and Stokes 2008) and results into an underestimation, Ah, of the
real average gap width. Hence, while the rheometer determines the viscosity using the shear rate from
equation (1), the real average shear rate yz,4; at the radius of the plate is:
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The shear stress Tz remains unaffected by the zero-gap error. Hence,

TR =1RYR = nRrealereal’ 3)

where nr and ng,.q; indicate the viscosity data of the rheometer and the viscosity determined from the real
average gap width. Expressing Yzreq: DY V&, €quation (3) can be brought into the following form (Davies
and Stokes 2008):

e (@)

Mg NRreal NRreal
This is a linear equation between the parameters h and h/ng. Hence, varying the gap width and detecting
the viscosity data at constant shear stress, one can determine the real viscosity from the slope and the zero-
gap error from the offset. Figure 1(b) shows the result for the data from Figure 1(a). Once the zero-gap error
is determined, the shear rate and the viscosity can be corrected according to equations (2) and (3). The
results are shown in Figure 1(c). It indicates that the correction works well. However, at gap widths of less
than about three times the zero-gap error, we find even an overcorrection. It is supposed to be due to a
contribution from elongation flows that is caused by the strong gap-width modulation during shear due to
plate inclination (Andablo Reyes et al. 2010, 2011).

3 Narrow-gap rheometer

Zero-gap errors of about 25 pum or larger have been reported (Davies and Stokes 2005, 2008; Pipe et al.
2008). While the data at gap widths of about three or more times this error may be corrected, plate inclination
and unevenness result in a superposition of elongation flow with the shear flow, which is difficult to
approach (Andablo Reyes et al. 2011). To access gap widths well below 100 um, the zero-gap error needs
to be reduced drastically. To this end, we modified a commercial rotational rheometer as sketched in Figure
2. We used a UDS 200 rheometer from Physica. The plates have to be aligned not only parallel to each other
but, above all, perpendicular to the axis of rotation. As disks we use two glass plates with an evenness of
M4 or A/10, where A is the testing wavelength (633 nm). The fixed bottom plate has a diameter of 75 mm
and the diameter of the rotating plate is 50 mm. The top plate is adhered to a measurement head of the
rheometer with a diameter of 25 mm. To align the bottom plate perpendicular to the rotation axis, it is fixed
to a tripod, which is mounted on the rheometer table. The tripod itself is aligned with three actuators. For
disk alignment, the gap width is measured with a customized confocal interferometric sensor. The sensor is
placed underneath the fixed glass plate on a traverse to measure the gap width at different locations.

Rheometer

Glass Actuator

Gap-width
sensor

Figure 2: Sketch of the narrow-gap rheometer.
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While the upper plate slowly rotates, the sensor detects the local gap width at three different locations close
to the actuators. The lower plate is adjusted with the actuators to minimize deviations in the average local
gap width between the three locations. Thereafter, the upper disk is dismantled from the rheometer head,
aligned to the lower plate by placing it on its top and in this position glued again to the rheometer head.
Alignment is checked again with the sensor to achieve undulations at each location with an overall deviation
of less than £1 um. For further details on the alignment procedure, we refer to Dakhil and Wierschem (2014).

An example of the applicability of the device shows Figure 3. It is the same silicon oil as in Figure 1, yet at
a different temperature. It shows a direct comparison between measurements with the narrow-gap device at
gap widths of 1000 um and 20 um, the latter being a gap width well below the former zero-gap error. A
dramatic decline of the viscosity values at reduced gap width like in commercial rheometers does not occur.
Instead, both measurements differ only by about 3%. Hence, the deviation is less than the relative gap-width
modulation at 20 um gap width.
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Figure 3: Measurement of the viscosity of a silicon oil with the narrow-gap device. Solid and open symbols indicate
measurements at 1000 um and at 20 pum, respectively. The steep increase of the large-gap-width data at the highest
shear rate indicates the maximum rotational speed of the rheometer.

4 Conclusion

We modified a commercial rheometer to align the plates in a parallel-disk configuration perpendicular to
the rotational axis. Parallelism is controlled with a precision of about 1 um. This modification allows to
overcome the significant error in the gap height while zeroing the device plates and enables extending the
measurement window for shear rates to more than 10° s,
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