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Abstract: This article describes the design and testing of a
low-cost automatic rolling-ball viscometer. The device has
been manufactured from three-dimensional printed parts
and conventional and affordable mechanical and elec-
tronic components. It is controlled by an Arduino MEGA
with a custom code that includes manual and automatic
measuring modes. Both the type of viscometer and the
models used are, in principle, valid for Newtonian and
power-law fluids. However, measurement and calculation
procedures have been developed that also makes it pos-
sible to determine the viscosity of Herschel–Bulkley fluids
that might exhibit a yield stress behaviour within the range
studied. By these procedures, viscosity values have been
obtained for model fluids – Newtonian, power-law, and
Herschel–Bulkley fluids – and compared to those obtained
with a commercial rotational rheometer. The proposed
setup and measuring method have thus proven to provide
very reasonably accurate viscosity values for a low-cost
device.

Keywords: viscometer, rolling-ball, low-cost, automatic,
power-law, Herschel–Bulkley

1 Introduction

Three-dimensional (3D) printing has become a powerful
ally for low-cost hardware manufacturing. It is a fast, inex-
pensive, and, above all, extremely versatile manufacturing
technique. As a result, it is possible to create parts and
structures that adapt perfectly to their purpose, offering
total freedom for innovation and autonomous manufac-
turing. Thus, there are many examples of device and tool
manufacturing projects in which 3D printing has played a
relevant role [1–6]. Moreover, apart from 3D printing,
there has been another element that has been of enormous
relevance in the expansion of low-cost hardware (and soft-
ware): open-source electronics creation platforms, such as
Arduino or Raspberry [7]. The 3D printing/open-source
electronics tandem has also found the perfect ecosystem
to develop in communities such as RepRap, Instructables,
or Thingiverse, among many others [8]. In these commu-
nities, all kinds of users, of all levels of expertise and knowl-
edge, share designs, codes, and ideas. This has brought the
manufacture of devices and equipment within the reach of
researchers, teachers, students, and any hobbyist. In short,
technological development has been placed in the hands of
end users from a wide range of fields, which has led to a
massive boom in creativity.

Long before this, over a 100 years ago, Flowers patented
a device in which a ball was allowed to roll down an
inclined tube filled with a fluid to determine its viscosity
[9]. This type of viscometer has been used for so long mainly
because of its simplicity and low cost, and because it can be
built as an enclosed system, as well as requiring a small
sample volume [10,11]. Initially, equations describing the
rolling ball viscometer (RBV) only considered Newtonian
fluids, i.e., a single non-shear-dependent viscosity value
[9,10,12]. However, it was only a matter of time before its
application for non-Newtonian fluids was also studied [13].
Several works on viscosity measurement of non-Newtonian
fluids by means of RBVs can be found in the literature.
Among them, it is worth highlighting those of Šesták and
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Ambros [14], Stastna and De Kee [15], Bagchi and Chhabra
[16], Briscoe et al. [17], and Tang [18], whose mathematical
expressions and design considerations are still fully valid
today. Nevertheless, their equations are focused only on
measurements carried out on power-law and Bingham
plastic fluids [14]. However, more complex rheological beha-
viours, such as that of Herschel–Bulkley fluids, cannot be
predicted by the same models or, at least, not without being
aware of certain considerations.

Part of the previous work on this kind of device has
also consisted of the determination of the shear rate in RBV
measurements. In this type of inclined tube viscometer, the
ball rolls on the wall of the tube so that the gap between
them is variable: from zero, at the point of contact, to the
maximum, at its vertical. For this reason, there is no one
unique shear rate, and it is necessary to estimate an
average or representative value. In addition, the shear
rate will depend on the speed that the ball reaches in
each case. Thus, even if the same tilt angle and diameters
of the tube and ball are maintained, the shear rate will be
different for fluids with different rheological behaviours. It
is of course possible to compensate for this to some extent
by measuring at different angles and with balls of different
diameters. But, in any case, the range of shear rates avail-
able will inevitably depend on the fluid to be measured.
This is obviously a limitation compared to other viscosity-
measuring devices. However, it also has advantages. For
example, as the sample is introduced into a closed, her-
metic system, problems of drying or other changes that
may occur in the sample due to its exposure to the envir-
onment are avoided. This allows measurements to be taken
for as long as desired without fear of the results being
influenced by unwanted changes in the sample, making
it possible, for example, to monitor the rheological beha-
viour of the same aqueous sample for hours, days, or even
months. Something that would be impossible with other
viscometers.

Moreover, its essential configuration is quite simple: a
tube, a ball, a support that can be set at different inclina-
tions, and a way to determine the falling time of the ball (in
the most basic version, an observer with a stopwatch). This
makes it a great candidate for a project in STEM education
[18–21], as a way for students to acquire a variety of skills,
both through its design and building, and subsequent use.
It is also, for the same reason, an affordable way to routi-
nely check viscosities in companies and laboratories. How-
ever, in most cases, more accurate time control and less
reliance on human intervention would be required for this
application, especially to take advantage of its suitability
for long-term measurement. In this scenario, a detection
system is of key importance. Electrodes [22], X-ray [23],

light sensors [24,25], and cameras [26,27] are commonly
used for this purpose in research viscometers. The Lovis
2000 M/ME, a high-performance RBV from Anton Paar, uses
inductive sensors for ball detection. However, their cost may
be excessive for many small or developing areas laboratories.
Commercial equipment, moreover, while having obvious
advantages, is often not so useful in educational applications,
being less intuitive and giving less access to the intricacies of
both hardware and software.

In this work, an RBV has been designed and built from
3D printed parts and low-cost components, controlled by
an Arduino MEGA board, and tested for a variety of
Newtonian and non-Newtonian shear-thinning fluids. A
code has been developed for its operation, both in manual
and automatic mode, which also includes an algorithm for
the calculation of the viscosity of Newtonian and non-
Newtonian fluids.

2 Methods

2.1 Materials

Different fluids have been used for the calibration and
validation of RBV. 20 BW (Zentrum für Messen und Kalibrieren
& ANALYTIK GmbH, Germany), soybean oil (Heuschen &
Schrouff Oriental Foods, Netherlands), E200 (Thermo
Scientific HAAKE, Germany), HT75 (CANNON Instrument
Company, USA), and piston oil 150 (Josval S.L., Spain) were
used as Newtonian model fluids. Fresubin Clear Thickener®

(Fresenius Kabi Deutschland GmbH, Germany) was
mixed with distilled water at different concentrations
(0.25, 0.5, 0.75, 1, 1.25, and 1.5 wt%) to obtain power-law
shear-thinning fluids. In addition, fabric softener formu-
lations (Procter & Gamble, USA) exhibiting Herschel–
Bulkley behaviour have been characterised by both RBV
and rotational rheometry to evaluate the application of
the technique to these fluids.

Mechanical non-printable parts were purchased from
HTA3D (Spain), and electronic components were acquired
at the same place and at Electrónica Odiel, S.L. (Spain).

2.2 3D printing

Printable parts have been designed specifically for this
work and modelled with SolidWorks software. STL files
have been sliced using Cura Ultimaker and printed in
PLA with a BQ Hephestos (BQ, Spain) FDM 3D printer.
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2.3 Validation of rheological measurements

RBV-measured viscosities were compared for validation
with those obtained by means of an MCR-301 rotational
rheometer (Anton Paar, Austria). Viscosity vs shear rate
curves were obtained in a range between 0.1 and 1,000 s−1

at 25°C with a 50mm cone-and-plate geometry.

2.4 Device

2.4.1 Main components

The device was designed and manufactured in PLA with
the aid of a 3D printer (Figure 1).

The designed device consists of a (1) glass tube (9 mm
outer diameter, 6 mm inner diameter and 30 cm long)
placed in a (2) 3D printed holder, whose tilt angle can be
adjusted by means of a (3) NEMA 17 stepper motor. The
zero tilt with respect to the horizontal plane is established
by means of an (4) optocoupler speed sensor. At both ends
of the tube, there is an (5) electromagnet which, when
activated, holds a (6) 4/5 mm diameter steel ball (or other
size as required). When the magnets are deactivated, the
ball rolls freely inside the tube, its passage being detected
by two (7) inductive sensors placed at 20 cm from each
other, symmetrically to the axis of rotation of the tube,
and covered by respective (8) interference suppressors. A
(9) thermistor, also located at one end of the tube, mea-
sures the temperature inside the sample tube. All elec-
tronic components are controlled by an (10) Arduino

Figure 1: Rolling-ball viscometer components.
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MEGA 2560 microcontroller board. A (11) DC power supply
provides 12 V to the stepper motor.

The core of the device’s electronics is the Arduino MEGA
board. However, an additional board has also been used. This
custom PCB can be attached as a shield to the Arduino MEGA,
allowing easy connection of all the electronic components
and comprising all extra circuits needed for their proper
functioning.

The firmware that enables operation and communica-
tion with the device has been specially developed for this
project. This includes all the codes required for the opera-
tion of the stepper motor and electromagnets, as well as
thermistor, detection, and zero sensor readings.

The device has been tested with Newtonian, power-law,
and Herschel–Bulkley fluids, obtaining reasonably accurate
results (see Section 3), within the following operating ranges:
• Recommended viscosities (10 s−1): 0.02–0.50 Pa s.
• Recommended measurement time range: 3–60 s.
• Tilt angle: 1°–75° (recommended 10°–60°).
• Ball: 4 or 5 mm diameter, 420 stainless steel to avoid
corrosion.

2.4.2 Building cost

Obviously, better accuracy in viscosity measurement can
be obtained with other devices and equipment. However,
this device allows measurement of Newtonian and non-
Newtonian viscosities with reasonable accuracy at a cost
well below that of most alternatives.

The components listed in Table 1 can be easily found in
local or online stores. The one that may vary the most will
most likely be the custom PCB. However, this can also be
manufactured with a 3D printer [28], so its cost would be

further reduced. In any case, the cost of all the components
required for the construction of the device should be less
than 200€. Considering that the price of commercial models
can run into thousands of euros, the savings are obvious.

2.4.3 Inductive sensors

Ball detection was the main challenge in the development
of this device. Commercial high-tech sensors were not an
option for a low-cost setup, and the detection range of hobby
components (inductive and capacitive sensors) was not wide
enough to register the pass of the ball through the glass wall.
Thus, it was decided to manufacture a custom-made sensor,
which would better adapt to the geometry of the device. For
this purpose, the design of a metal detector for Arduino [29]
was taken as a basis and adapted. It simply consists of a
copper wire 0.2 mm in diameter and wrapped (100 wind-
ings) around a supporting part, which in turn fits the glass
tube (Figure 2, left).

This sensor is then enclosed in a protective cover
(Figure 2, right) with an aluminium foil inside, acting as
interference suppressor and protecting the sensor from
possible spills and minimising electromagnetic interfer-
ence from the environment.

The two ends of the wire are connected to the Arduino
board, which feeds the circuit with current pulses and
detects the variation in inductance caused by the ball pas-
sing through the coil [29].

Another essential aspect to consider during the design
stage is the terminal speed. As will be detailed below, all
the equations used for viscosity calculation consider a con-
stant, terminal velocity. Therefore, it is necessary to set
enough distance between the release of the ball and its
passage through the first sensor for it to be reached. The

Table 1: Approximate cost of components for building of RBV

Component Price (€)

PLA filament (1 kg) 13.75a

Arduino MEGA 12.75a

Custom PCB 80 (approx.)
12 V DC power supply 17.49b

NEMA 17 stepper motor 9.35a

Electromagnets (×2) 22.56b

Optocoupler 7.17b

Generic electronic components 10 (approx.)
Glass tube 1 (approx.)
Non-printable mechanical components 10 (approx.)
Total 184.07

aPrice on HTA3D website as of 10/30/2023.
bPrice at Electrónica Odiel (Huelva, Spain) at the time of purchase.

Figure 2: Custom made inductive sensor, with (right) and without (left)
protective cover.
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evolution of speed with time for a sphere in a fluid, with
respect to the terminal speed, V, can be calculated as [18]

( )= − −
v V 1 e ,s τ/ (1)

where

=τ

m

πηr6
, (2)

here v is the speed at a time “s” (m/s), s is the time since ball
release (s), m is the ball mass (kg), η is the apparent visc-
osity (Pa s), and r is the ball radius (m).

Giving values to time, s, it is possible to predict the
evolution of ball speed for a certain fluid. Once the speed
of the ball is known, also its position can be calculated. For
example, in the case of a fluid with a viscosity of 0.02 Pa s at
10 s−1, the lowest recommended viscosity (the worst-case
scenario, as terminal speed is reached later in low viscosity
fluids), the predicted evolution of speed with distance is as
shown in Figure 3.

Conceptually, the speeds would only equal at infinite
time. However, only 3 cm after release, the ball speed is
above 98% of the value of the terminal speed. After 5 cm, it
is 99.8%, so it can be considered that the terminal speed
has already been reached. Thus, sensors are located at 5 cm
from each tube end.

2.5 Calculation of flow and consistency
indices

It is possible to calculate the flow (n) and consistency (k)
indices of a power-law fluid from the geometry of the setup
and the speed of the ball. For this, it is necessary to determine
the speed of the ball at two different tilt angles. From the
time-lapse measured between the detection of the two

sensors and knowing the distance between them, n can be
calculated as follows [14]:
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where n is the flow index, β
1
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2
are tilt angles (rad), andV1,

V2 denote speed at corresponding tilt angle (m/s).
Once n has been calculated, k is obtained by the fol-

lowing expression [14]:
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where k is the consistency index (Pa sn), g is the gravity
acceleration (m/s2), d is the ball diameter (m), ρs is the ball
density (kg/m3), ρ is the sample density (kg/m3), β is the tilt angle
(rad),D is the inner diameter of the tube (m),n is the flow index,
V is the speed (m/s), and Jn is the n-depending parameter.

Jn values were tabulated by Šesták and Ambros [14].
However, to facilitate automatic calculation, these values
can be fitted to a fifth-degree polynomial in the range
between n = 0.15 and n = 1 (R2 = 1):

= − + − + −

+

J n n n n n1.9099 7.5424 12.614 11.97 7.423

2.9654.

n

5 4 3 2

(5)

For the determination of the viscosity of a fluid, the
glass tube is filled completely with the sample, the desired
angle of inclination is selected, and the ball is released to
roll through the fluid to record the time lapse between
passing through the two sensors. From the selected angle
and the measured time, the viscosity is calculated as
detailed below in Section 3.

Two measuring modes are available: manual and auto-
matic measurement. Manual measurement mode allows

Figure 3: Predicted ball speed for a fluid with a viscosity of 0.02 Pa s (n = 0.845, k = 0.035 Pa sn, L = 20 cm, D = 6mm, d = 5 mm, β = 10°, ρs = 7,880 kg/m3,
ρ = 995 kg/m3).
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all elements to be controlled manually and independently, a
flexible way of use during the development and validation
stages. In this mode, commands are inputted through the
Arduino IDE terminal and sent via serial port communication
protocol, being time (in microseconds) and temperature, the
only information returned by the device after measurement.

In automatic mode, operation becomes somewhat more
“user-friendly,” guiding the operator through communication
via the serial monitor. At the appropriate moment, the firm-
ware requests the parameters according to which the mea-
surement is to be carried out. With this information, the
device automatically performs two measurements at different
tilt angles. When valid results have been obtained, with an
error below a user-defined tolerance, the program returns the
measured times, the angles at which they were obtained, and
the results of the entire calculation sequence (Figure 4).

3 Results

3.1 Calibration factor

Rolling ball viscometers must be calibrated in order to find
their characteristic instrument constant [14,17,18]. For this,

values obtained from the measurement of fluids of known
viscosity and density must be compared to those obtained
with another viscometer/rheometer. This procedure must
be carried out for each ball diameter to be used, since the
calibration factor depends on the geometry of the setup.

20 BW, soybean oil, E200, HT75, and piston oil were used
as Newtonian model fluids. Figure 5 shows the viscosity
values obtained for these fluids with the RBV (µRBV), plotted
against rotational rheometer-measured values (µrheo).

As can be seen, there is a linear relationship between
µRBV and µrheo.

The same happens when measuring power-law shear
thinning fluids (Fresubin Clear Thickener® at 0.25, 0.5, 0.75,
1, 1.25, and 1.5 wt% in distilled water). Both k and n power-
law parameter values calculated from RBV measurements
are proportional to those obtained from power-law fitting
of viscosity curves obtained by means of the rotational
rheometer (Figure 6).

Again, kRBV/krheo shows a linear trend. However, the
proportionality constant obtained in this case differs from
µRBV/µrheo obtained for Newtonian fluids.

In the case of Herschel–Bulkley fluids, n and k para-
meters obtained from equations (3) and (4) are not com-
parable to those obtained by fitting rheometer viscosity
curves.

Figure 4: Results obtained with RBV in automatic mode.
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However, if these k and n values, obtained from RBV
measurements by means of equations (3) and (4), are used
to calculate a viscosity value at a certain shear rate using a
power-law expression (also in the case of Herschel–Bulkley
fluids), µRBV/µrheo and ηRBV/ηrheo ratios take quite similar
values (Table 2).

By taking these ratios as starting points, a correction
factor has been found for which the sum of relative errors
for all samples is minimum. Thus, viscosity can be calcu-
lated by using a constant (1/1.41 for 5 mm balls and 1/2.30
for 4 mm balls), which minimises RBV-rheometer devia-
tions and is valid for all types of fluids, only depending
on the diameter of the ball. Thus, once k and n are known,

viscosity values must always be (regardless of the type of
fluid measured) calculated by means of a modified power-
law expression:

= −
η kγ0.7092 ̇ ,n 1 (6)

where η is the viscosity (Pa s), k is the consistency index
(Pa sn), γ̇ is the desired shear rate (s−1), and n is the flow
index.

Empirical factor in equation (6) is only valid for mea-
surements with 5 mm balls. For measurements with 4 mm,
its value should be changed to 0.4348.

3.2 Measurement procedure for
Herschel–Bulkley fluids

Equations (3) and (4) allow k and n to be calculated for
power-law fluids from data obtained with an RBV. Of
course, this includes Newtonian fluids, where n = 1 and
k = µ. However, these equations for RBV do not consider

Figure 5: RBV vs rheometer viscosity values for Newtonian fluids.

Figure 6: RBV vs rheometer k and n values for power-law fluids.

Table 2: RBV vs rheometer µ and η values at 10 s−1: resulting ratios

µRBV/µrheo ηRBV/ηrheo

4 mm 5mm 4mm 5mm

Newtonian 2.35 1.25
Power-law 2.02 1.36
Herschel–Bulkley 2.40 1.40
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the possible existence of yield stress. Obviously, fitting
Herschel–Bulkley fluids to a power-law expression is an
approximation, in which a viscosity vs shear rate plot is fitted
to a line (in a log–log plot). However, this approximation can
be applicable if the Herschel–Bulkley viscosity–shear rate
curve is divided into short power-law segments. This is, if
the considered shear rate range is narrow enough (i.e. small
increment between two tilt angles used for the calculation of
n) and the measurement is performed at a shear rate close to
that at which the viscosity value is to be determined.

For this device, the shear rate cannot be imposed, but
it can be sought, within a range that depends on the mea-
sured fluid. According to Briscoe et al. [17], an average (as
the ball-tube gap is not constant) shear rate value can be
calculated as follows:

=
−

γ

dV

D d

̇
4

.
2 2

(7)

Optimal measured time can be calculated as follows:

( )
=

−
t

dL

γ D d

4

̇
,

2 2
(8)

where t is the measured time-lapse (s), d is the ball diameter
(m), L is the distance between sensors (m), γ̇ is the desired
shear rate (s−1), D is the inner diameter of the tube (m).

Then, the tilt angle can be modified to approach the
desired measurement time and/or shear rate. In case the
optimal shear rate cannot be reached by modifying mea-
suring parameters, it will always be preferable to measure

at shear rates above than below the optimal. This is
because, at low shear rates, the influence of the yield stress
is obviously more pronounced, so the viscosity of the
Herschel–Bulkley fluid deviates further from the power-
law behaviour.

3.3 Proposed measurement protocol

The case of Herschel–Bulkley is analysed separately because
the existing equations for RBV do not consider the possible
existence of yield stress. In this sense, it is only with these
fluids that the proposed measurement procedure must
be followed (search for the shear rate as close as possible
to the desired one and with a small increment between
angles), while power-law and Newtonian fluids could, theo-
retically, be characterised by any pair of angles. However,
the Herschel–Bulkley procedure is established as the gen-
eral one, so that it is not necessary to know in advance the
type of fluid to be measured.

Thus, the measurement process can be summarised as
shown in Figure 7.

All the steps detailed in this flow chart can be followed
by the operator in manual mode and will be performed by
the device in automatic mode, with little or no intervention
from the user.

Following data (Tables 3 and 4 and Figure 8) are some
viscosity values (at a shear rate of 10 s−1) resulting from the

Figure 7: Measuring flow diagram.

8  Isabel Diañez et al.



application of the proposed setup and calculation proce-
dures to the measurement of different fluids.

As can be seen in Tables 3 and 4 and Figure 8, good accor-
dance between a conventional rotational rheometer and RBV
is achieved for measurements with both 4 and 5mm balls.

4 Discussion

The proposed setup has proven to be capable of measuring
the viscosity of Newtonian, power-law, and Herschel–Bulkley
fluids with reasonable accuracy. Moreover, n and k values
can also be obtained for power-law fluids. For Herschel–
Bulkley fluids, although it is not possible to obtain the
model parameters, it is possible to obtain accurate visc-
osity values at specific shear rates. In both cases (espe-
cially for Herschel–Bulkley fluids), determination of valid
viscosity values involves difficult and laborious calcula-
tions, an iterative measurement process, and very accu-
rate time measurements. This device and its automatic
mode simplify and reduce the time needed for this. In this
way, technological and human resources are economised, as,
apart from having a very low cost, it allows for viscosity
determination without prior knowledge in rheology or inten-
sive training. This makes the RBV useful for certain applica-
tions such as quality control [30,31] or STEM education.

In industry, in quality control of non-Newtonian fluids,
it can serve as a quick method of routine viscosity testing.
As shown above, the accuracy of the device is reasonably
good for this, and its precision is even better, e.g., five
repetitions on the same load for a given shear-thinning
fluid of 0.4228 Pa s, measured at 10 s−1, have a maximum
relative standard deviation (RSD) of 0.82%, and the overall
RSD value for five different sample loads (five repetitions

Table 3: Comparison between rolling-ball and rheometer viscosities, for 5 mm ball

Newtonian fluids Power-law fluids Herschel–Bulkley fluids

Rheometer
(Pa s)

Rolling-ball
viscometer
(Pa s)

Error (%) Rheometer
(Pa s)

Rolling-ball
viscometer
(Pa s)

Error (%) Rheometer
(Pa s)

Rolling-ball
viscometer
(Pa s)

Error (%)

0.0530 0.0525 0.9 0.0544 0.0575 5.6 0.0464 0.0450 3.0
0.0806 0.0857 6.3 0.1150 0.1161 1.0 0.0648 0.0612 5.5
0.2053 0.2052 0.0 0.1835 0.1806 1.6 0.0996 0.1064 6.8
0.3119 0.2825 9.4 0.3330 0.3518 5.6 0.1440 0.1629 13.1

0.4665 0.4439 4.8 0.1890 0.1768 6.5

Table 4: Comparison between rolling-ball and rheometer viscosities, for 4 mm ball

Newtonian fluids Power-law fluids Herschel–Bulkley fluids

Rheometer
(Pa s)

Rolling-ball
viscometer
(Pa s)

Error (%) Rheometer
(Pa s)

Rolling-ball
viscometer
(Pa s)

Error (%) Rheometer
(Pa s)

Rolling-ball
viscometer
(Pa s)

Error (%)

0.0530 0.0566 6.9 0.1150 0.1157 0.6 0.1080 0.1001 7.3
0.0806 0.0881 9.3 0.1835 0.1684 8.2 0.1770 0.1612 8.9
0.1265 0.1348 6.6 0.3330 0.3050 8.4 0.2040 0.1997 2.1
0.3119 0.3226 3.5 0.4665 0.4214 9.7 0.1890 0.1894 0.2

Figure 8: Rolling-ball viscosities vs rheometer viscosities and corre-
sponding linear fittings: influence of ball diameter.
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each) is 0.95%. The results obtained for different non-
Newtonian fluids, in addition to broadening the range of
applicability of this type of viscometers, have the advan-
tage of making it possible to obtain viscosity values for
different types of fluids without the need to previously
know which model their rheological behaviour fits to
[32]. Moreover, due to automatic operation, the measure-
ment can be replicated as many times as desired without
human intervention. Likewise, it can be programmed to
follow the evolution of a sample during long time periods.

Conversely, in STEM education, building of this device
could help students with learning of mechanics, electronics,
mathematics, programming, CAD design, and 3D printing.
After this, by measuring and analysing results, it can be a
good way to understand the physics and rheology of
Newtonian and non-Newtonian fluids.
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