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ABSTRACT Liquid food can likely cause accidental ingestion in patients with dysphagia. This study
proposes a handheld stirrer-type rotational viscometer that can be used in the kitchen or at meals for
dysphagia. A novel rotational viscometer is proposed considering that the rotation speed of the handheld
stirrer is inversely proportional to the viscosity of the fluids to be stirred. We adopt the sensorless control
strategy. We use a small brush-type DC motor, which functions as a rotary actuator and a rotational speed
sensor to realize the proposed device. Because the proposed viscometer is used in the aforementioned fields,
it must be compact, handy, simple in structure, and low-cost.We apply the proposed viscometer to fluids with
viscosities ranging from 5000 to 54000 mPa·s for testing, using a cylindrical rotor with a length of 15 mm
and diameter of 10 mm. The repeatability and linearity as a measurement instrument evaluated by the ASTM
standards E3116-18 are less than 5% and 4% for the aforementioned fluids under the temperature of 11 ◦C,
respectively. Because the thickness of liquid food is classified into only three categories (mildly, moderately,
and extremely thick), the accuracy of this method is sufficient for the measurement.

INDEX TERMS Actuator, DC motor, thickness measurement of fluid food, viscometer.

I. INTRODUCTION
Dysphagia is the difficulty in swallowing liquid foods that
can cause aspiration and other respiratory problems [1],
[2], [3]. Therefore, managing the thickening of liquid foods
is crucial for the safety of patients with dysphagia. In swal-
lowing care and rehabilitation, various methods to measure
thickness have been proposed and standardized by consid-
ering viscosity. Thickness is a sensory quantity that humans
perceive as ‘‘mouthfeel,’’ and fluids associated with thick-
ening evaluation are predominantly non-Newtonian [4]. The
thickness can bemeasured qualitatively by observing the ease
of flow during the container tilting and fluid dripping from
the spoon [4], [5]. The line spread test (LST) is a commonly
used quantitative method [1], [6] and its procedure is as
follows: (1) A flat sheet with a pie chart-shaped scale is
placed on a horizontal surface and a cylindrical container with
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an inner diameter of 30 mm is placed at the center of the
scale. (2) The container is filled with 20 mL of the thickening
fluid to be measured and allowed for 30 s. (3) The container
is lifted vertically and the distances in six directions of the
flowed-out fluid aremeasured after 30 s. The average distance
was the LST value, measured in mm (or cm). The LST
value is inversely proportional to the thickness and is catego-
rized by a nominal scale as mildly, moderately, or extremely
thick [7], [8].

Further, the thickness was measured quantitatively using
viscometers [1], [4], [5]. The major types of viscometers
are generally classified as a falling element, rotational, cone-
and-plate, parallel-plate, pressure flow, capillary, and vibra-
tional viscometers to determine the direct effect of the fluid
on intended applications [9]. Conventional viscometers are
based on the fluid dynamics of Newtonian fluids. Recently,
viscometers have been innovated while inheriting the afore-
mentioned conventional schemes. For example, as the falling
element, a novel orbiting sphere viscometer for continuous
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measurements was proposed [10]. For the rotational type,
a new method using a stepping motor as an actuator was
proposed [11]. For the pressure flow type, a novel microflu-
idic viscometer [12] and optical microfluidic co-flow vis-
cometers were used to resolve problems related to optical
measurements [13]. A capillary type was used as a novel
measurement of the viscosity of water containing copper
oxide nanoparticle suspensions [14]. A novel optical fiber
probe comprising an air cavity with a small access hole was
proposed for fluids in a hollow capillary tube [15]. For the
vibration type, a novel simple silicon diaphragm vibration
method, online vibrationmethod based on the electromechan-
ical impedance of a piezoelectric torsional transducer [17],
and acoustic viscometer models [18] have been presented.
A novel viscosity detection method based on a fiber Bragg
grating longitudinally excited by an acoustic transducer has
been presented [19]. The theoretical basis of these studies
was Newtonian fluid dynamics. Thus, the application of these
methods to non-Newtonian fluids is limited in terms of mea-
surement accuracy.

Presently, thickness is classified using only the three afore-
mentioned categories; thus, real-time measurement, rather
than measurement accuracy, is required when cooking in
kitchens and eating in hospital rooms and nursing homes.
This is because the thickness and viscosity of liquid foods
are influenced by the duration and temperature after cook-
ing. It must be measured and managed immediately before
eating.

As earlier mentioned, the LST method requires time and
effort for measurement and the high-precision measurement
of Newtonian fluids using viscometers is over-specified and
inappropriate for thickness measurement. A thickness sensor
must be convenient, inexpensive, and capable of providing
results in real time.

This study proposes a handheld stirring-type rotational vis-
cometer for liquid food used in the aforementioned fields. The
development of a rotational handheld thickness measurement
instrument requires a small rotational actuator and rotation
sensor.

Generally, when constructing a system with the same per-
formance in terms of reliability, durability, and cost, fewer
components are preferred for simplicity. Determining an ele-
ment with at least two functions is necessary for system
realization. Sensorless control functions using this concept.
For example, a motor exhibits the reversible property of
a generator [20]. Studies on sensorless control using this
reversibility are underway [20], [21], [22], [23]. In this study,
because the frequency of noise generated when the feeding
contact of a brush-type DC motor passes through the brush
is proportional to the rotation speed [24], we propose a novel
rotary viscosity meter that uses noise as a signal and functions
as a DC motor and rotational speed sensor. Consequently,
a small viscosity meter can be constructed with only three
elements: a brush-type DC motor, driving power source, and
processor, which can be used in the field, such as a handheld
stirrer. The novelty of this proposal is based on the design

FIGURE 1. Proposed hand-stirring-type rotational viscometer.

philosophy of ‘‘the simple the best.’’ Themeasurement results
obtained using the proposed method were evaluated using
ASTM standard E3116-18 [25].

II. ASSUMPTIONS AND ISSUES TO BE CONSIDERED
A. PROPOSED DEVICE
An ordinary handheld stirring machine and the proposed
handheld viscometer to compare the sizes of the two devices
are shown in Figs 1 (a) and (b). When liquid food is stirred
in a bowl using a handheld stirrer, the rotational speed of the
stirrer decreased in proportion to the viscosity of the liquid
food. This study focuses on this phenomenon and proposes
a method to measure viscosity from the rotational speed of
a stirrer driven by a brush-type DC motor. As described in
Section III-C, a brush-type DC motor has two power sup-
ply contacts to supply the coils and switch the current in
synchronization with the rotation. At switching, a high short-
pulse noise owing to sparking appeared at the power supply
terminal. The frequency of this pulse noise is proportional
to the rotational speed of the motor. Using this pulse noise,
the rotational speed can be measured without employing a
dedicated sensor.

The rotational speed of the conventional rotational vis-
cometer ranges from 6 to 60 rpm, whereas that of the
proposed method ranges from 60 to 2200 rpm, which is
considerably higher than that of the conventional viscometer.
By decreasing the rotational speed, the fluid can be regarded
as Newtonian by ignoring the centrifugal force acting on
the fluid, which is the basis of the measurement princi-
ples of conventional rotational viscometers. In the proposed
method, the rotational speed is high and the phenomenon
that occurs is related to other phenomena, such as centrifu-
gal force, dynamic friction, and static friction, which may
influence the behavior of the fluid. Consequently, develop-
ing purely physical theoretical models is challenging. Thus,
we adopt a physical theoretical model that includes sev-
eral adjustable parameters, or a purely descriptive math-
ematical model that can be referred to as an empirical
model.
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B. ASSUMPTIONS AND ISSUES TO BE CONSIDERED
The following assumptions were considered to develop
a theoretical model of the measurement principles and
methods.

(A1) The apparent viscosity is lower than the actual viscosity
because of the peeling force of the fluid from the rotor
caused by the centrifugal force.

(A2) The resistance force received by the rotor from the
fluid is influenced by dynamic and static friction and is
provided by the resultant force of a force proportional
to the rotational speed and a constant force that is
independent of the rotational speed.

(A1) and (A2) are required to model the resistance force of
the fluid with respect to the rotational motion of the rotor. The
coefficients of the model were determined using calibration
experiments. Based on the aforementioned assumptions, the
following issues are addressed:

(P1) The measurement principle is based on a theoretical
model that represents the rotational speed of a rotor in a
fluid attached to the shaft of amotor driven by constant-
voltage rotation.

(P2) An empirical model approximating the theoretical
model in (P1) is determined.

(P3) A rotational speed measurement strategy using a
brush-type DC motor is presented.

(P4) The measurement methods are validated based on the
solutions of (P1), (P2), and (P3).

III. VISCOSITY MEASUREMENT
A. THEORETICAL MODEL AND MEASUREMENT
PRINCIPLE
Here, (P1) was considered. First, the variables and constants
were defined to build a theoretical model for themeasurement
principle.

[DC Motor]
B[T] : Magnetic flux density
l[m] : Length of rotor coil
R[�] : Electrical resistance of the rotor coil
J [Nm2] : Inertial moment
n : Number of poles
E[V] : Applied voltage
i[A] : Current
tn[s] :Noise generation interval between brushes in contact

with power supply contacts
[Rotor]
r[m] : Radius
L[m] : Length
k[m] : Structural correction factor
G[m3] : Equivalent rotor volume
[Fluid]
η[Pa · s] : Viscosity
ηd[Pa · s] : Apparent viscosity, defined as η − ηd
ω0[rad/s] : Static friction correction factor
ω[rad/s] : Rotational speed
TF [Nm] : Resistance torque

[Calibration coefficient for the descriptive mathematical
model]
c0

[
Pa · s/

√
V

]
: Calibration coefficient

c1
[
Pa · s2

]
: Calibration coefficient

From (A1) and (A2), the viscous reaction torque TF[Nm]
of the torque driven by the DC motor can be described as
follows:

TF = k (2πrL) (η − ηd) (ω + ω0) (1)

The rotational motion of the rotor connected to the rotating
shaft of a DC motor is expressed as follows:

J
dω (t)
dt

+ TF (t) = Blri (t) (2)

with

i (t) =
E − Blrω (t)

R
(3)

When dω(t)
dt = 0, the aforementioned three equations yield

the following equation.

k (2πrL) (η − ηd) (ω + ω0) = Blr
E − Blrω (t)

R
(4)

yielding

η =
Blr

k (2πrL)R
·
E − Blrω (t)
(ω (t) + ω0)

+ ηd

=
1
GR

·
BlrE − (Blr)2 ω (t)

(ω (t) + ω0)
+ ηd (5)

From (5), the rate of decrease in viscosity η with respect
to the rate of increase in rotational speed ω(t) is proportional
to (Blr)2. Therefore, a DC motor with a high Blr should be
used to increase the sensitivity of this type of viscometer.
Equation (5) includes three adjustable unknown parameters,
k, ω0, a and ηd. Because the term Blr/ {k(2πrL)R} includes
the unknown k , let k (2πrL) = G, as described in the third
term of (5).The three parameters, G, ω0, and ηd should be
calibrated.

B. EMPIRICAL MODEL
Here, (P2) was considered. The blue curve in Fig. 2 shows
the viscosity calculated using (5) for a small motor driven
by a voltage of 4 V with parameters R = 102.3 �,
Blr = 0.02376 Nm/A, E = 3 V, G = 9.52 × 10−11m3,
ηd = 1380 mPa · s, and ω0 = 125 rad/s, which are
the same as those in the experiment. As shown in Fig. 2,
the calculated viscosity decreases with increasing rotational
speed to fit the square-root function. Equation (5) can be
approximatedmathematically using the following square root
function:

η = c0
√
E − c1

√
ω (6)

The viscosity calculated using (6) when E = 3 V,
c0 = 40700 Pa · s/

√
V , and c1 = 6242 Pa · s2 is shown

in red curve in Fig. 2. Curves (5) and (6) in Fig. 2 are in
good agreement. The physical theoretical model in (5) can
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FIGURE 2. Calculated viscosity from motor rotational speed.

be used as a guideline to design a viscometer. By contrast,
the mathematical and/or empirical model (6) can be used
as a calibration function after manufacturing the viscometer
device.

C. MEASUREMENT OF THE ROTATIONAL SPEED
FROM BRUSH NOISE
(P3) is addressed accordingly. In a rotating n-pole-brushed
DCmotor, the brushes and power supply are in are connected
with the current supplied to the motor coil. Because an n-pole
motor has two power-supply contacts, the number of contacts
per revolution is 2n. When the contact conditions change,
the amplitude varies, and the noise pulse waveform differs
each time. However, despite these differences, noise was
generated through sparking each time the brushes came into
contact. These noise generation times can be captured by
filtering the DC component from the power supply terminal
using an HP filter, converting it to AC, and inputting the
AC voltage into the comparator circuit. The output voltage
of the comparator can be inputted to the processor and the
noise generation time interval tn can be calculated. However,
suppose the comparator fails to count the noise occurrence.
In that case, the time interval is a double or integer multiple of
other time intervals and the processor can correct this failure.
The rotational speed ω is calculated from time interval tn as
follows:

ω =
2π
2ntn

=
π

ntn

[
rad

/
s
]

(7)

IV. EXPERIMENTAL VALIDATION
Here, (P4) is treated experimentally.

A. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 3. A reference
rotational viscometer (NDJ-1) with four rotors to measure
different ranges of viscosities and the experimental setup
for the proposed method using a DC motor are shown in
the figures on the left and right, respectively. Viscosity was
measured by pouring the test fluid into a 166 mL acrylic
cylindrical container with an inner diameter of 46 mm and
length of 100mm using the method specified by the reference
rotational viscometer. Rotor #4 shown in Fig. 3 was used

FIGURE 3. Viscosity measurements.

FIGURE 4. Viscosity measurements.

when a high viscosity as the reference fluid was measured
with a reference viscometer and rotor #1 was used during low
viscosity measurements. The rotational speed was set to
6 rpm. Fluids (400 mL) with different viscosities were pre-
pared using water, sugar, and different amounts of xanthan
gum as thickening agents. The 34 reference fluids with
viscosities ranging from 5000 mPa·s to 54000 mPa·s were
prepared to evaluate the thickness. These are the high-risk
factors for dysphagia. The triode DC motor (uxcell-DC
motor) for the toy boat model is shown in Fig. 4. The coil
resistance was 94�, self-inductance was 61.8 mH, and Blr =

0.02376 Nm/A. The specified voltage was 4 V and the spec-
ified rotational speed was 2000 rpm. An 8.3 � resistor was
connected in series to measure the current. The Blr values
of the other two motors were measured; the Blr of this motor
was at its maximum. Additionally, the long shaft of the motor
shown in Fig. 4 is desirable for the application in this study.
A cylindrical rotor with a diameter of 10 mm and a length
of 15 mmwas used. The rotational speed was measured using
a noncontact tachometer (GM8905) and the noise generation
interval data were measured and stored in a memory scope
(RIGOL DS1054) for use in the method based on (7). The
rotational speed wasmeasured using a noncontact tachometer
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after validating that the measurement results were nearly
identical.

B. MEASUREMENT OF ROTATIONAL SPEED
BY BRUSH NOISE
The solution to (P3) was validated experimentally. The circuit
that captured the brush noise appearing in the power supply,
output voltage, and average period, frequency, and rotational
speed obtained from the noise generation time interval are
shown in Fig 5 (a), (b), and (c), respectively. The error
between the measurement using the noncontact tachometer
and the estimated rotational speed was 0.02%. The rotational
speed obtained from the brush noise generation time interval
was approximately the same as that measured using a non-
contact tachometer. A noise filter is necessary when driving
a processor using the same power supply.

Generally, DC motor temperatures ranged from 25◦C to
70◦C, which is room temperature. Within this range, the
effects of temperature on the DC motor were minor and
performance-related changes were limited. The basic com-
ponent of the proposed viscometer is a DC motor used at
room temperature in environments, such as kitchens and
hospital rooms. Therefore, the effects of the temperature were
insignificant.

C. VISCOSITY MEASUREMENT OF HIGH-VISCOSITY FLUID
The validity of the solutions for (P1) and (P2) in the afore-
mentioned reference fluids are validated here. The rotor of
the viscometer (NDJ-1) used to measure the reference fluids
was #4 in Fig. 3, the rotational speed was 6 rpm, and the fluid
and room temperatures were 11 ◦C. Next, the rotational speed
of the proposed DC motor was measured using a noncontact
tachometer.

The viscosities of the viscous liquids measured using a
standard viscometer were treated as a reference; thus, the
viscosities were estimated using the proposed device. The
results are shown in Figs. 6 and 7.

The rotational speed of the motor, when the rotor was
placed in the fluid, is shown in Fig. 6 (a). From Fig. 6
(a), the rate of decrease in rotational speed with respect to
the rate of increase in viscosity was low when the viscosity
was less than 7000 mPa·s and increased when the viscosity
exceeded 7000 mPa·s. The viscosities and estimation errors
estimated using (5) under supply voltages of 3, 4, and 5 V
are shown in Figs. 6 (b) and (c). The three parameters in
(5) were optimally fitted to the data shown in Fig. 6 (a) and
their values are listed in the left-hand column of Table 1.
The measurement error for each applied voltage was briefly
evaluated. The standard deviations of the measurement errors
were 21.8, 8.74, and 8.78% for 3, 4, and 5 V supply voltages,
respectively. Therefore, high-voltage power supplies provide
accurate measurements.

The viscosity estimated using (6) is shown in Fig. 7 (a).
The measurement errors from direct measurements for 3-, 4,
and 5 V power supply voltages are shown in Fig. 7 (b). The
right column of Table 1 lists the parameters that optimally

FIGURE 5. Rotational speed estimation.

fit (6) for the data shown in Fig. 6 (a). Additionally, the
measurement error for each applied voltage was re-evaluated.
The standard deviations of the estimation error were 14.5,
10.4, and 10.1% for the 3, 4, and 5 V power supply voltages,
respectively. For (5) and (6), the standard deviation of the
error increased when the motor was driven at a low voltage
of 3 V because the motor did not operate stably at 3 V,
considering the specified power supply voltage of the motor
was 4 V. The standard deviation of the error when the motor
was driven at 4 and 5 V was approximately 8.4% of the
estimated viscosity in (5), whereas the estimation error of (6)
was approximately 10%. Thus, the method using (5) was
slightly better than that using (6) in terms of accuracy and
physical interpretation. However, the number of calibration
parameters in (5) was three, and that in (6) was two, indicating
that (6) was better in terms of ease of calibration. Based on
the error analysis for the voltage in Fig. 7, the errors in the 4 V
and 5 V power supplies were small.

D. EVALUATION OF THE ESTIMATION OF THE PROPOSED
METHOD AS A MEASURING INSTRUMENT
The results shown in Figs. 6 and 7 from theoretical model (5)
and empirical model (6) were evaluated as models for mea-
suring instrument by ASTM E3116-18. The viscosity range
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FIGURE 6. Estimation of viscosity from rotational speed for different
supply voltages using (5).

and temperature required for the ASTM evaluation were
5000–54000 mPa·s and 11 ◦C, respectively. The reference
and measurement data are shown in Figs. 6 and 7, respec-
tively. Table 2 lists the results. Here, the evaluation parame-
ters are defined, as follows.
re [%]: Repeatability
DL[mPa·s]: Detection limit
QL[mPa·s]: Quantitation limit
Li[%]: Viscosity linearity
Bias[mPa·s]: Viscosity bias
The repeatability re was less than 5% for all conditions.

The limit of detection DL and limit of quantitation QL
increased with increasing voltage for the theoretical and

FIGURE 7. Estimation of viscosity from rotational speed for different
supply voltages using (6).

TABLE 1. Parameters in (5) and (6).

empirical models. The linearity Li was less than 4% for the
theoretical model and within 3% for the empirical model.
Li was the lowest for the theoretical and empirical models
when the motor was driven at 4 V, the rated voltage of the
motor. The Bias value at 5 V was twice that at 3 and 4 V
in the theoretical model. In the empirical model, the value
at 5 V was positive, whereas those at 3 and 4 V were neg-
ative. Because the thickness was evaluated based on three
categories on a nominal scale, these results sufficiently apply
to fluid thickening evaluations. Notably, from the perspective
of standard error deviations, the results of the three categories
were 14.5%, 10.4%, and 10.1%. However, in the evaluation
using the ASTM E3116-18 method as shown in Table 2, the
repeatability and linearity evaluated using the method were
less than 5% and 4%, respectively.
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TABLE 2. Evaluation result by ASTM standard E3116-18.

V. RESULTS AND CONSIDERATIONS
The error in the motor’s rotational speed determined from
the high short pulse noise generated by the brush-type
DC motor during rotation was 0.02016%. This was sufficient
precision to measure the rotational speed of the rotational
viscometer. We investigated the relationship between the
rotational speed and viscosity of 34 test fluids with viscosi-
ties ranging from 5000 to 54000 mPa·s using a standard
rotational viscometer and a single rotor with a diameter
of 10 mm and length of 15 mm and determined the theoretical
and experimental calibration formulas. The coefficients in
these equations vary depending on the voltage applied to the
DC motor.

Regarding the simple error estimation for the 3, 4, and 5 V
supply voltage differences, the standard deviations of the
measurement errors of the theoretical model method were
21.8, 8.74, and 8.78%, respectively. For the empirical model
method, the standard deviations were 14.5, 10.4, and 10.1%,
respectively. The measurement results were evaluated using
the ASTM E3116-18 method. The repeatability and linearity
evaluated using this method were less than 5% and 4%,
respectively, for theoretical and empirical model methods.

We compared the characteristics of viscosity measure-
ments using the proposed and conventional methods. The
standard viscometer was a rotary method, whereas the stan-
dard for the thickness measurement was the LST method.
Therefore, the viscometer used in the experiments was com-
pared with standard LST sheet methods. The LST method
was used to measure the thickness and did not directly
output the viscosity. However, thickness and viscosity are
related [1], which can be expressed by an exponential func-
tion as follows:

Viscosity = Ae−B(LST value−C)

From the fluid thickness and viscosity measured under the
same conditions, we optimally estimated the coefficient of
viscosity from the thickness using an exponential function
comprising three coefficients, A, B and C . Thus, the viscos-
ity was estimated from the thickness using the LST value.
The three coefficients were obtained as A = 45000mPa · s,
B = 1.16cm−1, and C = 2cm. From the estimated viscosity,
we obtained the error similarly to evaluate the proposed
method. The LST value vs. viscosity, measured, and esti-
mated viscosities are shown in Fig. 8. The standard deviation
of the estimated error was 19.7 mPa·s.

FIGURE 8. Estimated viscosity from LST value.

A comparison of the proposed method with the conven-
tional viscometer and LST methods is shown in Table 3.
The proposed method is advantageous in that it has a wide
measurement range without rotor replacement, online on-
site measurement, simple structure, no skill requirement in
operation, and is inexpensive compared with other methods.
The error was half the viscosity estimated from the LST
value. However, the error was twice that of the viscometer.
This method is sufficiently accurate for use as a thickness
measurement method for liquid foods.
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TABLE 3. Comparison with other methods.

VI. CONCLUSION
This study proposed a novel thickness measurement instru-
ment and/or viscometer for liquid foods. This instrument
is simple, handy, inexpensive, and can be classified as a
rotational viscometer.

The velocity of the battery-powered hand stirrer decreased
when the stirring rotor was rotated in a highly viscous fluid.
This study focused on this phenomenon and examined the
feasibility of the viscometer in measuring the thickness of
liquid foods. The results for (P1), (P2), (P3), and (P4) are
summarized as follows:

For (P1), a three-parameter theoretical model for viscos-
ity in conjunction with the DC motor was built, as shown
in (5).

For (P2), a two-parameter empirical model (6), which
was an approximation of the theoretical model, was
presented.

For (P3), a method to measure the rotational speed of the
DC motor was developed.

For (P4), the results for (P1), (P2), and (P3) were validated
through experiments. The repeatability and linearity of vis-
cosity measurements were less than 5% and 4%, respectively.
Because the thickness of liquid food was evaluated using only
three nominal categories, the accuracy of this method was
sufficient for thickness measurement. Finally, this method
only stirred liquid foods with a small rotor and is unlikely
to influence the food quality.

Compared with the rotational viscometer and LST meth-
ods, the proposed method has a wide measurement range
without rotor replacement, online on-site measurement, sim-
ple structure, no skill requirement for operation, and is inex-
pensive.
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