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Abstract— Magnetic particle spectrometer (MPS) is the device
for characterizing the properties of magnetic nanoparticle (MNP)
suspensions, such as viscosity, temperature, and concentration.
Specifically, in viscosity measurement, MPS usually works at
one or several fixed frequencies. It is challenging to find the
appropriate frequency for viscosity measurement of different
MNP suspensions. The frequency parameter can be introduced
into the measurement method to improve the measurement
accuracy. Here, we developed an arbitrary frequency MPS to
measure the harmonic amplitudes of the magnetization signals
of MNPs, which were generated at various frequencies. A method
of measuring the viscosity of MNP suspensions by harmonic
ratios at different frequencies was proposed. The viscosity mea-
surement time used in the experiment is 1 s, and the shortest
measurement time available is 0.2 s. Experimental results show
that the arbitrary frequency MPS can measure the viscosity of
samples ranging from 0.77 mPa·s to 3.87 mPa·s, and the average
measurement deviation is 2.7%. The method was validated using
plasma samples from normal rabbits and high-fat diet (HFD)
rabbits. Normal rabbit measurements differed from the reference
by less than 4.5%, and the plasma viscosity of normal and HFD
rabbits could be clearly distinguished.

Index Terms— Arbitrary frequency, magnetic nanoparticles
(MNPs), magnetic particle spectrometer (MPS), viscosity mea-
surement.

I. INTRODUCTION

MEASUREMENT of the microenvironment in vivo is an
important prerequisite for the realization of precision
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medicine. Among microenvironment parameters, viscosity has
important significance in clinical diagnosis and treatment [1].
The accumulation of red blood cells in the circulation leads to
an increase in blood viscosity [2]. Whole blood viscosity and
plasma viscosity have been shown to have strong connections
with disease, including cardiovascular disease (CVD) [3], [4],
liver cirrhosis [5], and Alzheimer’s disease [6]. Regular mea-
surement of blood viscosity can help detect these conditions in
time. In addition to the blood viscosity associated with disease,
cancer cells have a higher viscosity than normal cells [7].
Tumor growth can cause oxygen deprivation in tissues, leading
to a high viscosity phenomenon [8]. Therefore, tissue viscosity
was used for cancer prognoses such as breast cancer [9] and
uterine cancer [10].

Due to the strong association between microenvironmental
viscosity and disease, accurate viscosity measurements are
critical. The current viscosity measurement methods include
capillary, falling ball, and oscillatory [11]. Capillary measure-
ment is based on the principle that the viscosity of a liquid
in an upright capillary is proportional to the flow time [12].
Capillary cleaning is difficult, and the accuracy of this method
is easily affected by the humidity in the viscometer. The falling
ball method, which is based on Stoke’s principle, is used
for the measurement of high viscosity [13]. However, it is
necessary to accurately measure the velocity of the ball during
the experiment, and the method needs a relatively long time to
get the measurement results. Oscillating viscometers require a
vibration unit to be placed into a liquid and the attenuation
time of the oscillations is used to measure viscosity [14].
This type of viscometer requires prior knowledge of the fluid
behavior of the liquid. As discussed, the current common vis-
cosity measurement methods have disadvantages in accuracy
and speed.

Magnetic nanoparticles (MNPs) were considered miniature
sensors that can achieve precision and speed requirements.
This is because the magnetic response of MNPs has been
shown to be related to the parameters of the suspension
and excitation frequency of the applied magnetic field [15],
[16]. In the past decade, MNPs have been widely used as
biosensors for quantifying the viscosity through magnetization
response signals [17] and for noninvasive imaging of targeted
molecules in magnetic particle imaging (MPI) [18], [19]. MNP
materials have nonlinear response characteristics, and their
response signals are usually transformed to the frequency
domain for analysis [20], [21]. It is well known that the
magnetic properties of MNPs, such as harmonic spectra and
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intensity of magnetization, are varying with viscosities [22].
Therefore, by placing MNPs in suspension, the viscosity can
be measured by detecting and analyzing the change in the
signal.

Magnetic particle spectrometer (MPS) is generally used
in the magnetization response analysis of MNPs [23], [24].
Viscosity measurement based on MNPs is generally realized
by MPS [25]. However, current MPS operates only at one
or several fixed frequencies [26], [27], thus ignoring fre-
quency, an important parameter that affects the magnetization
response. Because the optimal frequency for viscosity mea-
surement varies among different types of MNPs, the tuning
circuit needs to be redesigned when the operating frequency
is changed [28]. To address these issues, we have designed
an arbitrary frequency MPS device to generate a sufficient
magnetic field without tuning. Magnetic responses of MNPs at
different frequencies can be measured. Moreover, the viscosity
of MNP suspensions can be accurately measured by utilizing
the characteristics of different harmonic signal ratios of MNPs
at different viscosities and frequencies. Compared with exist-
ing methods, the proposed method based on system functions
makes full use of the important parameter of frequency and
does not need complex theoretical calculation for the results.
Viscosity measurement time is only 1 s. More importantly,
by utilizing a convenient measurement, the system functions
of a certain type of MNP can be established and used for a
long time.

In this article, the theoretical method of viscosity mea-
surement using the relationship between the viscosity and
harmonic spectra is first introduced. Then, the design process
and structure of arbitrary frequency MPS are introduced in
detail. In the experiment, samples of glycerin and gelatin
were measured. Two types of MNPs were used in the mea-
surement and their properties for viscosity measurement were
investigated. The viscosity can be measured from 0.77 to
3.87 mPa·s, and the average measurement deviation is 2.7%.
Besides, to verify that the method and device can be used for
an actual medical diagnosis, plasma from normal and high-fat
diet (HFD) New Zealand white rabbits was measured. The
experimental results show that accurate measurement of vis-
cosity can be achieved and rapid diagnosis of hyperlipidemia
can be achieved.

II. METHODS

When a dynamic magnetic field is applied to MNPs, the
change in the magnetization magnitude of MNPs will occur
a little later than the change in the magnetic field strength.
This phenomenon is caused by relaxation effects, which is
determined by both Brownian and Néel relaxations [29]. The
two relaxation phenomena occur simultaneously and dominate
at different frequencies. Brownian relaxation dominates at
lower magnetic field frequencies, and Neal relaxation grad-
ually dominates with increasing frequency. At frequencies
below 2 kHz, Brownian relaxation is more dominant [30]. Vis-
cosity measurements can be made using Brownian relaxation
in this frequency range. In addition, the intensity of the two
kinds of relaxation phenomena is related to the characteristics
of the particles. The Brownian relaxation phenomenon can

be better observed by choosing specific particles, and the
Brownian relaxation time τB is dependent on viscosity in the
form

τB = α
3ηVH
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where η is the dynamic viscosity of the solution, VH is the
hydrodynamic particle volume, kB is the Boltzmann con-
stant, T is the absolute temperature, Ms is the saturation
magnetization, V is the volume of each particle, and H is
the magnetic field. Therefore, viscosity can be measured by
Brownian relaxation time.

The applied magnetic field is generally sinusoidal when
MNPs are used for microenvironment detection. The magne-
tization behavior of MNPs in a sinusoidal magnetic field can
be described by the Fokker–Planck equation (FPE) [31]
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with
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m = µ0 Ms V (4)

where m is the magnetic moment of MNPs and θ is the
angle between m and H . W (θ, t) is the probability density
of the magnetic moment orientations, ω = 2π f with f is the
frequency of the exciting magnetic field and µ0 is the magnetic
permeability of free space. Thus, MNP magnetization M(t)
can be expressed as follows:

M(t) = cMs

∫ 0

−π

θW (θ, t)dθ (5)

where c is the MNP concentration. The FPE indicates that the
MNP magnetization and the i th harmonic amplitude Ai of the
MNP signal depend on ωτB . Thus, Ai depends on the term
f η when the absolute temperature T , magnetic field H , and
the MNP concentration c are constant. This means that the
harmonic ratios of the third to the first harmonics and the
fifth to the third harmonics are dependent on the term f η.
The relationship between the harmonic ratio, parameter η, and
parameter f can be expressed as follows:

A5/A3 = U ( f η) (6)
A3/A1 = V ( f η). (7)

Notably, it is difficult to obtain the exact solutions of the two
functions U ( f η) and V ( f η), and different types of MNPs cor-
respond to different functions. Fortunately, these two functions
can be obtained by fixing one parameter and changing another.
According to the monotonic property, the two functions can be
solved by continuously applying a frequent-changing magnetic
field to MNPs with constant viscosity. Then, using these two
functions, MNP suspensions with unknown viscosity can be
measured at a fixed magnetic field frequency. In addition,
the two functions can be obtained at different magnetic field
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Fig. 1. Design of the arbitrary frequency MPS. A tube containing nanopar-
ticles is placed in the device’s coil structure, which contains a transmit coil
and a two-part receive coil. Grooves used to improve device performance are
zoomed in.

amplitudes, and the viscosity measurements obtained by the
functions can be averaged to improve measurement accuracy.

The viscosity of the MNP suspensions used to obtain the
two functions is η0, the minimum frequency used is fL , and the
maximum frequency is fH . Frequencies are selected at suitable
intervals between fL and fH , and a sinusoidal magnetic field
at these frequencies is applied to the MNP suspensions. Then,
using the two functions obtained, the viscosity of other MNP
samples can be measured at a fixed frequency ( fL + fH )/2.
The viscosity range that can be measured by using this
method is (ηL , ηH ). Theoretically, the minimum and maximum
measurable viscosities (ηL and ηH ) can be expressed as
follows:

ηL =
2 fLη0

fL + fH
(8)

ηH =
2 fHη0

fL + fH
. (9)

The range of viscosities that can be measured can be
adjusted by changing the frequencies. It should be noted that
different kinds of MNPs used for viscosity measurement will
achieve the best measurement results under different condi-
tions. These results are related to particle size and sensitivity
to viscosity. Based on the experimental data, suitable magnetic
field amplitude and harmonic ratio should be selected for each
kind of MNP for viscosity measurement.

III. DESIGN OF THE SPECTROMETER

To measure the viscosity of MNP suspensions using the
above-mentioned method, the arbitrary frequency MPS was
designed, as shown in Fig. 1. In the MPS, MNPs are periodi-
cally driven by the sinusoidal magnetic field with sufficiently
large amplitudes and multiple frequencies. The corresponding
unique magnetic response signals are recorded and decom-
posed into their spectral components.

A. Transmit and Receive Coil Design

To generate a high magnetic field amplitude, the ac
impedance and reactive power of the transmit coil need to be
reduced. In common MPS devices, the tuned circuit is used
to reduce the impedance of a specific frequency. The MPS is
designed to operate over a wide frequency range, reducing the
overall impedance by miniaturizing the coil. The sinusoidal
magnetic field was generated using a 124-turn solenoidal coil
with 100 mm in length and 26 mm in diameter. The length and
diameter were chosen to ensure the uniformity of the magnetic
field in the sample region. The transmit coil generated a
1.42 mT/A magnetic field with 98% homogeneity within a
12-mm receiving region. The transmit coil was untuned for
arbitrary frequencies. The transmit coil can easily generate
a magnetic field with an amplitude of 15 mT at a frequency
below 3 kHz, which was conducive to viscosity measurements.
The impedance of the transmit coil in the 0–3-kHz frequency
range is detected and recorded. It is used to determine the
voltage that needs to be applied to produce a magnetic field
of the same strength at different magnetic field frequencies.

The receive coil was designed with two solenoidal
double-layer sections placed coaxially and symmetrically
within the transmit coil. The coils in the two sections were
wound in reverse. Each section had 100 turns with 12 mm
in length and 10 mm in diameter. The coil was made of
a 0.2-mm copper wire to improve receiving sensitivity. The
upper and lower receive coils were used to measure the
MNP signal and to suppress the coupling of the transmit
coil, respectively. In practice, the number of turns of the
lower section was slightly adjusted to improve the effect of
coupling suppression. The interior of the device allows for a
nanoparticles tube with a volume of 0.60 mL, and the bottom
area of the tube with a volume of 0.15 mL is located inside
the upper receive coil.

B. Structure Design

Structural components were designed according to the diam-
eter and length of the transmit coil and receive coils. The outer
and inner components were used to wind the transmit and
receive coils, respectively. In addition, the inner component
was evenly designed with ten grooves at its lower part for
fine-tuning the number of turns of the lower receive coil. All
the structural components are made by 3-D printing.

C. MPS Setup

Original sinusoidal signals were generated and adjusted by
computer control software and data acquisition. Sinusoidal
signals with different frequencies were amplified by an AE
Techron 7548 power amplifier (AE Techron Inc., USA) and
then passed through the transmit coil. The advantage of
the MPS device is that there is no need to design tuning
circuits for each magnetic field frequency used. The relatively
simple circuit structure allows the device to be more portable.
The current waveform in the transmit coil was detected in
real time by a current sensor. The signal of the MNPs
was detected by the receive coil and differentially amplified
100× (SR560, Stanford Research Systems, USA). The final
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Fig. 2. (a) Schematic and (b) actual photograph of the arbitrary-frequency
MPS device.

signal was collected via data acquisition at the sampling rate
of 1 MS/s, and the signal was processed by control software.
The processing process included background noise reduction,
Fourier transform, and digital phase-sensitive detection. The
schematic and digital photograph of the developed MPS device
are shown in Fig. 2.

The device was set to work in two modes. These two
modes correspond to the function acquisition and the viscosity
measurement, respectively. The function acquisition mode can
be operated continuously after setting the frequency range,
frequency interval, and magnetic field amplitude. The device
will operate for 1 s at each set frequency, with 1-s intervals
between them to ensure device stability. The magnetic field
of the device in the aperture direction is shown in Fig. 3.
When acquiring the functions, the device needs to run once
with and without the standard sample. In data processing,
the signal is subtracted under two runs to accurately obtain
the response signal of the sample. The viscosity measurement
mode can operate stably with a fixed magnetic field amplitude
and frequency. The time for viscosity measurement is 1 s.
After data acquisition is completed, the viscosity result will
be calculated according to the function of the MNPs used.
In general, the device is easy to use. It only requires two
measurements of the function acquisition mode using standard
MNPs samples, and then the sample of unknown viscosity
only needs to be measured for 1 s to get the viscosity result.
Since the function corresponding to each MNP in this device
is relatively fixed, the device only needs to run the function
acquisition mode when changing the type of MNPs. Therefore,
once a suitable type of MNP is determined, the viscosity
measurement time is 1 s.

The transfer function of the device was measured and the
signal was calibrated according to the transfer function.
The measured transfer function was stored in the software.
Before obtaining harmonic ratios, the software processes the

Fig. 3. Magnetic field inside the device in the function acquisition mode.
The time for the device to generate sinusoidal magnetic fields of different
frequencies is highlighted in gray. The interior of the waveform is omitted
appropriately.

Fig. 4. Spectrum of signals with and without MNPs. The amplitude of the
signal at each frequency is expressed in dB.

received signal according to the transfer function. To verify
the measurement accuracy, the performance of the device was
analyzed. Signals with and without MNPs were recorded,
and the signal-to-noise ratio was calculated. The harmonic
signals with and without MNPs are shown in Fig. 4. The
signals measured without MNPs were about −100 dB at
each frequency in the frequency domain. In contrast, signals
with MNPs were distributed in the harmonic of the magnetic
field frequency in the spectrum. Signals generated by MNP
magnetization were shown at odd harmonics, while some even
harmonics existed below −85 dB. Even harmonics possibly
resulted from the nonlinear distortion of the power amplifier.
Nonetheless, noises other than odd harmonics were relatively
weak and were filtered out in the subsequent processing
and analysis. Besides, noises with the same frequency as
odd harmonics were removed by the software. Therefore, the
device can accurately obtain the signal of MNPs.

IV. EXPERIMENTAL RESULTS

A. Experimental Description

In this study, two types of MNPs were measured to verify
the feasibility of the proposed method: Perimag (Micromod
Partikelt-echnologie GmbH, Germany) with hydrodynamic
size of 130 nm and iron concentration of 5 mg/mL, and
Synomag (Micromod Partikelt-echnologie GmbH, Germany)
with hydrodynamic size of 70 nm and iron concentration of
10 mg/mL. The volume and content of the MNPs in each
sample remained the same to eliminate the concentration
effect.
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In glycerol-related experimental samples, 50 µL of MNPs
were used in each sample and diluted to a final volume
of 150 µL. Solvents with different viscosities were prepared
by mixing glycerol and water. By varying the glycerol mass
ratios, solvents with six different viscosities were generated:
2%, 10%, 20%, 28%, 36%, and 39%. Samples of Perimag
were named Perimag-1 to Perimag-6, and Samples of Syno-
mag were named Synomag-1 to Synomag-6, corresponding to
the six different viscosities. To obtain the system functions,
samples with the glycerol mass ratio of 28% (Perimag-1 and
Synomag-1) were used. The excitation frequencies, ranging
from 200 to 1800 Hz, were used in these experiments. The
amplitude of the magnetic field is set to three different values.
Additional samples, Perimag-2 to Perimag-6 and Synomag-2
to Synomag-6, with glycerol mass ratios of 2%, 10%, 20%,
36%, and 39%, respectively, were used to verify the accuracy
of the method for viscosity measurement in a magnetic field
with constant frequency and amplitude. The mass ratio of
glycerol in the samples is directly related to the viscosities
of the samples. 28% of the glycerol mass ratio is determined
based on human plasma viscosity, and the other five mass
ratios are selected based on the viscosities within the range of
measurable viscosity calculated by (8) and (9).

In addition to simulating a viscous environment by mixing
glycerol and water, the two types of MNPs described above
were used with gelatin to formulate the samples. The harmonic
ratios were obtained by using samples of the two types of
MNPs with a gelatin weight ratio of 10%. Since gelatin greatly
affects the Brownian relaxation of MNPs, the frequency used
is increased to ensure that harmonic signals can be detected.
The magnetic field frequencies used range from 2.5 to 7.5 kHz,
and the magnetic field amplitude is 10 mT.

In addition, rabbit plasma samples were measured to verify
the measurement accuracy in real animal samples and the abil-
ity to diagnose disease of the method and MPS device. Lipid
metabolism and obesity-related disease behaviors in rabbits
are similar to those in humans [32], and hyperlipidemia can
be induced in rabbits by an HFD [33]. Therefore, New Zealand
white rabbits were selected as the experimental animal in this
study. Since this viscosity measurement experiment is in vitro,
there was no significant damage to the animals except for
blood collection. Plasma was measured from three normal
rabbits and two HFD rabbits. The volume of each rabbit’s
plasma sample was 100 µL. To ensure measurement accu-
racy, the MNPs of Perimag were selected based on previous
experiments, and the volume of MNPs used was 50 µL.

B. Experiments to Obtain System Functions

The amplitude of the magnetic field affects the Brownian
relaxation time and thus the harmonic ratios. Therefore, study-
ing the influence of the magnetic field amplitude is crucial
for determining the amplitude used for viscosity measurement.
Samples were excited in the MPS device by a magnetic field
with a frequency of 1000 Hz and amplitudes ranging from 1 to
10 mT spaced at 1-mT intervals. Response signals at each
amplitude were recorded, signal harmonics were extracted by
digital phase-sensitive detection technology, and the A3/A1
and A5/A3 harmonic ratios were calculated. The curves of

Fig. 5. Relationship between A3/A1 and A5/A3 harmonic ratios and magnetic
field amplitude. The points are experimental data, and the curves act as guides.

the two harmonic ratios of Perimag-1 with magnetic field
amplitudes obtained by the above method are shown in Fig. 5.
It is shown that the harmonic ratios increase with the magnetic
field amplitudes, so the magnetic field amplitude should be
kept unchanged when the harmonic amplitude was used to
measure viscosity. In addition, the influence of the magnetic
field amplitude decreases with the increase of the amplitude.
To ensure a high signal-to-noise ratio, magnetic field ampli-
tudes of 5, 8, and 10 mT were used in subsequent experiments.

Perimag-1 and Synomag-1 were measured at three magnetic
field amplitudes with temperatures kept at 20◦C, and the sam-
pling rate was 1 MS/s. The two samples were measured using
the device’s function acquisition mode. The minimum fre-
quency is set to 200 Hz, the maximum frequency to 1800 Hz,
and the interval to 50 Hz. The measured signal is transformed
into the frequency domain, and the harmonic ratios A3/A1 and
A5/A3 were calculated.

The measurement results of Perimag-1 with magnetic field
amplitudes of 5, 8, and 10 mT are shown in Fig. 6. Under
different magnetic field amplitudes, the harmonic ratios were
obviously different, which was consistent with the previous
experimental results. As can be observed in Fig. 6, both
harmonic ratios increase with increasing frequency, while the
A5/A3 ratio exhibited a steep curve while the change in A3/A1
was relatively small. Moreover, A5/A3 ratios fit well with
the least-squares fitting function, while the A3/A1 ratios were
scattered, which could result from the fundamental frequency
component being affected.

Synomag-1 was measured at the same frequency and mag-
netic field amplitude as described above, and the harmonic
ratios were calculated. The experimental results of Synomag-1
are shown in Fig. 7. The A5/A3 and A3/A1 ratios of
Synomag-1 generally decrease with increasing frequency at
different magnetic field amplitudes, and the two harmonic
ratios increase with increasing magnetic field amplitudes. The
harmonic ratios change rapidly in the lower frequency range,
while the curve becomes flat at higher frequencies, which is
similar to the result of Perimag-1. In addition, the monotonic-
ity of A3/A1 is better than that of A5/A3. Comparing Fig. 6
with Fig. 7, the change of harmonic ratios shows an inverse
trend between Perimag-1 and Synomag-1, which is caused
by the intrinsic differences of the two NMPs, including size,
shape, and iron core distribution.

To ensure accurate viscosity measurement, harmonic ratio
curves should remain monotonous with a sufficient dynamic
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Fig. 6. (a) A5/A3 harmonic ratios and (b) A3/A1 harmonic ratios of
Perimag-1. The points are experimental data, and the curves act as guides.

Fig. 7. (a) A5/A3 harmonic ratios and (b) A3/A1 harmonic ratios of
Synomag-1. The points are experimental data, and the curves act as guides.

range. The range of frequencies that satisfies the requirements
is directly related to the range of viscosity that can be mea-
sured. Therefore, the analysis of alternative frequency ranges is
critical. The harmonic ratio curves with good monotone and
fitting effect are the A5/A3 ratio of Perimag-1 and A3/A1
ratio of Synomag-1. The range of frequencies that can be
selected is different in the results of the experiment for both
ratios. As the magnetic field amplitude increases from 5 to
10 mT, the range of monotonousness in the curves becomes

Fig. 8. (a) A5/A3 harmonic ratios of Perimag-1 and (b) A3/A1 harmonic ratios
of Synomag-1 used for viscosity measurements. The points are experimental
data, and the curves act as guides.

larger, and the range of frequencies that can be selected
becomes larger. Therefore, the viscosity measurement range
can be expanded by increasing the magnetic field amplitude,
which has a guiding significance for the application of the
method. In this study, to use more harmonic ratios at different
magnetic field amplitudes to improve measurement accuracy,
the frequency range with monotonousness of the curve at
5 mT was selected. The A5/A3 curve of Perimag-1 and the
A3/A1 curve of Synomag-1 satisfied the above requirements
at frequencies lower than 800 and 1000 Hz, respectively. With
the increase in frequency, Brownian relaxation time increases.
At higher frequencies, the suboptimal harmonic ratios are
caused by the reduced proportion of Brownian relaxation.
When choosing MNPs for measurement, MNPs with stronger
Brownian relaxation are more suitable for this method, and
MNPs of Synomag have a higher measurement range than
that of Perimag in this study.

The A5/A3 harmonic ratios of Perimag-1 and A3/A1 har-
monic ratios of Synomag-1 were analyzed, and the frequency
range used for viscosity measurement was 200–800 Hz for
Perimag-1 and 200–1000 Hz for Synomag-1. According to
reference [34], the viscosity of the 28% glycerol mass ratio
(Perimag-1 and Synomag-1) at 20 ◦C was 2.324 mPa·s. Then,
the viscosity was multiplied by the frequency of the magnetic
field. The harmonic ratios in the selected frequency range were
fit, and the results are shown in Fig. 8.

Frequencies and harmonic ratios of different types of MNPs
are different, which is consistent with the purpose of an
arbitrary frequency MPS device design. The harmonic ratios of
Perimag-1 with magnetic field amplitudes of 8 and 10 mT and
the harmonic ratios of Synomag-1 with three magnetic field
amplitudes were relatively linear, and the slopes of the fitting
curves were also suitable for the measurement of the viscosity
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Fig. 9. A5/A3 harmonic ratios and A3/A1 harmonic ratios of the samples
with the gelatin weight ratio of 10%: (a) Harmonic ratios of the Perimag
sample and (b) Harmonic ratios of the Synomag sample.

of MNPs. Fig. 8 shows that the multiplications of the viscosity
and frequency of two types of MNPs ranged from 464.8 to
1859.2 mPa·s·Hz and 464.8 to 2324.0 mPa·s·Hz. According
to (8) and (9), when the Perimag samples were excited with the
magnetic field frequency of 500 Hz and the Synomag samples
were excited with the magnetic field frequency of 600 Hz,
the viscosity ranges measured by the above method were
0.93–3.72 mPa·s and 0.77–3.87 mPa·s, respectively.

In addition to the glycerin samples, the gelatin mixture
samples were also measured. The samples with the gelatin
weight ratio of 10% were measured at a high-frequency range.
The range of 2.5–7.5 kHz is divided into 11 measurement
frequencies with intervals of 500 Hz. Response signals of sam-
ples with different MNPs were processed, and the harmonic
ratios are shown in Fig. 9. The A5/A3 harmonic ratios are
higher than A3/A1 harmonic ratios in both samples at different
frequencies, which is the same as the experimental results of
the samples with glycerin. The proposed method is proved to
be applicable in different viscous environments.

C. Viscosity Measurement Results

To verify the feasibility of this method, Perimag-2 to
Perimag-6 and Synomag-2 to Synomag-6 samples were mea-
sured with the proposed method and the results were compared
with their real viscosities. The samples of Perimag and Syn-
omag were measured in magnetic fields with a frequency
of 500 and 600 Hz, respectively. The harmonic ratios of signals
were obtained through data processing. The viscosity of ten
samples at 20 ◦C was calculated to obtain the reference viscos-
ity. The measured viscosity results and reference viscosities of
these samples are shown in Fig. 10.

The measured viscosity result of different types of MNPs
was averaged over the results obtained from the three curves

Fig. 10. Comparison of measured viscosity and reference viscosity. The
abscissa is the reference viscosity, the ordinate is the viscosity measured using
the method, and the diagonal is for comparison purposes.

in Fig. 8. The reference viscosity was obtained using the same
method as the viscosity calculation for sample 1. The accuracy
of the measurement method can be evaluated by comparing the
measured viscosity with the reference viscosity. The reference
viscosities of samples 2–6 of the two types of MNPs were
1.055, 1.311, 1.760, 3.169, and 3.593 mPa·s, respectively. The
viscosities of samples of Perimag obtained by our method
were 0.974, 1.280, 1.792, 3.183, and 3.641 mPa·s, and the
viscosities of samples of Synomag obtained by our method
were 1.128, 1.380, 1.834, 3.111, and 3.527 mPa·s. In the
experiment, the accuracy of viscosity measurement using the
two types of MNPs was different. For Perimag, the difference
between the measured and reference viscosity was lower than
0.08 mPa·s, with an average deviation of 2.7%. For Synomag,
the average deviation was 4.0%. This deviation was caused by
the intrinsic properties of different particles and the difference
in the degree of harmonic ratio variation within the range of
measured viscosity.

Resolutions of viscosity measurements for both types of
MNPs were measured. Specifically, the harmonic ratios of
MNPs with glycerol ratios of 1% and 2% were measured at a
magnetic field amplitude of 10 mT. Results were averaged over
five independent measurements. The mean harmonic ratios of
Perimag were 0.4993 and 0.5045 with standard deviations
of 0.0027 and 0.0032 at 1% and 2% glycerol mass ratios,
respectively. The corresponding harmonic ratios of Synomag
were 0.6119 and 0.6028, and the standard deviations were
0.0035 and 0.0020, respectively. These demonstrated that the
proposed method can resolve viscosity differences as low as
0.026 mPa·s at 20 ◦C.

The measurement accuracy of this method and device was
also verified using real rabbit plasma. Plasma from three nor-
mal rabbits was used to verify the accuracy of measurements
of real biological samples, and plasma from two HFD rabbits
was used to verify the possibility of the method for disease
diagnosis. The viscosity measurements using MNPs of Per-
imag at three magnetic field amplitudes are shown in Fig. 11.
Each sample was measured using 100 µL of plasma and 50 µL
of MNPs. The average plasma viscosity of normal rabbits
measured at three magnetic field intensities was 1.098 mPa·s,
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Fig. 11. Plasma viscosity measurements of rabbits on normal and high-fat
diets (HFD). From left to right are the viscosities at magnetic field amplitudes
of 5, 8, and 10 mT.

Fig. 12. Relative errors of A5/A3 harmonic ratios of Perimag-1 at different
measurement times. The dashed line indicates that the relative error is 0%.

which was less than 4.5% difference from that of 30-day-old
New Zealand white rabbits in the reference [35]. Because there
are differences between individual rabbits, this measurement is
considered acceptable. In addition, the results showed that the
plasma viscosity of HFD rabbits is significantly different from
that of normal rabbits. The mean plasma viscosity measured
in HFD rabbits was 1.684 mPa·s. Thus, the measurement
accuracy and the possibility of this method and device in
disease diagnosis have been proved.

The rapidity of the method and the shortest measurement
time available were tested. Since the excitation magnetic field
of the device is periodic, the magnetic response signal of
MNPs in the sample is periodic. The shortened measurement
time reduces the number of periods in the received signal,
which does not affect the harmonic ratios. Based on this
feature, the measurement times from 0.2 to 1 s were tested with
the interval of 0.2 s. The relative errors of A5/A3 harmonic
ratios of Perimag-1 at different measurement times are shown
in Fig. 12. Ten measurements were made at each measurement
time. The average value was calculated from all measurements
and the relative errors were calculated from this average
value. The average errors were calculated separately for each
measurement time, and they were less than 1.4% for all five
measurement times. As the measurement time decreases, the
fluctuation of the harmonic ratio will increase. This is related
to the noise signal received by the device. The experiment
shows that the minimum measurement time of this method
is 0.2 s, but because of the noise signal of the device, the
measurement accuracy will be slightly decreased.

V. DISCUSSION
It is demonstrated that the viscosity of two types of MNP

suspensions can be measured by the relationship between
the harmonic ratio and the product of frequency and vis-
cosity. Moreover, the frequency range suitable for viscosity
measurement of different types of MNPs is different, and
the measurement accuracy is also different. The results show
that MNPs of Perimag have higher accuracy and MNPs
of Synomag have a larger range. Accuracy and range are
important indicators worth discussing. The accuracy of the
measurement can be improved by reducing the frequency
interval when obtaining the function. Increasing the number of
frequency points helps to better fit the real function. In addition
to improving the measurement accuracy from the aspect of
function acquisition, when the signal of the viscosity sample
is measured, the measurement time can be increased to obtain
a more accurate signal spectrum. An accurate spectrum can
get a more realistic harmonic ratio. For the range of viscosity
that can be measured, it is experimentally confirmed that it can
be changed by altering the type of MNPs. When the type of
MNPs is fixed, the measurement range can also be improved
by increasing the magnetic amplitude. More experiments are
needed to find the optimal MNPs suitable for this method.

The experimental results confirm the necessity of using the
arbitrary frequency MPS device to measure the viscosity of
different types of MNPs. Besides, viscosity in the middle of
the measurable range can be accurately measured, with some
deviation near the edge of the range. The harmonic ratios of
A5/A3 and A3/A1 are suitable for viscosity measurement of
MNPs of Perimag and Synomag, respectively, and the curves
obtained by a higher magnetic field amplitude are more linear
and monotonous. It is demonstrated that the measurement
effect is better by using harmonic ratios of various magnetic
field amplitudes. The method can be used for measuring
the viscosity in vivo, and the advantage of this method is
that different viscosity ranges can be realized by changing
parameters µ0, fL , and fH . Experimental results proved that
the arbitrary frequency MPS device can accurately measure the
harmonic amplitude of the response signal of MNPs.
The influence of noise can be significantly suppressed through
the design of the receive coil structure and grooves. Since the
device allows modification of the frequency and amplitude, the
viscosities of different types of MNPs can also be measured.

The solvents of two types of MNPs used in the experiment
are phosphate-buffered saline (PBS), which have a density
very close to glycerol. The volume of MNPs and their solvent
has been taken into account when calculating the volume of
glycerin and water required for different viscosities. The effect
of MNPs on the viscosity of the sample is weak enough to
be ignored. The deviation in the experimental results mainly
originates from the inaccurate quality of glycerol and the
deviation of temperature. This partly limits this measure-
ment method. The influence of temperature, which is also
the main parameter affecting harmonic amplitude, is worth
exploring. The measurements of Perimag-1 and Synomag-1
at temperatures of 0 ◦C, 20 ◦C, and 50 ◦C were compared,
and the harmonic ratios are shown in Fig. 13. Temperature
can affect the harmonic ratios of different types of MNPs at
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Fig. 13. A5/A3 harmonic ratios of samples Perimag-1 and Synomag-1 at
three magnetic field frequencies and three temperatures.

different frequencies, which is proved by experimental data.
Compared with the effect of viscosity change on harmonic
ratios, temperature has a diminished effect, mainly because
the relative rate of temperature change is smaller than that of
viscosity change. Compared with the harmonic ratio of 20 ◦C,
the change of both samples at 0 ◦C is more obvious than
that at 50 ◦C. In addition, Perimag-1 was more affected by
the temperature with a magnetic field frequency of 500 Hz,
while Synomag-1 was more affected by the temperature with
a magnetic field frequency of 1500 Hz. Therefore, it is critical
to maintain the same temperature when obtaining curves
and measuring viscosity. The current measurement process
is relatively automated. Sample preparation is manual, while
the viscosity measurement process is automatic. When the
device completes the measurement without a sample, the user
only needs to follow the prompts on the software to put the
sample into the device. After placing the sample, the device
automatically measures and displays the viscosity result. The
measurement is automatic regardless of function acquisition
mode at multiple frequencies or viscosity measurement mode
at a single frequency.

In future work, this method will be extended to measure
the viscosity of a larger range of MNPs using harmonic
ratios. Because the device is relatively lightweight in terms
of structure, it is possible to be lifted further to reduce the
weight and thus achieve a portable device. This will further
expand the application prospects of the device.

VI. CONCLUSION

An arbitrary frequency MPS device to measure the viscosity
of different types of MNPs excited at various frequencies
and amplitudes has been designed and fabricated. The har-
monic ratio method can be applied to accurately measure
the viscosities using different MNP samples. The experi-
mental results of glycerin samples and real rabbit plasma
samples have validated the proposed method. The viscosity
ranges measured using two types of MNPs are 0.93–3.72 and
0.77–3.87 mPa·s, respectively. The measurement errors of
the two MNPs are 2.7% and 4%, respectively. Different
measurement times were tested, and the relative error of the
results for each measurement time is less than 1.4%. The
minimum measurement time achieved by this method is 0.2 s.
This arbitrary frequency MPS device has the potential to be
used in a wide variety of biosensing applications.
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