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A B S T R A C T   

Physical material properties, such as elasticity, viscosity, or viscoelasticity, can be characterized by using rhe
ometers or stick-type solenoid electromagnets. In this work, we developed a magnet measurement setup based on 
a Helmholtz arrangement of electromagnets. While applying homogeneous magnet fields to ferrofluid droplets 
inside a soft material of interest, the deformations of the ellipsoidal deformed droplets were measured. Kelvin- 
Voigt models and corresponding analytical descriptions were used to calculate the values of viscosity and 
Young’s modulus of materials under test. For calibration purposes of the developed setup, glycerin/water mix
tures and methylcellulose/water solutions were characterized as viscous and polyacrylamide gels as elastic 
materials, respectively. In addition, the interfacial tensions were calculated with respect to the magnetic Bond 
number from the droplet deformations. For the first time, the transient rheological behavior of viscoelastic 
material was measured using the method of ferrofluid droplet deformation. When polyacrylamide gel with a 
shear modulus of 230 Pa was evacuated for less than 40 min during preparation, it showed a strong time- 
depending viscoelastic behavior several minutes after starting the measurements. Here, Young’s modulus 
increased up to the value of elastic behavior, whereas the values for viscosity decreased to a baseline. The 
developed setup can favorably be used in future applications to investigate local and also time-dependent 
rheological properties of soft materials.   

1. Introduction 

The characterization of elastic, viscous, and viscoelastic properties of 
soft materials is of permanent interest. When the shear modulus of the 
material under investigation depends on time or frequency, the material 
shows viscoelastic properties, which means that the material exhibits a 
viscous and an elastic response. Measurements of bulk viscoelastic 
properties of macroscopic samples are usually performed with me
chanical rheometers by deforming the whole material at varying fre
quencies up to tens of Hertz [1]. 

To provide insight into viscoelastic properties on the micrometer 
scale, magnetic setups have been developed, in which a chemically inert 
magnetic bead is inserted into the material under test (MUT) and 

displaced by externally applied magnetic forces. In combination with 
modern high-resolution microscopy and video analysis, the active 
manipulation of the probes makes the characterization of local visco
elastic properties feasible. Freundlich and Seifriz pioneered this tech
nique of active manipulation of magnetic microbeads in the nineteen- 
twenties [2]. In such magnetic tweezers setups, magnetic forces can be 
generated either by permanent magnets or electromagnets, whereas 
electromagnets are preferred due to the easy control of magnetic forces 
by adjusting the coil currents. The output forces can be strengthened by 
using soft magnetic cores with high saturation magnetization. Magnetic 
tweezers exert a force on the beads generated by a magnetic field 
gradient that can be controlled using different magnet assemblies. In 
solenoid tweezers, a coil is wound around a cylindrical soft magnetic 
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core that is tapered to a tip at one end, e.g., by electropolishing [3–5]. 
Unfortunately, electropolishing is an isotropic etching process and leads 
to low accuracy and reproducibility of the tip geometry [6]. To increase 
the reproducibility and place accuracy in tip manufacturing, planar 
magnetic tip arrangements have been developed with microsystem 
technologies, like photolithography and electroplating. These technol
ogies allow for the most accurately produced microstructures. In com
parison, easy to handle laser cutting of magnetic films results in slightly 
more imprecise structures and suffers from oxidation phenomena at the 
cutting edges [7]. Besides two-pole arrangements [8,9], arrangements 
with three [10,11] or four poles [12,13] for two-dimensional manipu
lation and even six poles [14] for three-dimensional bead manipulation 
have been reported. 

An inherent problem of such magnetic tip-based designs is the poor 
control of force due to the highly nonlinear force-distance relationship 
caused by the required inhomogeneous magnetic field gradient. In 
multipole arrangements, a homogeneous field gradient and therefore a 
constant force can be generated only within small areas [11–13]. 
Nevertheless, the force can be increased by arranging the tips closer 
[11]. 

To prevent these serious disadvantages, ferrofluid droplets in com
bination with homogeneous magnetic fields can be used. A ferrofluid 
consists of superparamagnetic surfactant-coated nanoparticles sus
pended in an oil or water-based solution. When a homogeneous mag
netic field is applied, the magnetic moments of the particles orient along 
the field and generate magnetic stress. This principle can favorably be 
used for actuators, e.g., for the manipulation of droplets [15–20], seals 
[21], valves, pumps, stepping motors [22–27], optical switches [28], 
generating pressure [29] as well as for sensors, e.g., measuring tilt [30, 
31], flow [32], and magnetic field [33], respectively. Furthermore, Yang 
et al. published an excellent review on micro-magnetofluidics in 
microfluidic systems [34]. 

To characterize viscoelastic properties on a micro-scale, ferrofluid 
droplets can be injected into the MUT with the help of a micropipette. 
The ferrofluid droplet deforms axisymmetrically into a prolate spheroid 
along the direction of the magnetic field [35,36]. By video recording, the 
droplet deformation dynamics upon actuation can be calculated. By 
time-resolved measurement of minor and major ellipse radii, the creep 
response curves exhibit an elastic domain, a relaxation regime, and a 
viscous flow behavior. In addition to the analytical descriptions 
[35–37], this response can be simulated by an application-adapted 
mechanical equivalent circuit consisting of springs and dashpots [38, 
39]. The ferrofluid droplet approach is a non-destructive technique 
compared to the magnetic bead approach, where the bead destroys the 
surrounding biological MUT during its displacement. Therefore, mea
surements with ferrofluid droplets can be carried out several times to 
investigate changing rheological properties of the MUT. 

Pioneered work was carried out by Serwane et al. [38]. They quan
tified micro-scaled viscoelastic properties in living embryonic tissues by 
using ferrofluid droplets and eight magnets in a Halbach configuration 
to obtain homogeneous magnetic fields in different directions. In our 
work, we simplify Serwane’s idea and propose a magnetic setup in the 
Helmholtz arrangement, which consists of two circular wire coils ori
ented parallel and coaxial to each other. The setup is calibrated with 
viscous and elastic MUTs. For the first time, transient viscoelastic 
behavior is measured with the method of ferrofluid droplet deformation. 
Polyacrylamide (PAAm) gels show viscoelastic behavior depending on 
the evacuation time during preparation. The experimental results are 
described analytically and with mechanical equivalent circuits consist
ing of springs and dashpots. 

2. Theory 

For the sake of completeness, the theoretical background is recapped 
here and adopted for the case of ferrofluid droplet deformations in 
MUTs. Pure viscous or elastic materials can be represented by a simple 

dashpot or spring element, respectively. Dashpots, in general, represent 
viscosities η, whereas spring elements E represent elastic (Young’s) 
moduli. In our system, the impact of interaction between the ferrofluid 
droplet and the surrounding MUT must always be considered. The 
applied magnetic field strength deforms the ferrofluid droplet, which in 
turn deforms the surrounding material. Since the magnetic field is ho
mogenous, the ferrofluid droplet elongates axisymmetrically in an 
ellipsoidal shape. The magnetic stress σM can be calculated to σM =

μ0M2/2, with μ0 = 4π ∗ 10− 7 N/m representing the magnetic perme
ability in free space and M the magnetization of the ferrofluid, respec
tively [38]. For small droplet deformations, the 3D problem of the 
ferrofluid droplet actuation in a MUT can be reduced to a 1D description 
of the uniaxial strain and stress along the direction defined by the 
magnetic field [38]. The deformation is limited by the capillary stress 
caused by interface tension between ferrofluid and MUT [35–38]. For 
small deformations, the capillary stress can be represented by a Hooke 
spring E0 [38]. This spring E0 depends on the droplet size. For viscous 
MUTs, E0 acts in parallel with the dashpot (Fig. 1a) to take the recovery 
of the droplet to its initial shape after switching off the applied stress 
into account. In the case of an elastic MUT, the spring E0 is also con
nected in parallel to E1, as shown in Fig. 1b. Spring element E0 is referred 
to “elastic input of the ferrofluid” throughout the manuscript. It has to be 
noted that the viscosity of the ferrofluid of 80 mPa*s can be neglected 
with regard to all MUTs investigated here. 

For the calibration of the setup, viscous and elastic reference MUTs 
were investigated. For both cases, viscosity, respective elasticity, in 
combination with the ferrofluid droplet actuation, can be described as 
depicted in Fig. 1a and b. In general, dashpot η and spring elements E 
can be expressed by [1,39]. 

σ = η • ε̇ (1)  

σ = E • ε (2)  

with ε̇ = dε
dt, σ = σM represents the applied magnetic stress and ε the 

strain, respectively. Since we do not have any other additional stress, the 
index M in the magnetic stress symbol σM can be neglected. Applying 
Eqs. (1) and (2) to Fig. 1a, we obtain a differential equation 

σ = ηε̇+E0ε (3) 

The solution of this equation describes the so-called creep regime in 
which the stress is constant and the strain is the time-dependent variable 

ε(t) = σ
E0

(

1 − e
− (t− t0)E0

η

)

(3a) 

Fig. 1. Scheme of theoretical models for a ferrofluid droplet in MUT: (a) 
Viscous MUT with viscosity η represented by a dashpot. (b) Elastic material is 
represented by a spring E1. In both figures, the capillary stress of the ferrofluid 
droplet is given by a Hooke spring E0 connected in parallel. (c) Generalized 
Kelvin-Voigt model for describing the creep behavior of viscoelastic solids 
under constant applied stress with more than one relaxation time. 
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Here, t0 represents the time point at which the magnetic field is 
switched on. 

On the other hand, by applying Eq. (2) to Fig. 1b, we obtain Hooke’s 
law for a continuous material in one dimension 

σ = (E1 +E0)ε = EAε (4) 

Here, EA = E0 +E1 is the apparent elasticity, spring E0 the elastic 
input of the ferrofluid droplet and spring E1 the elastic (Young’s) 
modulus of the elastic material, respectively. 

Maxwell and Kelvin-Voigt models are used to describe viscoelastic 
material behavior, [36]. Viscoelastic solids, as in our case, can be 
described by the generalized Kelvin-Voigt (GKV) model, whereas for 
viscoelastic liquids, the generalized Maxwell model (GM) are typically 

used [38]. The GKV model describes creep behavior while the GM model 
is better to describe stress relaxation phenomena [39]. Therefore, the 
GKV model for describing viscoelastic behavior is used in this work. 

A viscoelastic solid in combination with a ferrofluid droplet can be 
described by the generalized Kelvin-Voigt (GKV), as shown in Fig. 1c. 
The GKV model is a series of Kelvin-Voigt elements with a spring, all of 
them connected in series. The spring element E0k represents the elastic 
input of the ferrofluid droplet and each KV element its own viscoelastic 
contribution to the whole system, respectively. By reconfiguring the GM 
model description of Serwane et al. [38] for the GKV model case here, 
the creep regime of the generalized KV model can be expressed with 
respect to the creep compliance J(t) = ε(t)/σ [39]. 

Fig. 2. Magnetic setup. (a) Photo of the magnetic setup. The numbers represent different parts of the setup: 1 - baseplate, 2 - copper coil, 3 - plastic coil case, 4 - metal 
core, 5 - recess for coverslip with MUT (18 ×18 mm), 6 - plugs and sockets for power supply connection. (b) Sketch of the magnetic setup geometry. The origin of the 
coordinate system corresponds to the center point between two coils. (c) Magnetic field M distribution along the z-axis around the zero point in the absence and 
presence of cores. (d)-(f) FEM simulations of magnetic field distribution in z/x (e) and x/y (f) planes by application of 1 A current to each coil with cores. 
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ε(t) = σ 1
E0k

[

1+
∑n

i=1

E0k

Eik

(
1 − e

− t
τik

)
]

(5)  

where τik = ηik/Eik represents the recovery time, Eik and ηik 
the elastic 

and viscous contribution of the ith component in the GKV model, 
respectively. 

It should be noticed that the values of elastic elements in the GKV 
model (Fig. 1c) are not the same as spring elements in the linear elastic 
model (Fig. 1b). However, all springs can be subsumed under one spring 
which represents apparent elasticity EA. Then, the relation between 
apparent EA elasticity and spring elements in Fig. 1b and Fig. 1c can be 
written as 

1
E1 + E0

=
1

EA
=
∑n

i=0

1
Eik

(6)  

3. Experimental and results 

3.1. Magnetization of ferrofluid 

The magnetization of the ferrofluid was determined with a PPMS- 
DynaCool magnetometer (Quantum Design) with the vibrating sample 
magnetometry (VSM) option. Approximately 1 mg of ferrofluid was 
filled into a powder capsule pair. Fig. A1a shows the linear and non- 
linear parts of the magnetization with respect to applied magnetic 
field strength. The non-linear part was fitted by a logarithmic function 
y(x) = 4250ln(x) − 28100, while the linear part was fitted by a function 
y(x) = 1.5x + 650, according to Afkhami et al. [35]. In addition, a 
Langevin fit is shown. In Fig. A.1b, the magnetic susceptibilities of fer
rofluid χ = dM/dH with respect to magnetic field strength H, whereas in 
Fig. A.1c, the dependency of the magnetic stresses σ on magnetic field 
strength H with respect to different magnetization M(H) for the mea
surement and fitting curves are depicted, respectively. 

3.2. Setup 

The magnetic setup is based on a Helmholtz arrangement with two 
electromagnets. The coils are positioned coaxially by a fixture whose 
coil cases and the baseplate were 3D-printed (Anycubic Mega X 3d 
printer) using PET-G plastic filament (Geeetech), as shown in Fig. 2a and 
2b. One coil itself has an inner diameter of 14 mm, an outer diameter of 
72 mm, and a width of 15 mm, respectively. Each coil has an electrical 
resistance of 77 Ω obtained with 3000 turns of a copper wire with 
0.3 mm in diameter. Martensitic steel cores (Steel EN 1.4021 (AISI 420), 
Rosen Metal Service GmbH) are added to the coils. The two coils are 
electrically connected in parallel. The currents through the coils were 
measured by current sensors (INA219, Adafruit Industries LLC) and 
were controlled by a Raspberry Pi 4. 

FEM simulations were carried out in COMSOL Multiphysics® to 
specify the magnetic field between the coils (Fig. 2 c-f). The magnetic 
field distribution along the z-axis was simulated without cores according 
to [40] and compared with metal cores (Fig. 2c). The simulations were 
confirmed by magnetic field measurements using a Hall sensor (GaAs 
Hall Element CYSJ902, Sonnecy). According to the simulations, a 
maximum magnetic field of 18 mT can be generated by applying 100 W 
power (1 A, 100 V) to the coils and can preferably be increased by a 
factor of 1.3 with a reduction of the magnetic field gradient by adding 
33 mm long cores to both coils. FEM simulations of the magnetic field 
distribution in zx- and xy- planes (Fig. 2e and f) allow us to allocate a 
central cylinder-shaped magnetic field volume of 5 mm radius and 
5 mm side length, in which the magnetic field changes only within 1 %. 

The setup can be used either with an upright or inverse microscope 
since the distance between the coils was adjusted to 55 mm. For our 
experiments, the inverted microscope Olympus IX70 with Olympus 
UPlanFL N 4X or 20X objective with nonmagnetic aluminum shielding 

was used. Video recordings were taken with a standard HD Raspberry Pi 
camera (12.3 megapixel Sony IMX477 sensor) that was connected to the 
microscope with a custom-made 3D printed adapter. 

An Eppendorf manipulator was utilized to place the injection capil
lary precisely into the MUT. The capillary was made from a borosilicate 
glass with the help of a laser-based micropipette puller (P-2000, Sutter 
Instrument). The inner diameter of the capillary tip was determined to 
be around 50 µm. In addition, commercially tailed capillaries (ICSI Pi
pettes - Blunt, BioMedical Instruments) with a tip inner opening diam
eter of 5 µm were used (Fig. A.2). With regard to the droplet injection 
procedure, capillary effects, ferrofluid adhesion to the glass capillary in 
viscosity tests as well as MUT stickiness to the capillary in elasticity tests 
were prevented by coating the capillary tips prior to the droplet injec
tion. For the hydrophilic PAAm gels, the capillary tips were dipped in a 
hydrophobic reagent (26014 Regenabweiser, Rain-X) [41]. On the other 
hand, the viscous MUTs, especially those with low viscosities, exhibit 
insufficient friction forces that could strip the droplet from the yanking 
capillary. In these cases, the surface of the glass capillary was made 
oleophobic (hydrophilic) by dipping the capillary tip in BSA solution 
[42]. In both cases, the capillaries were dipped for 5 min and then dried 
at room temperature. 

For the experiments, the magnetic field was periodically switched on 
and off. The minor and major droplet radii a and b were measured 
during ellipsoid forming, see Fig. A.2. 

3.3. Reference measurements on viscous MUTs 

As references for pure viscous MUTs, two glycerin/water (2036, Th. 
Geyer) and methylcellulose/water (Methylcellulose 4000, Sigma 
Aldrich) solutions were used. 2 % (w/v) methylcellulose solution was 
prepared according to the procedure briefly summarized in the appendix 
section Supplementary Data. Ferrofluid droplets (MFR-DP1, MagronCo., 
Ltd) with radii of 20–150 µm were injected into 30 µL droplets of the 
MUTs. For 99.95 % (v/v) glycerin, the droplets were injected into the 
purchased MUT, whereas for the 99.35 % (v/v) glycerin, the droplets 
were injected directly after the preparation to minimize moisture up
take. The magnetic field was periodically switched on and off at least 
three times for 15 s (Fig. A.3). For example, the b/a ratios were plotted 
over time for 99.95 % (v/v) glycerin, as depicted in Fig. A.3. From these 
curves, the average strain ε = 2(b/a − 1)/3 values were calculated and 
plotted over time (Fig. 3a), according to [38]. 

For fitting purposes, the Wolfram Mathematica software was used to 
obtain values for the viscosities η of the MUTs and the elastic contri
bution E0 of the ferrofluid droplet from Eq. (3a). By comparing the 
calculated values for glycerin/water viscosities with the reference 
values ηref given by [43], while for methylcellulose, the value was taken 
from the datasheet, a calibration factor of 125 was obtained. In Fig. 3b, 
the calculated viscosity values from measurements multiplied by the 
reciprocal of the calibration factor are plotted with respect to the 
reference values of the viscosities of the three viscous MUTs. As ex
pected, the reference curve is a straight line. 

As mentioned above, the elastic contribution E0 of the ferrofluid 
droplet depends on the droplet size and can be expressed in the form of 
[38]. 

E0 =
k • γ

R
(7)  

where γ is the interfacial tension and k the proportionality coefficient, 
respectively. 

After taking E0 from the fitted curves of creep data (Fig. 3a for 
different droplet sizes), E0 is plotted with respect to 1/R, as shown in 
Fig. 3c. The calculated values of the slopes k • γ for the three charac
terized MUTs are summarized in Table 1. 

The interfacial tensions γ of all characterized MUTs can be deter
mined from the magnetic Bond number Bom [44]. 
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Bom =
Rμ0H2

2γ
(8) 

The magnetic Bond number is the ratio of magnetic force to inter
facial tension force. Afkhami et al. showed in their model that the 
magnetic Bond number Bom is related to the droplet elongation, repre
sented by the b/a ratio [35]: 

Bom =

(
1

χsys
+ kd

)2(
b
a

)1
3
(

2b
a
−

(
b
a

)− 2

− 1

)

(9) 

The system susceptibility χsys = (μd − μm)/μm depends on relative 
magnetic permeabilities of ferrofluid μd and MUT μm. In case of non- 
magnetic MUTs (μm = 1), the system susceptibility equals the suscep
tibility of the ferrofluid χsys = χ (Fig A1b). The demagnetization factor kd 

is given by [35,44]: 

kd =

((
1 − Ec2)

2Ec3

)(

ln
(

1 + Ec
1 − Ec

)

− 2Ec
)

(10) 

Ec is the eccentricity of the droplet and is expressed by: 

Ec =

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
a2

b2

√

(11) 

For each MUT, the magnetic Bond number Bom was calculated ac
cording to Eqs. (9) - (11) based on the measured radii a and b values of 
the deformed droplets. The calculated interfacial tensions of the three 
MUTs from Eq. (8) are summarized in Table 1. 

By considering the slope values from Fig. 3c, we obtained a k-value of 
12.8 for all three MUTs, according to Eq. (7). 

3.4. Reference measurements on elastic PAAm gels 

To calibrate our setup for elastic materials, weakly cross-linked 
PAAm hydrogels were chosen. The preparation of PAAm gels with 
shear moduli G of 230 Pa, 689 Pa and 1535 Pa was carried out according 
to [45] and is briefly summarized in the appendix section Supplemen
tary Data. The working solutions of 1 mL were prepared from a stock 
solution of 5 mL (see Table A.1). 

In 7 min after placing the gel on a glass slide, ferrofluid droplets of 
different initial radii R were injected in PAAm gel samples. To prevent 
leakage of ferrofluid, the capillary was slowly extracted from the gel. 
Since gels were weakly cross-linked and the capillary outer diameter was 
small, the channel was tightly closed by internal stress relaxation. The 
b/a-values over time were recorded under a continuously changing 
magnetic field (Fig. 4a). The magnetic stress σ = μ0M2/2 was calculated 
in the logarithmic and in the linear regime, according to Fig. A.1. We 
obtained stress-strain diagrams, as exemplarily depicted in Fig. 4b, for a 
PAAm gel with a shear modulus G of 689 Pa. With respect to Eq. (4), we 
calculated the values of the apparent elasticities EA from the slopes of 
the fitting curve. Fig. 4c shows the apparent elasticities EA of the three 
PAAm gels with respect to reciprocal initial droplet radius R. 
Since EA = E1 + E0 = E1 +

k•γ
R , we obtain a linear dependency for all 

characterized PAAm gels, as shown in Fig. 4c. 
The relation between elastic (Young’s) modulus E and shear modulus 

Fig. 3. Ferrofluid droplet deformation in 99.95 % (v/v) glycerin: (a) Calculated 
average strain with respect to time. Black solid line shows the fitted curve ac
cording Eq. (3a). The yellow rectangle shows the period of the applied magnetic 
field (20mT). (b) Calculated viscosities from measurements multiplied with the 
reciprocal of the calibration factor with respect to the reference viscosities for 
three viscous MUTs. The reference line is depicted. Error bars indicate standard 
deviation. (c) Dependency of the elastic contribution of the ferrofluid droplet E0 

on the reciprocal droplet size R. Fitting data are summarized in Table 1. 

Table 1 
Calculated interfacial tension γ, slopes k • γ and coefficient of correlation R2

s for 
the three characterized viscous MUTs.   

γ, N/m 
from Eq. 
(8) 

k • γ, N/m 
extracted from slopes in  
Fig. 3c 

R2
s 

Glycerin 93.75 % (v/v) 0.0028 0.04 ± 2.6•10-3 0.99068 
Glycerin 99.95 % (v/v) 0.0032 0.045 ± 1.9•10-3 0.99457 
Methylcellulose 2 % (w/ 

v) 
0.0039 0.054 ± 1.3•10-3 0.99844  

D. Azarkh et al.                                                                                                                                                                                                                                 



Sensors and Actuators: A. Physical 344 (2022) 113756

6

G can be expressed in form of 

E = 2G(1+ ν) = 3G (12)  

for a Poisson’s ratio ν of 0.5 for rubber-like polymers as gels [45,46]. 
The values for Young’s moduli E of the different gels can be easily 

determined as E1 = E/10 by the intercepts of the ordinate axis and 
comparison to reference values. The fitting parameters of the curves are 
summarized in Table A.2 and Table A.3. 

Table 2 summarizes the shear moduli G, the calculated (with refer
ence to Eq. (12)) as well as the extracted Young’s moduli E from mea
surements of the PAAm gels, respectively. For all characterized PAAm 
gels, the calculated and extracted Young’s modulus correspond to 
around 3%.3 %. 

3.5. Characterization of viscoelastic behavior on PAAm gels 

In contrast to the elastic behavior of PAAm gels described in chapter 
3.3, the PAAm gel with a shear modulus G of 230 Pa showed a strong 
time-depending viscoelastic behavior during the first minutes of mea
surements depending on the preparation. To investigate this phenome
non in detail, the working solution was prepared as described. The final 
solution of 6.3 mL was divided into equal parts and transferred into 21 
Eppendorf safe-lock tubes. Before gelation, the ensemble was divided 
into 7 groups, with 3 tubes in each group. The tubes of the first group 
were closed without any additional external influence, while, in 

contrast, all other groups were evacuated a second time for different 
periods (from 10 min to 60 min in 10-minute steps) and then closed for 
gelation. Measurements with ferrofluid droplets were carried out the 
day after. One minute after the gel was taken from the tube and put on a 
coverslip, the ferrofluid droplet was injected, and a constant magnetic 
stress σ of 40 Pa was applied periodically. As before, the b/a-ratios were 
measured and the strain values ε were calculated. In Fig. A.4, strain 
values are plotted over time for the first four periods of the applied 
magnetic field. Eq. (5) with n = 1, which describes the viscoelastic 
behavior of homogenous and isotropic materials, was fitted to every 
creep curve and values for elastic E1k , E0k and viscous η1k elements were 
obtained. Apparent elasticity EA was calculated according to Eq. (6). The 
elastic input of ferrofluid droplet E0 was obtained from Eqs. (7) to (11). 
Then, Young’s modulus E was calculated as the difference of EA and E0. 
The dashpot η1k is equal to the dashpot η as shown in Fig. 1a, so that the 
values represent the values of viscosity. Results are depicted in Fig. 5. 
For evacuation times below 40 min, Young’s moduli increased within 
400 s until reaching the value for pure elasticity (see Table 2), whereas 
the values for viscosity decreased to a baseline. In comparison, for 
evacuation times of 40 min and above Young’s modulus as well as the 
viscosity do not change with time and show both the value of pure 
elasticity and of the baseline, respectively. 

4. Discussion 

The characterization of viscoelastic properties of soft materials is 
always of high interest. Besides macroscopic measurement devices, such 
as rheometers, miniaturized devices for measuring localized viscoelastic 
properties were developed, typically using magnetic microbeads, which 
are displaced in the MUT by applying a gradient magnetic field. These 
fields are often generated by a solenoid type electromagnet, which is 
placed in the immediate neighborhood of the microbeads. On the other 
hand, Serwane et al. showed for the first time impressively that local 
viscoelastic properties can be determined by applying a homogeneous 
magnetic field to a ferrofluid droplet, which forms an ellipsoid in soft 

Fig. 4. (a) Changing magnetic field in continuous mode. (b) Stress-strain diagrams of different ferrofluid droplet sizes in a PAAm gel with a shear modulus of 689 Pa. 
Stress was calculated separately for the linear and logarithmic magnetization region. (c) Apparent elasticity EA of the PAAm gels with respect to reciprocal of droplet 
radius R of undeformed droplets. Hollow points show extrapolation to R = ∞. Error bars represent standard deviation. 

Table 2 
Shear modulus G, calculated and extracted Young’s moduli E.  

Shear 
modulus G, 
Pa 

Calculated Young’s 
modulus E = 3G, Pa 

Extracted 
Young’s 
modulus E, 
Pa 

Error between 
calculated and extracted 
Young’s moduli 

230 690 701 ± 68 1.6 % 
689 2067 2030 ± 129.5 1.8 % 
1535 4605 4753 ± 225 3.2 %  
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materials [38]. However, they used a complex magnet arrangement in 
the Halbach configuration, because the interest was in measuring 
anisotropic viscoelastic material properties. To generate homogeneous 
magnetic fields in any horizontal direction, each of the eight circular 
arranged magnets was aligned individually by servomotors. 

Nevertheless, characterizations of isotropic materials allow the use 
of simplified magnet arrangements. In contrast to Serwane’s group, we 
developed a magnetic setup in Helmholtz arrangement using two 
parallel-arranged coaxial coils. Our setup was simple to manufacture 
utilizing low-cost state-of-the-art 3D-printing technologies (see Fig. 2). 
The generation of the magnetic field was carried out by a tunable power 
supply, which was connected to the coils. In our setup, the distance 
between the two electromagnets coils was adjusted to fit an inverted or 
upright microscope by replacing the microscope’s universal holder (size 
160 mm × 110 mm). FEM simulations and measurements (see Fig. 2 d- 
f) have shown that a homogeneous magnetic field over a cross-section of 
10 mm in diameter was obtained with the defined coil arrangement, 
which determines the maximum size of the MUTs. Using our coil 
arrangement with added cores, a maximum magnetic field of around 44 
mT can be achieved. In combination with a saturation magnetization up 
to 20 kA/m of the used ferrofluid, Young’s moduli not larger than 
several kPa can be determined. Utilizing our setup for future applica
tions, the measurement of anisotropic material behavior can easily be 
carried out by rotating the MUT in the magnetic field. 

The time constant τ for switching on and off the magnetic field can be 
calculated to 3 ms according τ = L/Rcoil, where L is the inductance and 
Rcoil is the electrical resistance of the coil. This time constant is much 
lower than the measured time constant τm (time between 10 % and 90 % 
of the rising b/a ratio) of 33 ms obtained from the data shown in 
Fig. A.3. Therefore, it can be stated that a constant magnetic field 
without significant delay is applied to the ferrofluid droplet. 

The magnetization of the ferrofluid was measured with a magne
tometer and showed a linear behavior between 0 kA/M and 5 kA/m of 
the applied magnetic field strength and a logarithmic behavior above 
(Fig. A1), which was also observed by Afkhami et al. [35] and Serwane 
et al. [38]. In addition, the magnetization data was also fitted with a 
Langevin function [47]. In comparison, the logarithmic function shows a 
better fit to the experimental data in the magnetic field range between 5 
and 50 kA/m, as also pointed out by Afkhami et al. [35]. The deviation 
of the Langevin function from the experimental data in the same range 
can be explained by particle-size distribution within the ferrofluid 

probe. Since the magnetization exhibit a nonlinear behavior, the mag
netic susceptibility of ferrofluid χ = dM/dH was calculated and depicted 
in Fig. A.1b. Also we considered the dependency of magnetic stresses 
σ = μ0M(H)

2
/2 on magnetic field strength H with respect to different 

magnetization M(H) for the measurement and fitting curves (Fig. A1c). 
There the Langevin function fitting again shows deviation in the range 
used. Therefore, the piecewise function which consist of linear and 
logarithmic fits was chosen as best approximation of experimental data. 

Viscous or elastic materials can be described by a dashpot or spring 
indicating elastic and viscous inputs, respectively. In comparison to 
other measurement techniques, the contribution of the ferrofluid droplet 
has to be considered. The capillary stress of the droplet limits its 
deformation by the magnetic field. This capillary stress can be approx
imated by a Hooke’s spring E0 for small deformations, which is placed in 
parallel to the dashpot for viscous MUTs, or the spring, for elastic MUTs, 
as depicted in Fig. 1. 

Viscous glycerin/water mixtures are often used as reference mate
rials. To enlarge the measurement range, 2 % (w/v) methylcellulose was 
chosen in addition. After monitoring the b/a ratio of the deformed 
droplet under the applied homogeneous magnetic field (Fig. 3), the 
time-dependent average strain was calculated, from which the calibra
tion factor of 125 between the measured and reference viscosity values 
was determined within an error below 5 % (Fig. 3b). 

Since the densities of ferrofluid and viscous MUTs are different, 
ferrofluid droplets slowly float up after injection. Measurements were 
carried out during droplet floating in the MUT until it touched the top 
MUT surface and collapsed. The last several measurements were not 
considered. In general, the drift of ferrofluid droplets during measure
ments was also reported by Serwane et al. [38]. We assume that the 
lifting has no significant influence on our measurements, because the 
magnetic field was applied for only short periods. In addition, no 
leakage of ferrofluid during droplet deformation was observed at the 
puncture site. 

The elastic input E0 of the ferrofluid was determined from the 
measurements in pure viscous MUTs. Our results confirm the observa
tion of Serwane et al. that E0 depends linearly on the reciprocal of the 
droplet size [38]. With reference to the magnetic Bond number Bom [35, 
44], the interfacial tension can easily be determined for the different 
MUTs. The determination of the interfacial tension of a ferrofluid 
droplet in a MUT by measuring the minor and major ellipsoid radii 
during droplet deformation is a decisive advantage of the method. 

In comparison to viscous MUTs, the elastic PAAm gels were 
measured by the application of continually changing magnetic fields 
(Fig. 4a). Linear stress-strain diagrams (Fig. 4b) confirm that the PAAm 
gels behaved elastically, as expected [38]. The slopes of the fitting 
curves in Fig. 4b depend on droplet sizes. As proposed by [38], by 
plotting the apparent elasticity EA with respect to 1/R (Fig. 4c), Young’s 
modulus E of all three characterized PAAm gels can be determined by 
the intercepts of the linear fitting curves at the ordinate. The obtained 
Young’s modulus values agree well within around 3 % to the reference 
values (Table 2). 

To the best knowledge of the authors, measurements of transient 
rheological properties by using ferrofluid droplet deformation method 
were not reported so far. For a proof-of-concept, PAAm gels with a shear 
modulus of 230 were characterized. They exhibit generally elastic 
behavior but show a strong time-depending viscoelastic behavior within 
the first 400 s after starting the measurements as a function of the 
evacuation time of the gel solution prior to pouring the gel. As shown in 
Fig. 5 for evacuation times below 40 min, Young’s moduli increased to 
the value of elasticity, whereas the viscosities decreased until reaching a 
baseline. The formation of PAAm hydrogels proceeds due to free radical 
polymerization. It is well known that oxygen serves as a free radical trap 
by generating dead chain ends [48]. Oxygen, as an inhibitor of poly
merization, is present in the gel solution prior to pouring. One of the 
most critical steps in the preparation of PAAm gels is the evacuation, or 

Fig. 5. Time dependency of Young’s modulus (a) and viscosity (b) of PAAm 
gels with a shear modulus of 230 Pa. The gels were prepared with different 
evacuation times before gelation in closed Eppendorf safe-lock tubes. Error bars 
represent standard deviation. 
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“degassing”, of gel solutions prior to pouring the gel [48–50]. Proper 
evacuation of the PAAm solution leads to the reduction of the oxygen 
content and a higher degree of polymerization. It is worthwhile to 
mention that the PAAm gels were polymerized in closed Eppendorf 
self-lock tubes, in which a balanced atmosphere during gelation was 
established. Fig. 5 indicates that after opening the Epi-tube for mea
surements, the polymerization process continued within 400 s for PAAm 
gels which were evacuated below 40 min. In comparison, for those 
PAAm gels, which were evacuated for more than 40 min, most of the 
oxygen is extracted during the evacuation, and the remaining oxygen 
content in the gels seemed to be low compared to the concentrations of 
monomer and cross-linker so that the oxygen is consumed evenly during 
the polymerization reaction [48]. These gels and also non-evacuated 
gels with a shear modulus of 1535 Pa showed pure elastic behavior 
with constant values of Young’s modulus and viscosities for all times 
(see Fig. 5). For completeness, however, it should be noted that the 
non-evacuated PAAm gel with shear modulus of 689 Pa exhibited 
viscoelastic behavior within the first 100 s. All gels showed elastic 
behavior 5 min after opening the Epi-tube. In comparison with values in 
Table 2, gels after evacuation show higher values of Young’s modulus 
which can also be explained by the treatment of a second evacuation 
step. 

To describe the observed viscoelastic behavior, the GKV model 
(Fig. 1c) was chosen as the optimum model for creep modes in a ho
mogeneous viscoelastic solid material. The number of components n in 
the theoretical model has to correspond to the number of contributors in 
a real experiment. Since PAAm gels are isotropic and homogenous, n was 
set to 1. Therefore, only one elastic E1k and one viscous η1k 

elements 
were chosen for the GKV model. Fitting this model to each creep curve, 
we calculated values for Young’s modulus and viscosity and plotted both 
values with respect to time in Fig. 5. Decreasing viscosity values down to 
0.08 Pa•s can be neglected compared to the high Young’s modulus. 
Therefore, all gels were considered as elastic material after 400 s waiting 
time before measurements start, as described in chapter 3.3. 

5. Conclusion and outlook 

We developed a measurement setup to characterize the local viscous, 
elastic, and viscoelastic properties of soft materials. By using electro
magnets in Helmholtz configuration, homogeneous magnetic fields were 
applied to ferrofluid droplets inside the materials under test. The ob
tained values for viscosity and elasticity of the materials under test 
strongly agree with reference values. PAAm gels with the lowest shear 
modulus of 230 Pa and prepared with evacuation times below 40 min 
before pouring showed a time-dependent viscoelastic behavior in the 
first minutes of measurements. For a better understanding of this phe
nomenon, hydrogels should be synthesized in closed vials with an inert 
gas atmosphere instead of air in future work. Furthermore, reaction 
calorimetry and NMR spectroscopy measurements should be carried out 
to characterize the time-depending polymerization process in detail 
with regard to oxygen consumption. 

The developed setup is robust and can now be deployed to charac
terize local rheological properties. Of particular interest can be the 
investigation of local anisotropic as well as time-depending material 
behaviors. The anisotropies can be characterized by the rotation of the 
material within the homogeneous magnetic field during testing. The 
developed setup is an easy to handle and versatile tool. 
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Preparation of 2 % (w/v) methylcellulose 
For the preparation of 2 % (w/v) methylcellulose/water solution 1/3 of 150 mL DI water 

was filled in a fresh beaker. The remaining 2/3 of the water was cooled down in ice water. 

The first water part was heated to 80 °C. 3 g of methylcellulose powder (Sigma Aldrich) 

was added to the hot water accompanied by continuous stirring until it was 

homogeneously mixed. With continuous stirring, the heat was turned off, the remaining 

cold water was added and the whole solution was transferred to another beaker, which 

was prepared with ice. The solution was stirred for more 15 minutes in ice to cool down 

and then transferred to a fridge for further use. Before use, the solution was warmed up 

in closed glass to room temperature.  

 

Preparation of polyacrylamide (PAAm) gels 

The stock solutions for the PAAm gels with shear moduli 𝐺𝐺 of 230 Pa, 689 Pa and 1535 

Pa were prepared according to Aratyn-Schaus et al. [41]. 40 % (w/v) acrylamide 

(1610140, BioRad), 2 % (w/v) bis-acrylamide (1610142, BioRad), and deionized (DI) 

water were mixed according Table A.1. The appropriate stock solution was evacuated in 

a vacuum chamber for 20 min. From the stock solution, the working solution was prepared 

by mixing DI-water, 10 % (w/v) ammonium persulfate (APS) (1610700, BioRad) and 

tetramethylethylenediamine (TEMED) (1610800, BioRad) in ratios as mentioned in Table 
A.1. The working solution was tightly mixed by sucking and pushing the solution with an 

Eppendorf pipette. The appropriate solution was divided into five equal volume parts. For 

gelation, the parts were transferred to Eppendorf Safe-Lock tubes. The closed Eppendorf 

Safe-Lock tubes were turned upside-down to achieve flat gel surfaces on one side by 

characterization of the gels later in the light microscope. After 24 h of gelation time, the 

tubes were opened and the gels were deposited with their flat surfaces on the glass slide 

for the measurements.  
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Fig. A.1: Magnetization of ferrofluid. Black dots indicate SQUID measurements with the PPMS-DynaCool magnetometer 
(Quantum Design). The green line represents linear fitting 𝑦𝑦(𝑥𝑥) = 1.5 𝑥𝑥 + 650 for the low magnetic field range, the blue line the 
logarithmic fit with function 𝑦𝑦(𝑥𝑥) = 4250 ln(𝑥𝑥) − 28100  and red line the Langevin fit 𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙 = 𝜑𝜑𝑀𝑀𝑑𝑑  𝐿𝐿(𝛼𝛼) , where 𝜑𝜑 = 0.043  is 
volume fraction, 𝑀𝑀𝑑𝑑 = 446000 A/m the magnetic domain magnetization of magnetite and 𝐿𝐿(𝛼𝛼) = coth𝛼𝛼 − 1/𝛼𝛼 the Langevin 

function. Here 𝛼𝛼 = 𝜋𝜋𝜇𝜇0𝑀𝑀𝑑𝑑𝐻𝐻𝑑𝑑3

6𝑘𝑘𝑘𝑘
 with 𝑘𝑘 = 1.38 × 10−23 𝑁𝑁 𝑚𝑚/𝐾𝐾  the Boltzmann constant, 𝑇𝑇 = 293.15 𝐾𝐾  the temperature, 𝜇𝜇0 = 4𝜋𝜋 ×

10−7H/m the permeability of free space, 𝑑𝑑 = 11 𝜇𝜇𝜇𝜇 the average particle size, and 𝐻𝐻 the applied external magnetic field strength 
in A/m, respectively. (a) Magnetization M of ferrofluid with regard to the applied magnetic field H. The inset shows the low field 
magnetization range from 0 to 5 kA/m. The crossover point between linear and logarithmic magnetization behavior was 
determined from equating the logarithmic and the linear function, yielding a field of H = 4919 A/m for the crossover from linear 
to logarithmic regime. (b) Magnetic susceptibilities of ferrofluid 𝜒𝜒 = 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 with respect to magnetic field strength 𝐻𝐻 for the 
measurement and fitting curves. (c) Dependency of magnetic stresses 𝜎𝜎 = 𝜇𝜇0𝑀𝑀(𝐻𝐻)2/2 on magnetic field strength 𝐻𝐻 with respect 
to different magnetization 𝑀𝑀(𝐻𝐻) for the measurement and fitting curves. 
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Fig. A.2: Scheme of injection of a ferrofluid droplet into the MUT: a) magnetic field off b) 
magnetic field on. a and b represent minor and major droplet radius under deformation, 

respectively. Drawing not to scale; c) Photograph of a ferrofluid droplet in glycerin 99.95 % (v/v) 

without (off) and with (on) magnetic field.  

 

 

 
Fig. A.3: Ferrofluid droplet deformation in glycerin 99.95 % (v/v): Measured droplet radii ratios 

𝑏𝑏/𝑎𝑎 plotted over time. In the relaxed state, a slight droplet deformation was measured in 

general, which was also reported by [38]. The small offset resulted from image analysis 

functions in Matlab that convert a color picture to black and white and then calculate the droplet 

size from pixels number of the black droplet. 
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Fig. A.4 Time dependency of strain of PAAm gel with a shear modulus 𝐺𝐺 of 230 Pa for the 

first four periods of magnetic field applied shortly after preparation. The yellow rectangles 

show the time slots of applied magnetic stress (40 Pa). In the relaxed state, a slight droplet 

deformation was measured in general, which was also reported by [38]. 
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Table A.1: PAAm stock and working solutions 

Shear Modulus 𝐺𝐺, Pa 230 689 1535 

Stock Solution 
40 % (w/v) Acrylamide, mL 1.25 3.12 2.34 

2 % (w/v) Bisacrylamide, mL 0.5 0.083 0.188 

Water, mL 3.25 1.797 2.472 

Total, mL 5 5 5 

Working solutions 
Stock solution, µL 300 300 400 

Water, µL 693.5 693.5 593.5 

TEMED, µL 1.5 1.5 1.5 

10 % (w/v) APS, µL 5 5 5 

Total, µL 1000 1000 1000 

    

Final concentration ratio 

Acrylamide / Bisacrylamide 
3 / 0.06  7.5 / 0.01 7.5 / 0.03 

 

 

 

Table A.2: Fitting data to curves in Fig. 4b 

Equation 𝝈𝝈 = 𝑬𝑬𝑨𝑨𝜺𝜺 
Plot 12 µm 25 µm 37 µm 40 µm 45 µm 
Slope 755 ± 35 709 ± 5.9 439± 3.7 415± 4.3 259± 2 

Rs2 0.94756 0.99006 0.98898 0.98465 0.99089 
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Table A.3: Fitting data to three curves in Fig. 4c 

Plot 
PAAm 

𝑮𝑮 = 230 Pa 
PAAm 

𝑮𝑮 = 689 Pa 
PAAm 

𝑮𝑮 = 1535 Pa 
Intercept 70 ± 6.8 206 ± 12.95 144 ± 22.5 

Slope 0.0063 ± 2∙10-5 0.0073 ±  5.3∙10-5 0.0166 ± 1.25∙10-4 

Rs2 0.99449 0.99425 0.99805 

 

Fitting data in Tables A.2 and A.3 were obtained using software OriginPro 2018 

(OriginLab Corporation, Northampton, MA, USA). 
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