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A B S T R A C T   

In order to generate homogeneous magnetophoretic forces, current magnetic tweezer devices operate placing 
electromagnetic inductors far enough from the sample. Consequently, high-power supplies are needed to reach 
sufficiently large forces. We demonstrate that both magnetophoretic force magnitude and homogeneity can be 
increased at will in this kind of devices by simply placing appropriate magnetic materials between the inductors 
and the sample. Choice of these material shape and location is made upon an extensive optimization process 
performed with finite element method simulations. Optimal configuration is shown to create large and homo-
geneous magnetophoretic forces over areas extensive enough to perform multiplexed microrheology tests with 
different values of force and pulse duration. A good correspondence is obtained between the experiment and the 
results from the simulations.   

1. Introduction 

Microrheology encompasses a set of rheometric tools for character-
izing the rheological properties of soft materials at a local scale [19]. 
Typically, a probe is dispersed in the material, whose rheological 
properties are to be investigated, and its trajectory is measured as a 
function of time. In passive microrheology the probe moves due to 
Brownian motion [23,34]. In contrast, in active microrheology the 
probe motion is imposed by a well-defined external force (optical, 
magnetic, etc.) what allows motion control and measurement even in 
complex systems such as biological samples where energy consuming 
constituents (i.e. living cells) and/or nonequilibrium structures are 
typical [23,59,33]. 

Magnetic Tweezers (MTs) belong to the active microrheometry class. 
They were born in the 50 s for the mechanical characterization of the 
cytoplasm by combining the knowledge of hydrodynamics and magne-
tism into one device [49,14]. In a MT, magnetic field generators are used 
to manipulate magnetic microprobes within a wide range of materials 
[26]. Two different kinds of magnetic generators are used in the oper-
ation of a MT; permanent magnets [49] and active coils (with or without 
poles) [26,45]. Regarding the materials, they include, among others, 
cells [47,35,51,42,5], tissues [7,2], biomolecules 

[49,54,16,15,28,61,56,39,13,36,43], and colloidal dispersions [26,60]. 
In a typical application, magnetic microparticles become magnetized 
under the presence of the external magnetic field and experience a 
magnetophoretic force that depends on both the magnetic field strength 
and gradient [8]. Due to this force the magnetic particles move and from 
their movement the microrheological behavior of the carrier is 
measured. 

Apart from the classical application described above, more recently, 
further applications involve the use of control algorithms to set a desired 
position for the probe, by compensating the previously acquired vis-
cosity values of the fluid [25,21]. As a result, MTs can be doubly used 
either as a force transducer or a positioning system. Both capabilities 
require a careful description of the magnetic field landscape and a vid-
eomicroscopy system with large enough magnification to follow the 
trajectories of the magnetic microparticles. 

If compared with other tweezers, like optical or acoustic, tradition-
ally, MTs exhibit clear advantages. Some of them are as follows: i) they 
are more independent of the surrounding medium: they can penetrate 
opaque samples, trap objects with refraction indexes similar to the 
carrier and even work in vacuum, ii) they do not (photo)damage the 
samples, iii) they can operate at low frequencies without stability issues 
exhibited by optical tweezers and iv) in addition to a force, MTs can also 
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generate a torque on the sample. In particular, the possibility to generate 
a torque in the sample is of paramount importance because three 
additional degrees of independent actuation are added to the system [1]. 
Moreover, unlike forces, torques do not rely on the magnetic field 
gradient so it is easier to impose angular velocities to multiple beads 
simultaneously [26]. This opens the door to microrobotics, e.g. making 
possible the control of swarms of microrobots by imposing rotation to 
artificial flagella [14,21,40,58]; directly making them roll as micro-
wheels [44,53,42–45,10,47–52,20,31]; reconfiguring ferrofluids 
[22–32,17]; or actuating micro mechanisms [24]. microrobot’s move-
ment can be assisted using acoustic fields to generate more complex 
patterns in the microrobot’s swarms [3,4]. 

The capability of MTs for manipulating multiple particles at the same 
time is known as multiplexing [49]. Undoubtedly, the main advantage 
of multiplexing is the increased speed of the experiments and their 
repeatability due to the higher number of microparticles (in a bigger 
sample volume) which allow to measure statistical distributions. How-
ever, the price to pay is a larger distance between the magnetic poles and 
therefore a smaller magnetophoretic force (see below). Additionally, 
multiplexing experiments require highly homogeneous magneto-
phoretic forces (i.e. small variations of magnetic field gradients) on the 
sample volume, highly diluted samples so that interparticle forces can be 
neglected and cameras with a wide field of view [26]. 

Previous publications have usually been oriented towards the gen-
eration of homogeneous fields, instead of homogeneous magnetic field 
gradients. This is so due to the historical focus on the rotating electrical 
machines, where the magnetic field homogeneity is desired to reduce 
core losses [11,9]. In addition, high field homogeneity has been also 
used to detect inhomogeneities in magnetic materials [18]. Halbach 
cylinders made with permanent magnets [41] or active coils [6] have 
been a good solution for reaching this objective. 

MTs require a homogeneous magnetic field gradient instead of a 
homogeneous magnetic field strength as they are aiming to exert a force 
within the sample situated between the generators. The distance of these 
actuators to the center has to be chosen carefully: if it is large, the system 
is working as a far-field tweezer. This has the advantages that the 
magnetic field gradient is similar along a wide region and also it is easier 
to create a Helmholtz configuration [37], however the exciting power 
supply must be high to maximize the magnetic field strength. On the 
other hand, if they are close to the analyzed region, highly inhomoge-
neous magnetic fields are produced. This effect is produced because the 
magnetic fields generated by magnetic volumes are homothetic, this 
means that if we scale the magnetic object maintaining its shape the field 
lines will enlarge or shrink while maintaining their pattern. As a result of 
this, by enlarging the magnetic components we can produce higher 

values of magnetic intensity H→ However, the field gradient ∇H→ will be 
reduced as the magnetic lines need to cover larger distances before 
reducing its magnitude. 

In the current study, we are focusing on the optimization of the 
magnetic actuators. This will allow to create stronger and more homo-
geneous forces regardless the used probes. The proposed method to 
enlarge the magnetic force and its homogeneity is based on the shape, 
geometry and magnetic properties of magnetic materials inserted in the 
gap between the magnetic actuators and the sample. As mentioned 
before, most references in the literature related to the optimization of 
magnetic actuators are looking for field strength uniformity instead of its 
gradient uniformity, like [11,9]. In [55], an optimization is performed 
just aiming to increase the force but not its homogeneity for 1D per-
manent MT. In the current work two main hypotheses are set: 1.- The 
implementation of magnetic materials in specific places can increase 
susbtantially the force applied to the beads. 2.- The force can maintain 
the same value along the analyzed sample region with that configura-
tion. In addition, by allowing the magnetic materials to be removable, 
the MT could also work in a far-field mode, providing a more homoge-
neous field. This interchangeably configuration is useful for applications 
that aim to produce rotating fields or set a constant magnetization in the 
beads. 

The use of multiplexed MTs is an ideal platform for the realization of 
microrheological experiments. However, publications so far are limited 
to small sample volumes (hence reducing the number of microparticles) 
and the optimization processes solely focus on the maximization of the 
magnetophoretic force (regardless of the magnetic field gradient ho-
mogeneity). In this manuscript, we design, construct and optimize a 
magnetic field generator that produces homogeneous (theoretical vari-
ation around 7% and experimental COV around 30%) and strong 
(1.1pN) magnetophoretic forces for high precision microrheological 
applications in an unprecedently large sample region (circle of 800 µm 
diameter). The device is then tested carrying out microrheological ex-
periments in a MT with carbonyl iron magnetic beads of 3.77 µm with a 
magnetic contrast factor of 0.65. We use the coefficient of variation 
(COV) of the magnetophoretic force similarly to [26], defined as the 
standard deviation divided by the mean of the bead’s forces. 

In Table 1 we show COV as reported in previous publications in the 
literature in order to compare with our results. As observed, one com-
mon strategy followed to reduce the COV has been to work with reduced 
workspaces as the gradient’s variation is lower as done by 
[54,61,62,43,13,51,2], where the distance covered was in the nanoscale 
mostly aiming to handle DNA chains or biomolecules. Other strategy is 
to increase the separation of the poles to reduce force inhomogeneity, 
obtaining lower force values [26,42]. In [26], an additional strategy was 
used based on selecting those particles with similar size to reduce their 
polydispersity. The MT that considers 2D regions use to have very large 
workspaces, however no clear indications were found in literature about 
their force homogeneity [63], Kim (2013). In other cases where isolated 
bodies are considered in larger working volumes, like in the case of 
micromanipulators, the movement of the particle can be exerted by 
closed-loop controllers based on bead’s vision trackers to ensure preci-
sion Kummer [30], Zhang [57]. 

Section 1 has set a scope of this research attending to the necessities 
observed from the state of the art. Section 2 provides a specific theo-
retical background related the magnetophoretic force. In section 3, the 
MT is described as well as the optimization process. Section 4 defines the 
methodology and experiments to test the optimized MTs in micro-
rheology experiments. Finally, section 5 discusses results from simula-
tions and experiments and set the conclusions. 

2. Theoretical background 

The actuation provided by a MT to a magnetic microparticle is the 
magnetophoretic force ( F→). This force is due to the interaction between 

Table 1 
COV. Comparison of different MT from the literature. *Forces have been 
normalized to that applied to a magnetic bead of 3.77 μm with independence of 
their corresponding magnetization.  

Size of sample 
region (μm)

Normalized force* 
(pN) 

COV 
(%) 

Active 
Dimensions 

Citation 

75 90 N/A 1D [43] 
60 60 ~70 1D [51] 
50 1000 >100 1D [2] 
37.5 0.9 11 1D [26] 
1.5 13.4 ~25 1D [15] 
1 210 N/A 1D [16] 
0.4 30 N/A 1D 37 
0.015 120 17 1D [54] 
0.015 330 N/A 1D [62] 
0.1 31 1 1D [61] 
0.25 27 10 1D [64] 
15 1.4 >1000 1D [21] 
100 × 100 5.0 >100 2D [63] 
10.000 ×

10.000 
3.3 N/A 2D [65]  

A. Rodriguez-Barroso et al.                                                                                                                                                                                                                   



Measurement 222 (2023) 113552

3

the magnetic field generated by the MT and the magnetized micropar-
ticle [27]: 

F→= μcr(m→⋅∇)H→ (1)  

Here μcr is the magnetic permeability of the medium, m→ is the magnetic 
moment of the magnetized microparticle and H→ is the external magnetic 
field generated by the MT. 

Under the assumption that the magnetic microparticles are spherical 
in shape (radius α), their magnetic moment in the linear magnetization 
approximation (small fields) is given by: 

m→= 4πa3βH→ (2)  

being β the contrast factor between the particles and the carrier. 
In view of the fact that Boyer ([12]): 

m→×
(
∇× H→

)
= 0 (3)  

Equations (1) and (2) can be combined to get: 

F→= 2πμcra
3β∇‖H→‖

2 (4)  

being μpr the particle’s magnetic permeability. Once we know the force 

acting on the magnetic microparticles, their speed within a linear 
viscous liquid (viscosity η) can be calculated using the Langevin equa-
tion Reenen (2014), [54]. In the case of interest in this work, due to 
relatively large values that F→ can achieve and the low Reynolds number 
involved in the application, the velocity of the microparticle (V→) can be 
computed using the Stokes’ law ([26]): 

V→=
F→

6πηa
(5)  

In cartesian coordinates, from Equation (4) the following relationship 
can be set for a normalized magnetophoretic force: 

F*
̅→

:=

⎡

⎢
⎣

∂
⃦
⃦
⃦H→

⃦
⃦
⃦

2

∂x
,
∂
⃦
⃦
⃦H→

⃦
⃦
⃦

2

∂y
,
∂
⃦
⃦
⃦H→

⃦
⃦
⃦

2

∂z

⎤

⎥
⎦ (6)  

Interestingly, for a given set of particles (α and μpr) and carriers (ηand 
μcr), the magnetophoretic force is dictated by the gradient of the square 
of the applied magnetic field. 

In this manuscript we fix the sample volume where particles are 
immersed and pursue two goals. On the one hand, the magnetophoretic 
force will be maximized. According to Equation (4) this is equivalent to 

Fig. 1. a) finite element model of the mt consisting of 5 coils. black cylinders represent the mumetal cores. b) sample region where the beads are situated. c) top view 
of the mt model with the left coil activated with a current of 2 a, magnetic flux density and horizontal component of the magnetophoretic force 

(
F*

X
)
. The beads feel a 

force to the left in the blue region, while the force is to the right in red regions. Length scale in mm. 
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maximize ∇
⃦
⃦
⃦H→

⃦
⃦
⃦

2 
The second goal is to maximize the homogeneity of 

the magnetophoretic force. 

3. Prototype description 

We start from a triaxial field generator initially designed and con-
structed in our laboratory to generate uniform magnetic fields (i.e. 
negligible field gradients) in a large cylindrical volume (1 cm radius and 
1 mm height) for magnetorheological applications [45]. Hence, the 
magnetophoretic force in this particular setup is negligible. The gener-
ator consists of 5 coils of 612 turns of 1 mm2 copper wire: One pair 
aligned with the × axis, other pair aligned with the × axis and one coil 
for the vertical axis. This configuration allows to have access through the 
upper aperture to set microscopes, illumination or refrigeration systems, 
etc.. The windings are symmetrically placed respect to the axes inter-
section (center of the setup) and are rolled around MuMetal cylindrical 
cores (Magnetic Shield Corp.) of 68 mm length. Fig. 1a shows the sketch 
of the setup. 

With this device, inhomogeneous magnetic fields can be easily 
created just energizing one of the windings. In Fig. 1c the magnetic field 
distribution (predicted by finite element simulations, COMSOL Multi-
physics) on the xy plane is shown when a current of 2 A flows through 
one winding. As can be seen, the magnetic induction lines tend to follow 
the MuMetal cores and converge in the shaped regions. This generates a 
gradient that creates a force towards those shaped vertices. In Fig. 1c, 
this trend in the forces is shown noticing that the magnetic beads will 

move towards the active coil except in those regions close to the vertices 
of the non-active MuMetal cores. 

To get a quantitative insight on the induced magnetophoretic force, 
its magnitude and inhomogeneity are evaluated in a circular region in 
the center of the MT with diameter of 0.8 mm (later, this will be the area 
where the experimental sample is analyzed). In this context, the in-
homogeneity is defined as the relative difference between the maximum 
and the minimum values of the magnetophoretic force in the region of 
analysis. For the case shown in Fig. 1c, we have 

⃒
⃒F*

x
⃒
⃒ =

0.9⋅104 ± 6.8%
(

kA2

m3

)
. 

In order to generate a stronger and more homogeneous magneto-
phoretic force with the triaxial field generator, a possibility consists in 
inserting a magnetic material in between the poles and the sample. A 
similar approach has been successfully reported in the literature 
[26,47]. As a way of example, Fig. 2 shows the simulated magneto-
phoretic force in the xy plane when only one winding (in the x axis) is 
active and two magnetic spherical insertions (1 mm radius) are placed 
along the winding axis (4.5 mm from the setup center). Fig. 2a shows the 
contour plot of the Cartesian x and y components of the normalized 
magnetophoretic forcé F*

x and F*
y The magnitude of F*

x (|F*
x|) decreases 

with the distance to the spherical inserts. As expected, |F*
x|increases 

when increasing the current circulating through the active coil (see 
Fig. 2b) but the price to pay is a much more noticeable force gradient 
that is not desirable. Note that the non-active y axis also exerts a force 
which tends to maintain the magnetic microparticles in the center line 
along the x axis stabilizing the system under perpendicular 

Fig. 2. (a) top view of the center region of the mt when activating the left x coil. Two iron spheres (1 mm radius) are emplaced at both sides of the sample region (4.5 
mm apart from the center). The upper panel corresponds to F*

x (red-right, blue-left) while the lower panel corresponds to F*
y (red-up, blue-down). b) F*

x along the x axis 
for different electric currents circulating along the left x coil. 
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perturbations. 
To improve not only the magnetophoretic force strength but also its 

homogeneity within the sample volume we used other insertions. 
Concretely, we chose ferrite as a material (because of its high magnetic 
permeability μ ≅ 2300, low price and availability in the market) having 
cylindrical shape (to efficiently guide the flux lines towards the sample). 

A schematic of the MT including ferrites along the x axis is shown in 
Fig. 3. The final ferrite dimensions (width Wf and length Lf) and position 
(distance to the sample volume dc) were chosen according to an 
exhaustive optimization process. 

This was performed by running FEA simulations (in 2D or 3D 
depending on the particular configuration symmetry) of the whole 
generator with ferrite insertions setting for Wf Lf and dc random values 
with uniform distributions (stochastic optimization). In all those simu-
lations Maxwell’s equations are solved when only one winding of the x 
axis is active (current of 2 A) to generate a field gradient. Magnetic 
behaviors of all MuMetal cores and ferrite insertions were taken into 
account through the magnetization curves provided by the manufac-
turers. Rest of domains in the simulation are assumed to have the vac-
uum permeability, so they are non-magnetic. 

The simulated system was encompassed by spherical computation 
region 10 cm radius and zero flux was applied in its sides/faces as 
boundary conditions. Regarding the grid, a non-regular non-uniform 
grid based on second-order tetrahedrons was used. Close to the device 
center, where field gradients are of interest, the grid has a size in the 
range of 1 µm and 50 µm while it was coarser, up to 25 mm, in the rest of 
the computational domain. The most precise analysis region, shown in 
Fig. 1.b has a maximum grid of 25 µm. Result of this grid, most of the 
performed simulations have less than 1.5e6 degrees of freedom while 
the number of elements is between 1 and 2 million. Growing rate of the 
elements is set to 1.35. The used iterative solver is the FGMRES (flexible 
generalized minimum residual) with a convergence criterion based on a 
relative tolerance of 10-3 in a maximum number of 100 iterations. 
Nonlinear resolution is made by a damped Newton’s method approach 
with a relative tolerance of 10-3. 

First simulations were performed in the horizontal 2D plane of the 
ferrites and the magnetic beads, flushing the core face with the coil to 
increase the range of configurations for the ferrites. As optimum 
configuration it was chosen the one that maximizes the net force in the 
active axis (F*

x) and limits its inhomogeneity below the error of the 
configuration without any ferrite. Those simplified simulations allow us 
to analyze multiple ferrite configurations to have a previous idea of the 
qualitative feasibility of the optimization. For the 2D simulations, 

normalized force without ferrites and 2 A applied was 
⃒
⃒F*

x
⃒
⃒ = 46 ± 4% 

(
kA2

m3

)
In view of this value, a boundary for the force homogeneity was set 

to 4 %. Table 2 clearly shows that there exist solutions that increase the 
force strength keeping its homogeneity below 4 %. However, those 
values are achievable for very accurate ferrite’s sizes difficult to achieve 
experimentally. The next step was to select commercial ferrites as they 
are very well characterized so accurate relationship between simula-
tions and actual performance can be established. As observed in Table 3 
the force values for commercial ferrites with Wf = 3 mm and Lf = 25 mm 
have reasonably small values for homogeneity (but larger than 4 %) for 
large values of dc providing similar values to those from non-restricted 
shape ferrites. 

The next step is to incorporate other two ferrites of equal size in the y 
axis and to run 3D simulations again to ascertain the influence of these 
ferrites. In Fig. 4, the left coil is again activated with 2 A and a force 
towards the left appears in the central region. As observed in Fig. 4a, 
again, as the distance between the ferrites and the sample is reduced, the 
force is increased and its homogeneity reduced. Magnetic density and 
force values for these configurations are shown in Table 4. For longer 
distances between the ferrites and the sample the force still increases 
with respect the non-optimized case while the homogeneity is just 

Fig. 3. 2D simulation of the MT with 2 ferrites with 3 configurable parameters 
for the optimization: The width (Wf ), the length (Lf ) and the distance from the 
center of the ferrite to the center of the sample (dC). The electric current 
through the coil is 2 A. 

Table 2 
Force in the active axis as obtained in the sample region for different allowable 
relative errors. Results are obtained using 2D finite element simulations and 
optimizing sizes and positions of the ferrites when limiting the maximum rela-
tive error allowable. 1000 configurations were evaluated for each restriction. 
For 2D simulations, the normalized force without ferrites is 

⃒
⃒F*

x
⃒
⃒ =

46 ± 4%
(kA2

m3

)

.  

Max. error (%) Lf (mm) Wf (mm) dC(mm) ⃒
⃒F*

x
⃒
⃒
(kA2

m3

)

1  26.5  29.3  18.1 10 ± 1 % 
2  29.6  26.7  22.1 58 ± 2 % 
3  30.5  19.8  21.2 115 ± 3 % 
4  30.1  15.6  19.7 148 ± 4 %  

Table 3 
Results from 2D simulations of the magnetophoretic forces in the active axis 
corresponding to commercial ferrites and different distances to the sample.   

⃒
⃒F*

x
⃒
⃒
(kA2

m3

)

dC(mm) Wf = 0.75 mm; Lf = 7.5 mm Wf = 3 mm; Lf = 25 mm 

6 225 ± 107 % 749 ± 40 % 
7 145 ± 51 % 569 ± 29 % 
8 111 ± 29 % 439 ± 22 % 
10 81 ± 14 % 309 ± 15 % 
14 63 ± 7 % 223 ± 9 % 
20 55 ± 5 % 141 ± 6 %  
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slightly smaller making the dc = 20 mm case an appropriate candidate 
for the final prototype. 

Despite the improvement of the force observed in Table 4, the 

relative error is higher than in the case without ferrites in all the 
analyzed cases. To improve this result, four additional ferrites are placed 
at +45 ◦ and − 45 ◦. This configuration is shown in Fig. 5. As observed in 
the simulations, the same trend is found with respect to the distance. 
Table 5 shows the values corresponding to the configuration represented 
in Fig. 5. As observed, the configuration 

[
dx, dxy

]
= [15, 11] mm pro-

vides very good values with respect to the configuration without ferrites 
and with respect to the 4 ferrites optimization: The force has been 
multiplied by 2.8 while the relative force error has been reduced from 
6.8 % to 5.9 %. This is the prototype that was built and tested against 
experiments in the next section. 

Fig. 4. Commercial ferrites (Wf = 3 mm) in a distribution for 2 axes, magnetic field lines and magnetophoretic forces. a) Magnetic flux density. b) Normalized 
magnetic force along the x axis. Forces that push particles towards the left are in blue while forces that push the particles to the right are in red c) Normalized 
magnetic force along the xx axis being in black the mean value and in red the boundary values along the workspace and d) Magnetic flux density and normalized 
magnetophoretic force along the x axis for different separation between the ferrites. 

Table 4 
Results from 3D simulations of magnetic density and magnetophoretic force for 
ferrites (Wf = 3 mm) arranged in the configuration shown in Fig. 4.   

Bx(mT) ⃒
⃒F*

x
⃒
⃒
(

104 kA2/m3
)

No ferrites 8.6 ± 3.9% 0.9 ± 6.8% 
dx = 11 mm Lf = 12.5 mm 21.3 ± 9.7 % 13.2 ± 21.4% 
dx = 15 mm Lf = 10 mm 12.0 ± 5.9 % 2.6 ± 13.6 % 
dx = 20 mm Lf = 7 mm 9.7 ± 4.6 % 1.3 ± 9.0 %  
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Fig. 5. Commercial ferrites (Wf = 3 mm) with a distribution in 4 axes, magnetic field lines and magnetophoretic forces. a) Magnetic flux density and normalized 
magnetic force along the x axis. Forces that push particles towards the left are in blue while forces that push the particles to the right are in red b) Magnetic flux 
density and normalized magnetophoretic force along the x axis for different separation of the ferrites. c) Results from the 2D optimization in the horizontal plane 
where the ferrites are emplaced. Solid lines correspond to the case where all the ferrites are cut to the same length. Dotted lines correspond to the case where the 45 ◦

ferrites preserve a length of 15 mm while the others have variable length to have place in the space between the cores. 
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4. Microrheology experiments 

Fig. 6 shows a picture of the MT used in the experiments. Ferrites of 
width 3 mm and length 10 mm were used. The holder was built in PLA 
using a 3D printer Ultimaker 3. The ferrites were purchased from Fair- 
Rite Products Corp. and were simulated assuming a magnetization 
curve without coercivity. The influence of this magnetic remanence 
from the ferrites was analyzed by tracking the movement of the mag-
netic beads after the external field was applied. No significant bead’s 
movement was observed when this external field was removed due to 
the fact that the magnetophoretic force exerted by this remanence was 
lower than the friction between the particles and the surface. The ferrites 
have been cut to their corresponding lengths and attached to the cor-
responding grooves, serving as a method to ensure that all ferrites have 
the same length. 

The samples used to perform the microrheometry experiments con-
sisted in dilute water suspensions of iron microparticles (grade OM, from 
BASF SE Germany). These particles are spherical in shape with a 3.77 μm 
diameter and β = 0.65. Prior to the experiment, a drop of the suspension 
was kindly placed on top of a glass slide of 0.15 µm thickness. Then, the 
suspension was allowed to rest for the particles to sediment. 

The microrheometry test consisted in activating the two coils of the 
× axis alternatively during different intervals of time (0.5, 1, 1.5 and 2 s) 
and different currents (1, 1.5, 2 and 2.5 A) (see Fig. 7). These experi-
ments were repeated without and with ferrites in the optimal configu-
ration. The periodic movement of the magnetic microparticles was 
recorded with a high-speed camera (Photron MiniAX) at 20 fps with 1/ 
1000 s aperture time and 512 × 512 pixels resolution. Images were 
analyzed using a custom-built Matlab code. Several filters were used. 
Firstly, a low pass filter (F#1) (Butterworth of 4 order) at 4.5 Hz was 
used to remove noise produced by the MTs vibration. Filters were also 
necessary to remove movements with a duration shorter than 75 % of 
the duration of the magnetic pulse (F#2), with a displacement smaller 
than half a pixel (0.87 μm) (F#3), movements leaving the region of 
analysis (a circle in the xy plane of diameter 800 μm) and also the 
outliers, defined as those particles whose displacement is bigger than 2 
times the standard deviation of the displacement of all the beads 
considered (F#4). Those outliers filtered with F#4 use to be due to in-
teractions between particles as they use to show few cases of higher 

Table 5 
Magnetic field density and magnetophoretic force corresponding to the ferrite 
configuration shown in Fig. 5 with all the ferrites cut to the same length.   

Bx(mT)
⃒
⃒F*

x
⃒
⃒
(
104 kA2/m3)

No ferrites 8.6 ± 3.9% 0.90 ± 6.8% 
[dx,dxy ] = [15, 15]mm 12.5 ± 5.4% 2.5 ± 12.3% 
[dx,dxy ] = [15, 11]mm 13.6 ± 4.4% 2.5 ± 5.9%  

Fig. 6. a) Removable prototype with the ferrites distribution in a 3D printed PLA support. b) Prototype attached to the actual MT to optimize its performance.  

Fig. 7. Schematics of the microrheometry experimental protocol. The two coils 
are fed alternatively to produce forces (F) in opposite directions. Different pulse 
durations (t) are tested, ranging from 0.5 s to 2 s. 

Fig. 8. Number of samples remaining after applying each filter for the 32 tests 
(2 tests for each pulse condition). F#1: low-pass filter. It does not discard any 
sample as it just reduces high frequency vibrations. F#2: timing filter, F#3: 
minimum displacement filter, F#4: inside analysis region. 
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force values. The efficiency of the filters is demonstrated in Fig. 8. Here 
we show how the number of microparticles reduces as the filtering 
proceeds. Note that a large amount of particles were stuck on the glass 
plate. 

The comparison between averaged microparticle displacements for 
different values of current and illustrative elapsed times are shown in 

Fig. 9. It is observed that displacements are lower than the microparticle 
diameter along the non-active axis. However, along the active axis, the 
displacement is larger with than without them (compare Fig. 9a and 
Fig. 9b). In addition, the larger the current or the elapsed time, the larger 
the displacement (compare Fig. 9a and Fig. 9c). Note that the dispersion 
of the results is larger for the largest currents and elapsed times. 

Using equation (6) and knowing the velocities of the microparticles it 
is possible to compute the magnetophoretic force and to compare it with 
the simulations. Results are shown in Table 6 and Fig. 10. A very good 
agreement is found between the simulations and experiments in both 
cases, with and without ferrites. As expected, magnetophoretic forces 
without ferrites (0.41 pN at 2 A) are clearly below the data with ferrites 
(0.83 pN at 2 A). Despite of the fact that the relative error for the ferrite 
is higher than the predicted one, the values are equivalent to the pro-
totype without ferrites (38.9 % without ferrites vs 36.8 % with ferrites 
for 2 A applied). The discrepancy between the predicted error and the 
measured one can be due to several reasons: local magnetic forces, 
polydispersity of the beads, agglomeration of particles, etc. To reduce 
those effects, each test where performed with a newly prepared sample. 

Let us now discuss the homogeneity of the magnetophoretic force. In 
the simulations, the homogeneity has been computed along the central 
active line. Due to the symmetry of the device, the central line within the 
active region is where higher relative error is expected. As observed in 
Fig. 10, relative errors in experiments are larger than simulations. 
However, this increased variability of the force could be not only due to 
the inhomogeneous gradient but to other factors such as the interaction 
between nearby particles, the movement of two or more beads stuck 
together forming a cluster, etc. An appropriate way to check the 

Fig. 9. Final displacement of the beads for pulses of 0.5 s and 1.5 s for currents of 1, 1.5, 2 and 2.5 A. Values represented correspond to the mean and standard 
deviation for the samples considered for each test. a,c) Values corresponding to the magnetic tweezer without ferrites. b,d) Values corresponding to the MT with the 
ferrite distribution. 

Table 6 
Theoretical and measured force of the MT before and after the optimization for 
magnetic beads grade OM, (BASF SE Germany) of 3.77 μm and pulses of duration 
of 0.5, 1, 1.5 and 2 s. The Reynolds number in these experiments is typically of 
the order of 10− 4≪1. Experimental errors are analyzed in Appendix A.  

Prototype Current Type Force (pN) COV Samples 

No ferrites 1 A Simulated 0.08 ± 7.36 %   
Experimental 0.10 ± 93.0% 28.4 % 757 

1.5 A Simulated 0.18 ± 7.31 %   
Experimental 0.24 ± 95.8% 37.0 % 1011 

2 A Simulated 0.31 ± 6.80 %   
Experimental 0.41 ± 114% 38.9 % 685 

2.5 A Simulated 0.50 ± 7.59 %   
Experimental 0.58 ± 108% 36.0 % 881     

Ferrites 

1 A Simulated 0.22 ± 6.55 %   
Experimental 0.23 ± 69.6% 26.3 % 1410 

1.5 A Simulated 0.49 ± 6.54 %   
Experimental 0.62 ± 133% 30.1 % 867 

2 A Simulated 0.87 ± 5.9 %   
Experimental 0.83 ± 126% 36.8 % 1434 

2.5 A Simulated 1.35 ± 6.44 %   
Experimental 1.11 ± 99.1% 21.7 % 845  
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Fig. 10. Magnetophoretic force of the particles for each current applied. Pulsed durations of 0.5 s, 1 s, 1.5 s, and 2 s are applied for each experimental dataset. Adjust 
curve is set following experimental data from the non-optimized and optimized systems. Simulated mean values are shown as red dots (non-optimized system) and 
green dots (optimized system). 

Fig. 11. Difference of the displacements between the particles situated in the 
region closer to the coil and the region furthest to the coil. Each of these regions 
are the 25 % of the total area of the analyzed sample. 

Table A1 
Uncertainty corresponding to the experimental results for each current applied. 
Different pulse duration experiments have been merged to analyze the robust-
ness of the measure under different duration of the trajectories.  

Position uncertainty for pulse duration of 0.5, 1, 1.5 and 2 s  
Current Std. dev. (μm) uA (μm) uC (μm) 

No ferrites 1 A 1.6  0.058  0.066  
1.5 A 5.0  0.16  0.16  
2 A 8.6  0.33  0.33  
2.5 A 13  0.44  0.44 

Ferrites 1 A 4.3  0.11  0.11  
1.5 A 17  0.58  0.58  
2 A 28  0.74  0.74  
2.5 A 23  0.79  0.79  

Table A2 
Uncertainty for the velocity and force corresponding to the experimental results 
for each current applied. Different pulse duration experiments have been 
merged to analyze the robustness of the measure under different duration of the 
trajectories.  

Velocity and force uncertainty for pulse duration of 0.5, 1, 1.5 and 2 s  

Current uC(v)[μm/s] uC(F)[pN]

No ferrites 1 A 1.3 0.093 
1.5 A 3.2 0.23 
2 A 6.6 0.47 
2.5 A 8.8 0.63 

Ferrites 1 A 2.2 0.16 
1.5 A 11.6 0.83 
2 A 14.8 1.1 
2.5 A 15.8 1.1  
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homogeneity of the applied force within the analyzed sample is to 
compare the displacement of the particles between the further and 
closer regions of the workspace. One of them is in the region closer to the 
active coil while the other is in the opposite region and both have the 
same surface. The displacements of the particles contained in those re-
gions were tracked for all the currents and pulse durations and the dif-
ference between the two regions computed. Fig. 11 shows the results, 
where the difference of displacements in the direction of the active axis 
in both regions have a mean value practically equal of 10 µm (around 
three times the particle diameter). This shows that there is a good force 
homogeneity in the analyzed area and that the source of variability of 
the measured force is not due exclusively to the exerted force field. 

5. Conclusions 

Traditionally, MTs maximize the magnetophoretic force strength 
without paying attention to the magnetophoretic force homogeneity. 
This is so because the sample volume is typically small and therefore 
inhomogeneity is not an issue. However, for sufficiently large sample 
volumes, such as those needed in multiplexing applications, an appro-
priate design must take into account both strength and homogeneity. 

In this manuscript we show, using finite element simulations and 
experiments, that it is feasible to enhance both the strength and ho-
mogeneity using magnetic inserts in between the sample and the poles 
by appropriately choosing the ferrites and geometry. At first, we 
demonstrated that the force homogeneity can be tuned with the length 
and width of the ferrites. As shown in Table 2, shorter and wider ferrites 
produce more homogeneous force at the cost of reducing its strength. We 
have also observed a direct correlation between magnetic force homo-
geneity and distance between commercial ferrites, obtaining higher 
forces when they are close to the sample. 

The final ferrite configuration, shown in Fig. 5 and Fig. 6, enhances 
the effect from the basic configuration of two ferrites. The magneto-
phoretic force is increased by a theoretical factor of 2.5, from 0.31 to 
0.87 pN (considering CIP of 3.77 μm) and experimentally by 2.0, from 
0.41 to 0.83 pN with the same magnetic beads. However, the measured 
force does not consider friction and proximity effects that could be 
proportional to the velocity. The COV (quotient between the standard 
deviation and the mean) of the experimental data from the case without 
ferrites is 38.9 % while in the case of the ferrites is 36.8 % for a current of 
2 A, slightly lower than without the optimization, as expected. In 
addition, the applied force was maintained along the analysis region in 
the sample, providing a homogeneous vector field for the magneto-
phoretic force with a mean difference of displacement between the 
closest and furthest region of 10 µm, while displacements with ferrites 

use to be larger than this value for adequate values of current and time as 
shown in Fig. 9. This shows that an important source of errors can come 
from interparticle interactions, chain formation and heterogeneities in 
friction and viscosity levels. 

Some direct applications of these results are the possibility to exert 
higher forces with constant values along a wide region to magnetic 
particles. So this, smaller beads can be used and dispersed over a wider 
area to provide more accurate microrheology measures, with higher 
spatial resolution and covering larger samples. 

Some possible future lines could point to perform force optimizations 
considering different materials or shapes and also tridimensional con-
figurations. Results obtained from microrheology experiments proposed 
could enhance position control of microrobots as a precise viscosity map 
of the environment could be generated. 
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Appendix 

The quality of the performed measurements is provided following to the Guide to the expression of uncertainty in measurement (GUM) JCGM: 
Guides in Metrology. According to the 20 fps used, the time resolution of the videomicroscopy measurement is 0.05 ms. Assuming a uniform dis-
tribution of this measurement, the related type B uncertainty is: 

uB(t) =
0.05 ms

̅̅̅̅̅
12

√ = 0.014 ms  

While the spatial uncertainty is based on the camera’s signal-to-noise ratio (SNR) [38]. This can be deduced from the specifications of the CCD sensor, 
which has a quantum efficiency (Qe) of 46% and a size of 20.48 mm × 20.48 mm, working at 25 ◦C with the illumination source BHDS-00 from 
Infaimon which provides more than 3000 lx at 15 mm, an integrating time of 1 ms. Scientific grade CCDs use to have values of dark current (ID) lower 
than 5 electrons /(s ⋅pixel), and Nr around 10 electrons / pixel, which is a typical value at the working temperature. According to those values, the SNR 
in similar conditions is provided by [46] for a 1.4 Megapixels camera as SNR = 90. 

For a magnetic bead size (a) of 3.77 μm, a pixel resolution (ln) of 1.74 μm and a mask diameter (m) of 9 pixels, the position uncertainty is given by 
[38]: 

uB(x) =
ln

SNR 2π1
2

m2

a2 = 0.031 μm 
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As observed, type B uncertainty is very reduced in comparison with type A uncertainty, showing that the sensibility of the instruments used is 
appropriate for the experiments performed. The uncertainty of the velocity has been obtained as indirect measurement with the following expressions: 

uC(v) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
t2u2

C(x) +
x2

t4 uC(t)
√

The biggest uncertainty values for the velocity are obtained for the minimum sample time, which is tmin = 50 ms and maximum displacement in that 
time, which is obtained from Fig. 9, is related to the current applied, having maximum boundary values of 0.67, 1.33, 1.67 and 2 μm for the cases of 
0.5, 1, 2 and 2.5 A respectively. The uncertainty in the velocity is chosen for the most unfavorable case (see Table A1). 

The uncertainty for the force is obtained from (5) as: 

uC(F) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(6πηa)2u2
C(v) + (6πav)2u2

B(η)
√

Which is solved assuming a sample’s temperature of T = 20 ± 1 ◦C when the experiment was performed, the water’s viscosity is η = 1.002 ± 0.025 
mPa/s, maximum velocity, maximum current, and a constant diameter for the beads of 3.77 μm. Uncertainties for the velocity and force are shown in 
Table A2. The relative error corresponding to this uncertainty is shown in Table 6. 
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