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Spatially selective remote magnetic actuation of
identical helical micromachines
Jürgen Rahmer,1* Christian Stehning,2 Bernhard Gleich1

Magnetic micromachines can be controlled remotely inside the human body by application of external magnetic
fields, making them promising candidates for minimally invasive local therapy delivery. For many therapeutic sce-
narios, a large team of micromachines is required, but a convincing approach for controlling individual team mem-
bers is currently missing. We present a method for selective control of identical helical micromachines based on their
spatial position. The micromachines are operated by uniform rotating fields, whereas spatial selection is achieved by
application of a strong field gradient that locks all machines except those located inside a small movable volume.
We deliver experimental evidence of three-dimensional selective actuation with a spatial selectivity on the order of
millimeters over a workspace large enough for clinical applications. Selective control of teams of helical microma-
chines may improve minimally invasive therapeutic approaches and may lead to more flexible local drug delivery
systems or adaptive medical implants. As an example, we propose a concept for adaptive radiation treatment in
cancer therapy based on selective switching of radioactive sources distributed inside a tumor.

INTRODUCTION
Magnetic fields are used in many contexts to apply torques and forces
for remote control of magnetic devices. In medical applications, they
navigate a catheter inside the heart (1) or steer a video capsule in the
gastrointestinal tract (2). Magnetic devices can be miniaturized, as
scaling laws predict constant ratios of torque to volume and force
to volume, respectively (3). Thus, magnetic control has been demon-
strated with objects as small as a few micrometers (4–6). High
potential is seen in micromachines for local therapy delivery (7, 8),
and various designs for magnetic micromachines have been proposed
(9–11). However, many promising applications, such as homogeneous
local drug delivery, require the control of many micromachines for
distributed operation on the same task (12). Although “swarm con-
trol” has been demonstrated by simultaneous steering of identical mi-
cromachines using a uniform field (13), individual control of members
of a team of micromachines, that is, “multirobot control,” remains a
challenge (14). To date, only small numbers of micromachines can be
controlled individually, and they need to differ in their magnetism or
mechanical composition (15–17). We introduce a concept for control-
ling selected members of a team of identical helical micromachines
based on their spatial position. The method combines a static mag-
netic field gradient with the application of dynamic uniform fields.
The gradient field, also called the selection field, selects a small volume
by locking the actuation of all machines located outside this volume.
The dynamic fields are used to position that volume on the desired
machine(s) and to perform the actuation. The concept is inspired
by the field configuration used for signal localization in magnetic par-
ticle imaging (MPI) (18). Proof-of-principle experiments have been
performed using MPI field generators because of their ability to gen-
erate the required field configurations (19, 20). However, the magnetic
manipulation concept is completely independent of MPI and, depend-
ing on application scenario, can be realized with simpler dedicated
field applicators.

Figure 1 (A and B) displays a sketch and a photograph of a field
applicator with a bore diameter of 12 cm. It consists of three pairs of
coils mounted along the three spatial axes and cylindrical soft magnetic
cores for field amplification in z direction. If a coil pair is driven with
parallel currents of equal amplitude, it creates a spatially uniform field
along the axis, similar to a Helmholtz coil. The combination of three
coil pairs enables the generation of uniform dynamic fields with arbi-
trary orientation. In z direction, the currents can be adjusted indi-
vidually for each coil. If the currents have the same amplitude but
opposite signs, the coil pair acts as a Maxwell coil (21) that creates a
uniform selection field gradient in the vicinity of the center of the
setup, as shown in Fig. 1C. Because of the symmetry of the setup,
the field is zero at the center point, which is therefore called the
field-free point (FFP). Concurrent application of the selection field
gradient and dynamic uniform fields leads to a field superposition.
It can be described locally (by looking at the resulting field variation at
a fixed spatial position) or globally (by looking at the resulting FFP
shift in space). Both views have advantages in certain circumstances.
As further detailed in Materials and Methods, in the global view, any
dynamic sequence of uniform fields applied in the presence of the static
gradient field can be translated into a unique spatial trajectory that the
FFP traverses in time. Within a limited volume around the center of
the field generator, the relation between applied uniform field strength
and FFP translation is approximately linear. Expressing a field sequence
in terms of an FFP trajectory can be useful for understanding and
designing manipulation sequences for micromachines.

RESULTS
Consider many identical screws distributed over a three-dimensional
(3D) volume at random positions and orientations (Fig. 2A). Each
screw resides in a threaded cylinder that is fixed in space. The screw
can be moved inside the cylinder by rotation about its long axis. It
further contains hard magnetic material that is magnetized transverse-
ly to its axis of rotation. Our objective is to actuate each screw individ-
ually by applying external magnetic fields, that is, to drive it forward or
backward without driving any of the other screws.

When an external magnetic field is applied transversely to the
screw axis, but at an angle with respect to the magnetization vector,
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a torque is created that causes the screw to turn (Fig. 2A, inset). If the
field rotates about the axis, the screw can be driven continuously in its
thread. However, when applying a uniform rotating field Hrot(t) to a
distribution of screws, all screws sharing the correct alignment with
respect to the applied field will follow the rotation. To gain control
over an individual screw, the rotating field needs to be confined to
a small volume around it. We achieve this by applying a static selec-
tion field Hs(r), whose dependence on spatial position r has a linear
gradient in each field component. If no other fields are applied, the
FFP is located at the center of the setup, that is, Hs(0) = 0. In the
combined field, H(r, t) = Hs(r) + Hrot(t), a screw located at the FFP
will only experience the rotating field component and will follow the
rotation if its axis is correctly aligned. However, when moving away
from the FFP, the static component increases almost linearly and soon
becomes larger than the rotating component. In that case, depending
on the orientation between the two field components, the total field
vector either does not rotate or exerts a tilting torque on the screw axis.
We assume here that the microdevices reside in a sufficiently rigid

environment, so the tilting torque blocks screw rotation inside the
thread (details in Materials and Methods). Consequently, the field
configuration selectively drives screws located in a small volume around
the FFP, whereas all other screws are locked by the local static field. To
sequentially center this actuation volume on different screw positions,
an additional uniform offset field Hoffs(t) is applied. Knowledge about
the position and orientation of the screws can be obtained using a 3D
imaging method, for example, x-ray computed tomography (22).

For a simple demonstration, let us first look at three screws positioned
inside the bore of our field applicator (Fig. 2B). Attached to each screw is
a magnetic ring whose magnetization is oriented perpendicularly to the
screw axis. A screw is a helical object, and helical objects can be driven by
a uniform rotating field Hrot(t) (11). In that case, all screws simulta-
neously move up or down, depending on the sense of field rotation. With
a uniform field, the screws cannot be operated individually. To address
individual screws, we need to superimpose a selection field Hs(r) that
locks the rotation of all screws except for the one located at the FFP po-
sition. With the help of an offset fieldHoffs(t), this enables the selection of

Fig. 1. Field generator and FFP. (A) Schematic of field generator, consisting of three orthogonal sets of coils (copper color) and an iron core in z direction (gray color). Each
coil pair in x and y direction is driven by an individual amplifier in a Helmholtz configuration and thus generates a spatially uniform field. In z direction, each coil is supplied by
an individual amplifier so that all field configurations between a Helmholtz (same current amplitudes and signs on both coils) and a Maxwell configuration (same current
amplitudes but opposite signs) can be generated. The Maxwell configuration generates a spatially uniform selection field gradient. (B) Photograph of the field generator. The
bore diameter is 12 cm. (C) Idealized selection field generated in the Maxwell configuration at the center of the field generator. An xy plane through the center of the setup is
shown. Its center point is the position of the FFP, where the field magnitude (color map) is zero. White arrows represent local field vectors.

Fig. 2. Three-dimensional arrangement of screws and spatially selective actuation demonstration. (A) General scenario of randomly distributed screws. In spheri-
cal coordinates, a screw position is determined by its distance from the origin r, azimuth ϕ, and polar angle ϑ. The magnetization vector of a screw M is oriented
transversely to the screw axis. If a magnetic field H is applied in the plane transverse to the axis as well, a torque T is generated about the axis (inset). (B) Three plastic
screws mounted in a threaded plate are equipped with magnetic rings with magnetization orientation transverse to the screw axes. Application of a rotating uniform
field in the horizontal plane drives all screws simultaneously. (C) Superposition of a strong gradient field on the rotating field allows driving selected screws individually
(movie S1).
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a single screw for rotation, whereas the others do not follow (Fig. 2C and
movie S1). The field sequence can be visualized by looking at the result-
ing FFP trajectory. Figure 3A shows the field configuration in the central
xy plane, where the screws are located. The static selection field
component Hs(r) generates the FFP that is moved to a screw position
by Hoffs(t) (position of the red arrow with white outline). At the FFP,
the screw is subject only to the rotating field Hrot(t). The field plot in
Fig. 3A shows that the rotating field component causes the FFP to travel
along a circular trajectory around the screw position (red circle). Field vec-
tors inside the circle fulfill a complete rotation (red arrows), whereas field

vectors outside do not rotate (movie S3). If a single screw is to be selected
for actuation, the radius of the circular FFP path rFFP = ∥Hrot(t)∥/Gx has
to be adjusted so that the circle encloses only the desired screw. Hereby,
Gx = Gy is the gradient strength in the xy plane. To actuate a subset of
screws, the amplitude of the rotating field can be increased or the gradient
can be lowered so that more screws are encircled by the FFP path. The
field amplitude can even be changed during rotation to generate a non-
circular closed path around the objects to be included in the actuation.

For an application-related experiment, we prepared smaller screws
that operate in threaded plastic cylinders (Fig. 4). These can be seen as

models for switchable radioactive sources
to be implanted into tumors for radia-
tion therapy, so-called seeds (23). For
switching a seed off and on, the radioac-
tive material attached to the screw would
be moved in and out of a cylinder made
from radiopaque metal. In the model
seeds, radioactivity is represented by optical-
ly phosphorescent material (Fig. 4A).

For demonstration of horizontally
selective actuation, we performed a pla-
nar experiment with four model seeds
positioned at the corners of a square in
the bore of a field generator (Fig. 4B).
As the screw axes were aligned vertically
(z direction), a rotating field was applied
in the horizontal (xy) plane for actuation.
At the beginning of the sequence, the ro-
tating field was applied in the absence of
a gradient field so that all screws were
driven simultaneously into their thread
and the optical emission was shielded. In
the next step, the sense of rotation was
reversed, and a static gradient field was
added in conjunction with static offset
fields that centered the FFP sequentially

Fig. 3. Field configuration for spatially selective actuation of helical objects with axis transverse to the hor-
izontal (xy) plane. (A) The static gradient field generates an FFP in the xy plane (dark blue area). Arrows indicate
local field vectors, whereas background color represents field magnitude. Application of a rotating horizontal field
component moves the FFP on a circular path (red circle) (movie S3). All positions inside the circle experience a
rotating field (red arrows), whereas outside the circle, the field vectors do not go through a full rotation. Thus,
actuation of helical objects can be confined to the circle. The central arrow (red with white outline) experiences
a constant torque, whereas the other red arrows are subject to a variable torque. (B) Field configuration in the xz
plane. The black dashed line indicates the orientation of the helical axis for optimal rotation. The red box is a
projection of the cylinder to which actuation is confined under the assumption of a minimal tilting torque required
to prevent rotation. The red dashed diamond shape is a projection of the double-cone volume to which actuation is
confined under the assumption of a minimal field angle at which rotation is blocked (see Materials and Methods).

Fig. 4. Switchable radiation source demonstrators and experimental verification of 3D spatially selective actuation. (A) The “radiation source” (a phosphorescent
powder) is placed at the tip of a brass screw filled with hard magnetic material. The magnetic moment is transverse to the screw axis. To switch off the source, rotating
magnetic fields drive the screw into the threaded plastic cylinder that shields the “radiation.” (B) For the demonstration of horizontal selectivity, four switchable sources are
mounted at the corners of a quadratic rectangle with edge length of 26 mm, which is positioned in the bore of the field applicator. The sequence is applied two times, once
with illumination (bottom) and once without illumination to visualize the “radiation sources.” In the first part of the sequence, the seeds are switched off jointly by application
of a rotating field with amplitude of 7.5 mT/m0. In the second part, the sense of rotation is reversed, and a field gradient of Gx = Gy = 0.5 T/m/m0 is superimposed to selectively
switch on the seeds. As a consequence, the FFP travels on a circular path of 15-mm radius (cf. Fig. 3), which is small enough to reliably avoid actuation of neighboring screws.
Using an additional offset field, the actuation volume is successively placed on each screw, in the order indicated by the numbers (movie S2). (C) For the demonstration of
vertical selectivity, the sources are mounted above each other. In that case, a gradient of Gx = Gy = 1.25 T/m/m0 is applied, whereas the amplitude of the rotating field
component is 25 mT/m0. First, the lower source is switched off by centering the FFP trajectory around its screw. Second, it is centered on the upper screw to switch off
the upper source. Finally, both are switched on jointly by applying the rotating field sequence in the absence of a gradient (movie S4).
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on the four screws. This procedure allowed individual operation of all
screws, which were sequentially driven upward until the phosphorescent
source was visible again (movie S2). The achievable spatial selectivity of
the method depends on the available gradient strength and the minimal
torque required to drive the screw. For our field generators and model
screws, a conservative estimate yields a maximum spatial selectivity, that
is, minimal screw separation for individual actuation, between 3 and
4 mm (see Materials and Methods).

Looking at the field configuration in the xz plane (Fig. 3B), one
finds that screws located above or below the disc encircled by the
FFP path also experience a rotating field component. However, outside
the plane of FFP motion, the increasing vertical field component cre-
ates a tilting torque on the screw axis and thus increases friction. At a
certain magnitude of the vertical field component, friction is large
enough to block screw rotation. This mechanism constrains the actu-
ation volume to a cylinder, whose length is determined by the minimal
vertical field required to block the screw. The projection of this cylinder
is displayed in Fig. 3 (A and B) (red circle and solid rectangle, respec-
tively). For demonstration of vertically selective actuation, two model
seeds were placed coaxially above each other (Fig. 4C) so that the same
lateral field components apply. First, the lower screw was driven into

its cylinder by placing the plane of FFP
motion at its level. In that plane, the
screw does not experience a tilting torque,
whereas the screw located above the
plane is subject to a strong tilting torque
that blocks its rotation. In the next step,
the upper screw was actuated by moving
the plane to its level. Finally, both screws
were jointly driven upward by switching
off the gradient field and reversing the
sense of rotation (movie S4). The feasibil-
ity of 3D selective actuation in a rigid
environment is herewith demonstrated.

DISCUSSION
A point that needs to be considered is the
force acting on magnetic micromachines
in a magnetic field gradient. In the de-
scribed medical application scenario, the
screws are held in place by threaded cyl-
inders embedded in capsules or implants
that would be fixed by surrounding tissue.
One can estimate that the magnetic forces
would not exceed the weight of the im-
plant and thus would not pose a risk in
in vivo applications (see Materials and
Methods). Tissue can resist even higher
forces so that applications, where screws
are directly driven through tissue (24),
could also be combined with spatial selec-
tivity. On the other hand, the permanent
presence of forces on all objects in the
workspace requires more effort when ap-
plying the selective actuation approach to
magnetic swimmers in fluids (5). To
achieve selective control over microswim-
mers, field sequences with high rotation

frequency are necessary to keep the rotation-induced propulsion speed
above the force-induced drift. In addition, rotation above or below the
plane of FFP motion cannot be blocked by a tilting torque because the
microswimmer would just realign with the field. However, the new ori-
entation would require rotation about an axis different from the long
axis of the helical device, which would be inefficient. Thus, one can
expect that spatially selective actuation would work in fluids as well,
but workable implementation strategies still need to be developed.

Attractive applications can already be realized with microma-
chines that reside in a rigid environment. One class of applications
is based on mechanisms driven by several screws that are controlled
individually. In orthopedics, this could be implants, whose shape can
be adapted to the healing process or to correct inaccurate placement
without the need for multiple motors or a power supply inside the device
(25). In applications such as limb lengthening or early-onset scoliosis, a
mechanism based on several controllable screws may offer higher flex-
ibility in extendible prostheses or growth rods than currently available
methods (26, 27). In addition, the approach can be useful in micro-
fluidics, where simple and tiny magnetic pumps and valves may be
envisioned that can be individually actuated without an electrical or
mechanical link. Another class of applications is related to simple

Fig. 5. Spatially selective actuation experiment on clinical-scale field applicator. (A) Schematic of field generator,
consisting of a total of 16 coil stacks (copper color) mounted on a steel yoke (light gray). Soft magnetic materials are
used for flux guidance (dark gray). The central coils colored in red, green, and blue are high-frequency coils used for MPI
and have not been used in the manipulation experiments. The sphere at the center indicates the spherical volume over
which the FFP can be shifted while maintaining a gradient strength of Gz = 2.0 T/m/m0. It has a diameter of 20 cm.
Outside this volume, selective actuation is also possible with increasingly lower spatial selectivity. (B) Photograph of field
generator with high-frequency coils and copper shielding installed. The bore diameter of the high-frequency coils is
34 cm and 45 cm in vertical and horizontal direction, respectively. (C) Demonstration of spatially selective actuation
on clinical-scale system. The experiment is similar to the one shown in Fig. 2 (B and C). Three of the four screws are
driven up and down individually during the field sequence (see movie S7). (D) Overview image of the screws placed
at the center of the field generator. When the imaging coils and the copper shielding required for imaging are not
mounted, the accessible space has a height of 42 cm and is open laterally.
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micromachines for local therapy delivery, such as remote-controlled
drug release from a distribution of injectable magnetic micropills
(28). Remotely switchable radioactive seeds are a special case of this
class. Compared to external beam radiation therapy, implantation of
radioactive seeds into a tumor [“brachytherapy” (23)] avoids many
side effects resulting from irradiating surrounding healthy tissue (skin
irritations and bleeding) and reduces the risk of creating a radiation-
induced second cancer. Despite these advantages, brachytherapy is
currently applied only to few tumor types: Without the possibility
of adjusting the seed radiation after implantation, the number of
radioisotopes with a suitable decay half-life and radiation energy is
limited. Furthermore, many tumors are hard to access for seed im-
plantation. Switchable seeds would enable the use of sources with lon-
ger half-life or higher dose rates because the radiation can be switched
off after the desired dose has been applied. Besides, migrating seeds
ending up too close to healthy tissue or sensitive organs could be
switched off. Using a helically slotted shield, directional seeds with re-

motely adjustable radiation direction
could be built. These would allow further
improvements in dose painting and
sparing of healthy tissue (29, 30). In ad-
dition, magnetic manipulation has been
shown to be scalable to the micrometer
regime (3, 11). We estimate that the size
of switchable radioactive seeds can be re-
duced to about 150 mm while maintaining
the required thickness of the shield (for
103Pd radiation). Using a catheter, seeds
of this size could be discharged into the
bloodstream of a tumor-feeding artery so
that they are carried into the tumor and
embolize small vessels. After localization
via imaging, only seeds that ended up in
the tumor would be activated remotely.
To date, without the possibility of switch-
ing seeds, the approach is restricted to liver
treatment (“selective internal radiation
therapy”), where anatomy ensures that
a large fraction of the seeds ends up in
the tumor (31). Transarterial delivery of
switchable seeds would make most tu-
mors accessible for brachytherapy.

The selective actuation mechanism
was demonstrated using a simple field
applicator with six coils operated by
four individual amplifiers, addressing
three orthogonal uniform fields and a
uniform gradient field in one spatial di-
rection. The low complexity enables
scaling of the field applicator to clinical
size without substantially sacrificing
field or gradient strength. Figure 5 (A
and B) shows a clinical-scale field appli-
cator. Here, a different coil configuration
has been chosen for the field generator to
enable patient access from the sides. Joint
operation of several coil stacks containing
soft magnetic cores generates the required
uniform fields in all spatial directions.

The maximum field gradient achieved in vertical direction is compa-
rable to the maximum on the small system and is maintained while the
FFP is moved inside a sphere with a diameter of 20 cm. Selective ac-
tuation is possible over an even larger workspace at reduced spatial
selectivity. For demonstration, the selective manipulation experiment
of Fig. 2 (B and C) has been repeated with this system (see Fig. 5C).
If the imaging coils and shielding are mounted (Fig. 5B), the acces-
sible work space has a height of 34 cm and a width of 45 cm; oth-
erwise, the height limitation is 42 cm and the system is open laterally
(movie S7).

In a clinical application, magnetic micromachines would need to
be localized inside the human body before actuation. One approach
would be to combine existing imaging equipment, such as cone beam
computed tomography, with a simple open and mobile magnetic field
applicator. The drawback is the use of ionizing radiation, which can be
a limiting factor if continuous device monitoring is required. An al-
ternative would be the use of MPI for localization. MPI is a highly

Fig. 6. Simulated field configuration of an ideal Maxwell coil. (A) Local field vectors (white) and absolute field values
(color-coded) in the central xy plane. (B) Local field vectors (white) and absolute field values (color-coded) in the central xz
plane. The coils are indicated by white dashed lines. For the field simulation, two circular coils with a radius of R = 70 mm,
120 windings, and a distance of

ffiffiffi
3

p
R ≈ 121 mm were supplied with a current of 100 A. At the center of the setup, the

resulting gradient in the Hz(r) field component points in z direction and has an amplitude of Gz = −2.0 T/m/m0. In the xy
plane, gradients in the Hx(r) and Hz(r) components point along x and y and have amplitudes of Gx = Gy = 1.0 T/m/m0,
respectively. (C) Linear field profiles of x field component Hx(r) along x center line and along lines with lateral offsets in y
and z direction. The slope of the field and thus the gradient Gx is uniform over about ±40 mm in each direction. At the FFP,
the field is zero. Application of a uniform offset field leads to a linear shift of the FFP in space (pink dashed line). (D) Linear
field profiles of z field component Hz(r) along z center line and along lines with lateral offset in x and y direction. The slope
of the field and thus the gradient Gz is uniform over about ±40 mm in each direction. Application of a uniform offset field
thus leads to a linear translation of the FFP (pink dashed line).
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sensitive imaging method that is capable of quantitative 3D real-time
imaging of iron oxide nanoparticles administered to the bloodstream
(32). By labeling devices with MPI-visible markers, it can be used for
catheter tracking (33, 34) or image-guided closed-loop steering of un-
tethered magnetic devices (20). Hence, it could also localize microde-
vices by visualizing either their markers or the intrinsic artifact created
by their magnetism. Because MPI is a magnetic imaging technique,
ferromagnetic objects create artifacts in imaging. For soft magnetic
millimeter-sized objects, the artifacts extend only slightly beyond the
objects (20). For hard magnetic FeNdB material, a thin copper shield
would probably be necessary around the magnetic object to avoid the
generation of unwanted signal harmonics by the excitation field
operating in the kilohertz range. MPI and magnetic manipulation
can, in principle, be performed concurrently (20), but imaging and
manipulation sequences are not independent and may require some
compromises, for example, interleaving imaging and manipulation.
Overall, MPI is principally suited for the localization of small ferro-
magnetic objects, resulting in an attractive scenario: a highly versatile

field applicator integrating a fast 3D im-
aging method that is capable of operating
at the clinical scale without the use of io-
nizing radiation.

MATERIALS AND METHODS
Field configuration
The required field configuration H(r, t)
has three components,

Hðr; tÞ ¼ HsðrÞ þHoffsðtÞ þ
HrotðtÞ ð1Þ

where Hs(r) represents the static gradient
field or selection field, and Hoffs(t) and
Hrot(t) represent the dynamic uniform
fields used for moving the FFP to the ob-
ject location and for applying the rotating
field, respectively.

For generation of these field com-
ponents, the simplest approach is to use
three orthogonal coil pairs. Operated in
Helmholtz configuration, uniform fields of
arbitrary orientation can be generated. By
applying opposite currents to the coils in
z direction, a Maxwell configuration that
produces a uniform field gradient is real-
ized. Application of different current ampli-
tudes to the two coils leads to a superposition
of uniform fields and a uniform field gradi-
ent. For illustration, Fig. 6 (A and B) displays
the field configuration of a Maxwell coil
aligned with the z axis in the central xy
and xz plane, respectively. The coils have
a radius of R = 70 mm and a distance offfiffiffi
3

p
R ≈ 121 mm. The field vanishes at

the symmetry center, the location of the
FFP. Figure 6C shows profiles of the x
field component Hx(r) along the x direc-
tion. The profiles were also calculated at

positions with a lateral offset in y and z direction, respectively. One
finds that the x component of the field gradient, Gx(r) = ∇Hx(r), is
uniform over about 40 mm in each direction around the center of the
system. Figure 6D shows that the same is true for Hz(r). Therefore,
inside the center volume, the gradients in each field component can
be approximated as follows:

Gx rð Þ ¼ ∇Hx rð Þ ≈
Gx

0
0

0
@

1
A; Gy rð Þ ¼ ∇Hy rð Þ ≈

0
Gy

0

0
@

1
A;

Gz rð Þ ¼ ∇Hz rð Þ ≈
0
0
Gz

0
@

1
A ð2Þ

When a parallel current contribution is added, a coil pair generates
a field component that is uniform over the center volume, for example,
H(r) = (Hx, 0, 0)

T for the x coils. As shown in Fig. 6 (C and D), uniform

Fig. 7. Field configuration for spatially selective operation of helical objects with axis transverse to the xz
plane (top row) and with oblique axis (ϑ = 30°, bottom row). (A) Axis for optimal rotation (black dashed line)
and projection of actuation volumes under the assumption of a minimal blocking torque amplitude (cylinder, red
quadratic rectangle) and minimal blocking torque angle (double cone, red dashed rectangle), respectively. (B) Be-
cause of the different gradient strengths in x and z direction, the FFP path is elliptical. The different gradient sign in
z direction further leads to an opposite sense of rotation of the field components with respect to the FFP path
(movie S5). (C) Projection of axis for optimal rotation (black dashed line) and projection of FFP path (red ellipsis) for
actuation of screws with a polar angle of ϑ = 30° toward the z axis. (D) Axis for optimal rotation (black dashed line)
and projection of FFP path (red line). Note that the plane of FFP motion and the optimal screw axis direction are no
longer orthogonal (movie S6).
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fields have the effect of shifting the FFP linearly in space, that is, Dx =
Hx/Gx for the uniform field applied in x direction in Fig. 6C.

Over the extent of the workspace, the static field can thus be
approximated by the linear expansion about the symmetry center
of the setup

Hs rð Þ ≈

∂HxðrÞ
∂x

∂HxðrÞ
∂y
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0
@

1
A ¼ G r ð3Þ

where Gx, Gy, and Gz are the gradient strengths in the respective field
components. The relation Gz = −2Gx = −2Gy holds for a Maxwell coil
field generator that is aligned with the z axis and has some distance
to the workspace (35). In a second step, the Cartesian coordinates
have been replaced by spherical coordinates with radial distance to
the symmetry center of the setup r, polar angle ϑ, and azimuthal
angle ϕ, as shown in Fig. 2A.

Because of the anisotropy of the gradient field, the field magnitude
depends on both the distance from the FFP r and the polar angle ϑ:

∥Hs rð Þ∥ ¼ Gzr
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3cos2ϑ

p
ð4Þ

Torques and requirements for rotation
Consider a hard magnetic object located at position r0, which has a
magnetic moment m given by the product of its volume V and rema-
nent magnetization M. In an applied field H(r,t), it experiences a
torque

Tðr0;tÞ ¼ m0 m�Hðr0;tÞ ¼ m0VM�Hðr0;tÞ ð5Þ

Suppose that the magnetic object is helical, for example, a screw,
and that its magnetization vector is transverse to its axis of rotation.
For rotation, the applied field has to fulfill two requirements. First, the
torque acting on the screw should be colinear with its axis; otherwise,
the axis would be tilted into a new orientation. This requires the cross
product between unit axis vector nax and torque to be zero,

nax � Tðr0;tÞ ¼ m0nax �
�
m�Hðr0;tÞ

�

¼ m0
��

nax⋅Hðr0;tÞ
�
m� ðnax⋅mÞHðr0;tÞ

�
¼ 0 ð6Þ

Because nax and m are orthogonal, Eq. 6 is satisfied if the field
vector is transverse to the screw axis, that is,

nax⋅Hðr0;tÞ ¼ nax⋅
�
G r0 þHoffsðtÞ þHrotðtÞ

�
¼ 0 ð7Þ

Second, the torque should not fall below the minimum torque
needed for actuation and should not change sign. For simplicity, we
require a constant torque amplitude here. This requirement can be re-
laxed later on. A constant torque is provided by a field that rotates with
constant angular velocity wc and constant strength ∥H(r0, t)∥ = Hc at
the position of the screw so that

∥G r0 þHoffsðtÞ þHrotðtÞ∥ ¼ Hc ð8Þ

For actuation of a screw at position r0, the FFP is placed there by
choosing

HoffsðtÞ ¼ �G r0 ð9Þ

The time dependence ofHoffs(t) indicates that, after actuation of one
screw, the field is changed to move the FFP to the position of the next
screw to be actuated. Placing the FFP at the screw position simplifies
Eqs. 7 and 8 to

nax⋅HrotðtÞ ¼ 0 ð10Þ
and

∥HrotðtÞ∥ ¼ Hc ð11Þ

respectively. To satisfy these requirements, the rotating field component
can be written as

Hrot tð Þ ¼ Hc

cosϕðtÞsinϑðtÞ
sinϕðtÞsinϑðtÞ
cosϑðtÞ

0
@

1
A ð12Þ

where ϕ(t) and ϑ(t) need to be chosen such that a rotation about the
screw axis nax is realized with angular velocity w. To this end, using Eq.
10, one angle can be removed, and depending on the orientation of nax,
the field can be parameterized by either ϕ(t) = wt or ϑ(t) = wt (not
detailed here).

In the presence of the static gradient field, application of a uniform
field translates the FFP in space. The corresponding trajectory of the
FFP can be obtained from the applied fields using Eqs. 1 and 3. In the
xy plane, where the gradient strength is uniform, the rotating field
makes the FFP move on a circle, as shown in Fig. 3 (A and B) and
movie S3. However, a rotating field in the xz plane moves the FFP
on an elliptical trajectory with a sense of rotation that is opposite to that
of the local field vector, as displayed in Fig. 7 (A and B) and movie S5. If
the screw axis is oriented perpendicularly to the xy or xz plane, the FFP
trajectory lies in the respective plane. For all other orientations, the angle
between the plane of FFP motion and the axis deviates from 90° and is
determined by the polar angle q of the screw axis in the laboratory
frame (Fig. 2A). For q = 54.7°, the axis of rotation even lies in the plane
of the FFP path. One example for an oblique axis with q = 30° is
displayed in Fig. 7 (C and D) and movie S6.
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Spatial selection in 3D
From the field plots, one can derive that, if a screw is located above or
below the plane of FFP motion, a tilting torque on its axis arises,
which can be used to block the screw in a thread that is fixed in space.
As described in the main text, the assumption of a minimal tilting
torque magnitude necessary to block the screw leads to a cylinder-
shaped actuation volume. Another criterion for blocking could be a
minimal tilting angle that triggers blocking of the screw. In that case,
the actuation volume becomes a double cone, whose projection is in-
dicated by the red dashed lines in Figs. 3B and 7A.

Forces
For hard magnetic material, the magnitude of the magnetic mo-
ment of an object is constant, and the force acting on it depends
on the gradient of the dot product between magnetic moment m =
VM and applied field H(r,t):

Fðr;tÞ ¼ m0∇
�
m⋅Hðr;tÞ

�
ð13Þ

¼ m0VM∇
�
m̂⋅Hðr;tÞ

�
ð14Þ

m̂ is a unit vector pointing in magnetization direction m̂ ¼ m=∥m∥ ¼
ðm̂x; m̂y; m̂zÞT . V and M = ∥M∥ are volume and remanent magne-
tization magnitude of the magnetic material, respectively. If the orien-
tation of the magnetic moment is fixed in space, the field configuration
from Eq. 1 generates a constant force that depends on gradient strength
and magnetic moment:

F r;tð Þ ¼ m0VM∇ m̂⋅Hðr;tÞð Þ ¼ m0VM
Gz

2

�m̂x

�m̂y

2m̂z

0
@

1
A ð15Þ

The offset and rotating field terms are uniform in space and thus
disappear when applying the gradient operator. In the scenario of
magnetic screws, the torque arising from applied fields will change
the orientation of the magnetic moment and thus modulate the force.
In contrast, magnetic swimmers would fully align their magnetic mo-
ment with the respective local field so that m̂⋅Hðr; tÞ ¼ ∥Hðr; tÞ∥. In
this case, calculation of the gradient of the field strength given by Eq. 4
introduces a dependence of the force on the polar angle ϑ of the vector
between FFP and object:

F rð Þ ¼ F r;ϕ; ϑð Þ

¼ m0VM
Gz

2
er

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3cos2ϑ

p
� eϑ

3cosϑsinϑffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3cos2ϑ

p
� �

ð16Þ

er and eϑ are unit vectors in radial and polar direction, respectively.
This force for objects aligned with the field presents the upper limit
of forces that can act on arbitrarily oriented objects. The force mag-
nitude is maximal when the object’s magnetic moment is aligned in z
direction (ϑ = 0°), that is, the strong gradient direction. When changing
the orientation toward the xy plane, it decreases by a factor of 2.

As an example, consider an NdFeB sphere of diameter d = 1/3 mm
with remanent magnetization M = 1.0 T/m0. The maximum field gradi-

ent that can be achieved in a patient with reasonable effort is probably
around Gz = 2.0 T/m/m0. In that case, the maximum force would be

Fmax ¼ m0
p
6
d3MGz

¼ 1
4p ⋅ 10�7 ⋅

p
6
⋅
1
27

⋅10�9⋅ 2:0 A2m2T2=N ≈ 30:9 mN ð17Þ

The weight of the same sphere would be

Fweight ¼ gr
p
6
d3

¼ 9:81⋅ 7:4⋅
p
6
⋅
1
27

⋅ 10�9 m=s2 g =cm3 m3 ≈ 1:4 mN ð18Þ

where g = 9.81 m/s2 is the acceleration due to gravity and r = 7.4 g/cm3

is the density of NdFeB. In the case of a magnetically switchable seed, the
magnetic material represents only a small part of the device so that the
force should be related to the weight of the seed. A typical seed has a
length of 4.5 mm, a diameter of 0.9 mm, and a weight of 10 mg (36),
that is, about 100 mN. Thus, if magnetic material comparable to the vol-
ume of the abovementioned sphere were used to drive the screw, then
the maximummagnetic force on a seed would be smaller than its weight.

Field generators and achievable spatial selectivity
Two different field generators were used for experimental verification.
Both were built for generating the gradient and offset fields necessary
for spatial encoding in MPI (18). One system (“preclinical demonstra-
tor”; Fig. 1, A and B) achieves a maximum gradient strength of Gz =
2.5 T/m/m0 in the vertical direction and half this value in the planar
directions (Gx = Gy = −Gz/2). It can generate uniform fields of up to
100 mT/m0 for applying dynamic sequences, for example, for screw
rotation and for shifting the FFP inside the bore, which has a diameter
of 12 cm (20). A larger system (“clinical demonstrator”; Fig. 5, A and
B) has an elliptical bore with diameters of 34 cm and 45 cm in vertical
and horizontal direction, respectively. The field applicator consists of
16 coil stacks with soft magnetic cores, which can be operated via 16
independent amplifiers to generate the desired field configurations. It
can maintain a gradient strength of Gz = 2.0 T/m/m0 = 2Gx = 2Gy

while the FFP is moved over a spherical volume of diameter 20 cm
(19). If no gradient field is applied, it achieves maximum uniform field
strengths of about 100 mT/m0 and 400 mT/m0 in horizontal and vertical
direction, respectively. On both systems, all fields can be switched rap-
idly, although switching is limited by eddy-current effects. Depending
on field amplitude, rotational fields with frequencies between a few
hertz and more than 100 Hz can be applied.

For a conservative estimate of the achievable spatial selectivity, we
require a minimal field strength Hrot,min to drive the desired screw,
whereas neighboring screws are assumed to turn freely at any nonzero
field strength. In that case, the spatial selectivity Dr corresponds to the
FFP path radius for the maximum gradient strength that can be ap-
plied: rFFP,min = Hrot,min/Gx,max. For reliable operation of our screw
prototypes, we estimate a minimal field of Hrot,min = 4 mT/m0, which,
for the preclinical field applicator, would lead to a spatial selectivity, or
minimal required screw separation, of Dr = 3.2 mm in horizontal di-
rection (Gx = Gy = 1.25 T/m/m0).

For an estimation of the vertical selectivity, we approximate the
screw by a cylindrical object of length l and diameter d, which is lo-
cated inside a slightly larger hollow cylinder representing the thread.
The magnetic field component parallel to the screw axis, Htilt, then
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applies a tilting torque that presses the inner cylinder to the outer cyl-
inder at two contact points. By calculating the force on the contact
points, one can derive a friction force, which depends on the static
coefficient of friction ms. The resulting frictional torque now has to
be larger than the rotational torque to lock the screw. Assuming that
the rotational field component Hrot is applied perpendicularly to the
screw axis, one can derive the following relation:

∥Htilt∥ >
l

msd
∥Hrot∥ ð19Þ

Using typical values l = 3 mm, d = 2 mm, and ms = 1, one finds that
the prefactor is of the order of unity, and thus, the fields have to be of
similar magnitude. Depending on orientation with respect to the gradi-
ent system, spatial selectivity may vary by an additional factor of 2 be-
tween the directions parallel and transverse to the screw axis.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/2/3/eaal2845/DC1
Fig. S1. Amplifier current sequence used for actuation in movies S9 and S10.
Movie S1. Demonstration of spatially selective actuation.
Movie S2. Experimental verification of horizontally selective actuation.
Movie S3. Field configuration for driving a vertically aligned screw.
Movie S4. Experimental verification of vertically selective actuation.
Movie S5. Field configuration for driving a horizontally aligned screw (along y axis).
Movie S6. Field configuration for driving an obliquely aligned screw.
Movie S7. Demonstration of spatially selective actuation on clinical-scale field applicator.
Movie S8. Mechanism based on five selectively actuated screws (front view).
Movie S9. Mechanism based on five selectively actuated screws (back view).
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