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Abstract—Wireless robots at the sub-centimeter size are often
actuated using externally-generated magnetic fields. For most
applications, these remote magnetic microrobots are located
relatively far from the magnetic field generation sources. In this
condition, all microrobots receive approximately the same driving
magnetic field (which we term a homogeneous field). While some
solutions have been presented to allow for the creation of simple
on-board tools, the full potential of the homogeneous magnetic
field for multi degrees of freedom (DOF) actuation has not been
exploited.

Here we introduce a design framework to utilize the maximum
number of independently controlled DOFs on a microrobot
system. We make use of three classes of mechanisms which
are commonly used in practice and allow for more complex
microrobots with up to eight DOFs. To verify the functionality of
our framework, we used it to design an optimized drug delivery
robot equipped with a 3-DOF drug-releasing mechanism and a 4-
DOF motion mechanism. Experiments were performed to actuate
each one of the robot’s seven DOFs individually, where the cross-
talk error between these seven DOFs averaged 7% with a max
error of 18.3%.

Index Terms—Microrobot, multi-robot systems, medical robots
and systems, magnetic actuation.

I. INTRODUCTION

Recent developments of wireless microrobots (here defined
as robotic devices smaller than one centimeter in overall
size) show their potential in applications such as drug deliv-
ery [1], minimally invasive surgery [2] and micro-assembly
systems [3] among others [4]. A variety of methods such
as chemical [5], optical [6], thermal [7] and magnetic-based
techniques [8] have successfully been utilized to enable actua-
tion and control at microscale [4]. Magnetic actuation has the
advantage of transmitting relatively large forces and torques
wirelessly at the microscale, while allowing for the design of
sophisticated microrobotic motions and activation of on-board
mechanisms [9]. The ability to transmit magnetic fields safely
into the human body makes magnetic actuation an appealing
actuation method for biomedical applications.

An additional advantage of magnetic actuation is the capa-
bility for multi Degrees Of Freedom (DOF) addressable actu-
ation. Controllable DOFs in a microrobot system can include
motion of one or more microrobots in three dimensional (3D)
space as well as the motion of on-board mechanisms such
as grippers. Through clever system design, each DOF can
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be independently actuated to allow for pose control (position
and orientation) of a single microrobot [10], [11], independent
control of the position of multiple microrobots [12], [13] and
the actuation of dexterous microrobots with on-board bending
deformation and tools [14], [15], [2]. Various methods have
been suggested in the literature to enable the independent
actuation of multiple system DOFs in magnetic microrobots.
One approach is to use time-varying magnetic fields [16] (as
opposed to quasi-static magnetic fields which can be assumed
to be constant over short time periods), where clever mechan-
ical “decoding” systems convert magnetic forces and torques
into multiple desired motions. One example is the design of
systems with different resonant frequencies, where each micro-
robot reacts to a specific excitation frequency [17]. Although
requiring a mechanical “decoding” mechanism, time-varying
field solutions require microrobot mechanism which exhibit
highly non-linear responses, are often complex, and can be
sensitive to small errors. These systems have thus not been
capable of controlling more than three DOFs. Another method
allowing for multi-DOF microrobotic control is to utilize in-
teraction forces between magnetic agents [18]. This approach
however, requires precise sensory feedback on microrobot pose
which limits its practical applications. The use of magnetic
fields which vary over the workspace (which we call hetero-
geneous magnetic fields) is another approach for developing
multi-DOF magnetic microdevices [13], [19], [12], [20]. In
this method, microrobots are spaced out over the workspace.
Each microrobot experiences a different magnetic field, and
consequently are able to move/rotate independently. This
method relies on large variation in field over the workspace,
which requires magnetic field generation sources to be close
to the workspace. Many microrobotic applications (such as
inside the human body) will necessitate the field generation
sources to be placed far from the workspace, limiting the
effectiveness of using this heterogeneous field method. None
of the existing magnetic multi-DOF actuation methods can be
easily generalized to arbitrary microrobotic platforms, and thus
the field is in need of a general approach which can be used
in all magnetic microrobots where fields may be relatively
uniform over the workspace.

When field generation sources are located relatively far from
the small microrobot workspace, the magnetic field (actuation
input) can be assumed to be the same for every point in
the workspace. We call this field a homogeneous magnetic
field. Homogeneous magnetic fields will be especially seen in
medical applications where the field generation sources are
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Fig. 1. (a) Four classes of simple magnetic mechanisms; dashed lines repre-
sent free axes and solid white arrows are force/torque projection unit vectors.
(I) 1-DOF flexible strip; ds: deflection value (scalar), âi: force projection vec-
tor, b̂i: torque projection vector. (II) 2-DOF flexible rod; dr1/dr2: deflection
values (scalars), âj : force/torque projection vector, b̂j : torque/force projection
vector. (III) 1-DOF prismatic translation (shown here as a magnet moving in
a cylinder); fp: prismatic force (scalar), âk: force projection vector. (IV) 6-
DOF unconstrained solid body; ~fs: force vector, ~τs: torque vector. (b) An
exemplified general microrobot equipped with four on-board tools.

located outside of the patient’s body and a small region inside
the body is the targeted workspace. In this work, we make
a homogeneous magnetic field assumption, which makes this
study more inclusive. In other words, the method introduced
here can be utilized for both homogeneous and heterogeneous
magnetic fields.

Homogeneous magnetic fields have successfully been used
in developing multi-DOF microrobot systems. In multi-DOF
magnetic microrobots, a variety of different mechanisms are
utilized to convert magnetic forces and torques on embedded
magnets into desired motions. Here we study four classes
of common magnetic mechanisms, which are overviewed in
Fig. 1(a): (I) Magnets mounted on the end of a free strip with
one unconstrained deflection axis (1-DOF). In this mechanism,
the output (to be controlled) is the scalar ds which represents
the deflection value. An example of this mechanism is a
microgripper where two 1-DOF flexible strips act as the arms
of the gripper which opens and closes in response to the
magnetic field [21]. (II) Magnets mounted on the end of a free

beam with two free deflection axes (2-DOF). Here we have
two scalar outputs dr1/dr2 representing deflection values. This
class of mechanism is commonly found in minimally-invasive
surgical tool applications where magnets attached to flexible
rods provide 2-DOF of bending motion, specifically useful in
developing magnetic steerable catheters [22], [2], [23]. (III)
Prismatic translation of a magnet on a spring or in a tube (1-
DOF); the term “prismatic” refers to the unconstrained linear
motion of a joint which allows translation without rotation. In
this case, to avoid difficult-to-model friction and fluid drag,
we consider the scalar output to be prismatic force fp. An
example of this is in the biopsy capsules developed by Yim et
al. [15] and Son et al. [14], where 1-DOF prismatic flexible
magnetic linkages are used to perform biopsy tasks. (IV)
Unconstrained solid body (6-DOF), where scalar outputs are
three forces (fs(x), fs(y), fs(z)) producing translational mo-
tion and three torques (τs(x), τs(y), τs(z)) producing rotation.
The body of mobile microrobots experience this motion class.
An unconstrained rigid magnetic body has six free axes, and
depending on the geometry of its magnetization profile, at least
five [8], [10], [24] and a maximum of six [11], [25] of its free
axes can be controlled using magnetic field.

Although all of the previously mentioned magnetic mecha-
nisms have successfully been incorporated into microdevices
to achieve a high level of dexterity, existing magnetic mi-
crorobots typically have only up to two on-board controlled
DOFs and up to six solid body motion DOFs. No demon-
strated magnetic microrobot has exhibited more than six total
actuated DOFs, and many applications would benefit from
even more sophisticated mechanism motions requiring more
actuated DOFs. In addition, there has been no definition of
the maximum number of magnetic actuation DOFs, nor a
fundamental framework for the design of microrobots which
utilize the maximum number of actuated DOFs.

In our previous conference paper [26], we investigated
homogeneous quasi-static magnetic fields and their capabilities
for actuation of magnetic mechanisms. We showed that the
maximum possible number of actuated DOFs in homogeneous
quasi-static magnetic fields is eight. That work demonstrated
a simple proof-of-concept magnetic mechanism with eight
controlled DOFs. However, that work did not show how to
design a microrobot which utilizes these “unlocked” magnetic
field capabilities, and the demonstration mechanism was not a
functional robot. As a complement to that conference paper,
here we introduce a design framework for developing magnetic
microrobots with the maximum number of DOFs to achieve
maximum dexterity. As a case study, we utilize this framework
to develop a 7-DOF magnetic drug delivery robot prototype.
The proposed design framework is based on the four intro-
duced types of common magnetic mechanisms. Starting with
designer-defined information including the number of magnets
and types and quantity of mechanisms, the design algorithm
presented results in an optimized design solution giving the
positions and orientations of magnets as well as the layout of
the on-board mechanisms.

This design framework can be used in applications where
the targeted workspace is not accessible, and wireless mi-
crodevices (actuated by an external homogeneous quasi-static
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magnetic field) are required to perform high dexterity tasks; for
example in drug delivery robots, biopsy microdevices, wireless
surgical tools, and others. As an example case study, in this
work we utilize the presented framework to design a dexterous
drug delivery robot prototype.

Modern pharmaceuticals featuring low bio-availability and
poor water solubility are increasingly emerging, where their
short therapeutic life time and poor stability would benefit
from more advanced delivery methods [27]. As a result, the
progressing area of developing new drug delivery systems is
receiving significant attention recently [28], [29], [1]. This has
led to a wide variety of potential applications such as targeted
drug delivery to ocular system [30], olfactory region [31],
neural probes [32] and insulin administration [33]. Delivery
of drugs within the gastrointestinal (GI) tract with advanced
functionality is of particular interest [34], [35], [36].

A drug delivery capsule device would benefit from a motion
mechanism to place the capsule at a desired location, and a
releasing mechanism to perform controlled drug release. Some
studies have focused on motion mechanisms and some others
have put their efforts in developing releasing mechanisms [1];
but, only a few have succeeded in designing microdevices with
active control of both motion and releasing mechanisms [34],
[37]. The main challenge is the limited space available inside
the capsules which must contain the power source, positioning
and releasing mechanism. Magnetically-driven activation is
thus appealing, where remotely delivered power (by an exter-
nal magnetic field) exerts forces and torques on the magnets
inside the capsule, acting as an input control signal for both
motion and releasing systems [37], [36]. Here we utilize our
multi-DOF magnetic actuation framework to design a wireless
drug delivery robot prototype. This robot features a 4-DOF
positioning mechanism to move the robot toward its desired
location, and a 3-DOF drug release mechanism.

In the following sections, we first introduce the concept of
how we mathematically model magnetic mechanisms. Then
we briefly review the homogeneous magnetic field parameters
and how they generate forces and torques on remote magnetic
bodies. Next, our general framework is formed as a design op-
timization problem, which solves for the optimal configuration
of discrete magnets with minimum required actuation input
and minimum interaction forces and torques. The functionality
of our multi-DOF magnetic actuation framework is demon-
strated next through the development of a millimeter-scale
mobile robot prototype with seven actuated DOFs. The paper
ends with experimental results demonstrating the independent
actuation of each of the seven DOFs of the robot.

II. CONCEPT AND MAGNETIC ACTUATION
FUNDAMENTALS

The useful microrobotic mechanism classes we are studying
in this work are shown in Fig. 1(a). Each mechanism requires
a single on-board magnet, and so a multi-DOF microrobotic
system can consist of one or up to eight individual magnets
depending on which mechanisms are used. We consider single-
robot systems in this paper, consisting of a single body with a
number of on-board mechanisms. As the robot body rotates, all

of the on-board mechanisms rotate with it. This constraint on
the orientations of on-board mechanisms allows us to maintain
independent magnetic control of these mechanisms if they are
properly designed.

Fig. 1(b), illustrates an example of using multiple on-board
mechanisms in one microrobot, where a 1-DOF flexible strip is
actuating a gripper, a 2-DOF flexible rod opens two trapdoors
and a 1-DOF prismatic mechanism is used for drug injection.
In this exemplified device, a total of four DOFs are used
by these on-board mechanisms. As the maximum number
of controllable DOFs for any microdevice actuated under
homogeneous quasi-static magnetic fields is eight [26], there
remains four additional controllable DOFs, which could be
used for controlling position and/or orientation of the body of
the robot. Thus, the total number of controllable DOFs on a
microrobot consist of the on-board mechanism DOFs plus the
controlled DOFs for the body of the robot.

The primary method of this paper (preliminarily introduced
in our conference paper [26]) is to utilize all available com-
ponents of the homogeneous magnetic field at a point to
control multiple independent DOFs. As a magnetic field has
eight independent usable components (three field components
and five field gradient components) at every point in space,
a properly designed robot could exploit all components for
independent control of up to eight DOFs. It has been shown
that all eight magnetic fields can be controlled using a properly
designed field generation system [38]. As the magnetic effect
on an individual magnet will depend on the orientation of
that magnet as well as the class of mechanism to which it is
attached, we can design each mechanism in a microrobotic
system to use a different combination of magnetic field
components and thus have each mechanism be individually
controllable.

Now we introduce the mathematical description of this
magnetic actuation (a glossary of variables is provided at the
end of the paper). First we briefly review the relationship
between magnetic field parameters and the effect on each
individual magnet. The magnetic field will exert a force and
torque on each magnet. The magnet will experience a torque
which attempts to rotate the magnet into alignment with the
field direction, and a force which pulls the magnet according
to the shape of the magnetic field. A matrix mapping the eight
magnetic field parameters (inputs to our robotic system) to the
six force/torque elements for each magnet (outputs) is defined
here [8], which will be utilized in our design framework for
developing multi-DOF magnetic microdevices.

In a magnetic field ~B =
[
Bx By Bz

]>
, a rigid magnetic

body with magnetic moment ~m =
[
mx my mz

]>
, expe-

riences a torque ~τ and a force ~f . By utilizing the skew-
symmetric matrix S(~m) to represent the cross product [38]
(required for torque calculations), the torque ~τ on a single
magnet is calculated as:

~τ = S(~m) ~B (1)

where S(~m) =

 0 −mz my

mz 0 −mx

−my mx 0

 .
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The force vector ~f is generated by the field spatial gradient.
The magnetic field spatial gradient matrix has nine elements
which by utilizing Maxwell equations, it can be written in
terms of five independent elements [38]; ∇ · ~B = 0 requires
the gradient matrix to have a zero trace and∇× ~B = 0 forces it
to be symmetric. By assembling these five independent spatial

gradient terms into a vector ~g =
[
∂Bx

∂x
∂Bx

∂y
∂Bx

∂z
∂By

∂y
∂By

∂z

]>
,

as formulated by Petruska and Nelson (2015) [38], the force
on a single magnet is calculated as:

~f = F(~m) ~g (2)

where F(~m) =

 mx my mz 0 0
0 mx 0 my mz

−mz 0 mx −mz my

 .
By utilizing equations (1) and (2), the force and torque

vectors can be presented together as a wrench, where the full
input is assembled into a vector ~U =

[
~g ~B

]>
. The force and

torque are then assembled together as:[
~f ~τ

]>
= K(~m) ~U (3)

where K(~m) =

[
F(~m) 03×3
03×5 S(~m)

]
.

Here K(~m) is a 6×8 matrix which maps field inputs to force
and torque outputs, and 03×3 and 03×5 are zero matrices.

To generate the input vector ~U , electromagnetic coils [8],
[26], permanent magnets [10], or combinations of both can
be used. It has been shown that at least eight magnets are
required to generate these eight components [38]. More details
of the generation of these field components for the eight-
electromagnetic system used in this paper are given in the
Magnetic Field Generation subsection (IV. B.).

III. MULTI-DOF MAGNETIC ACTUATION FRAMEWORK

Discrete on-board magnets attached to the body of the
microrobot, experience forces and torques which are used for
both controlling the individual on-board mechanisms’ DOFs
and microrobot solid body DOFs. We assume the microrobot is
comprised of nstrip 1-DOF flexible strips, nrod 2-DOF flexible
rods and nslider 1-DOF prismatic sliders. The overall system
output ~Y , includes flexible strip deflections dsi=1,2,..,nstrip

, rod
deflections dr1j/dr2j=1,2,..,nrod

, prismatic forces fpk=1,2,..,nslider
,

solid body selected forces ~fsel and solid body selected
torques ~τsel, as:

~YnD×1 =
[
dsi , · · · , dr1j , dr2j , · · · , fpk , · · · , ~f>sel, ~τ

>
sel

]>
(4)

nD = nstrip + 2nrod + nslider + nsp + nso

where nsp and nso are the lengths of the ~fsel and ~τsel vectors,
respectively (maximum of 3 for each), and nD represents
the microrobot total number of DOFs, including individual
on-board mechanisms’ DOFs (strips/rods/sliders) and solid
body position/orientation DOFs. Note that among six available
solid body forces and torques, only selected ones (~fsel, ~τsel)
are placed inside the output vector (to be controlled). The

magnetic actuation input is the ~U field vector from eq. (3),
and the system matrix H maps this input vector to outputs as:

~Y = HnD×8
~U. (5)

It can be noted from this equation that the maximum number
of DOFs that can be independently controlled is equal to
the maximum possible rank for the H matrix, which is
eight [26]. This eight DOFs are actuated by the five inde-
pendent gradient components (generating translational forces),
and three magnetic field components (generating rotational
torques). Flexible strips and rods can be actuated by using both
translational forces and rotational torques, whereas prismatic
sliders and solid body selected forces are only actuated through
translational forces. Therefore, one must carefully consider the
fact that the number of DOFs which are actuated only through
translational motion cannot exceed five.

The system matrix H is determined by the type and ar-
rangement of mechanisms chosen. We break these down into
two categories: 1) designer variables specified by the designer
and 2) geometric optimization variables, to be solved for in
the design of an optimized microrobot. The designer variables
include the quantity of discrete magnets, the types of on-board
mechanisms, and selected position/orientation DOFs to be
controlled for the microdevice solid body. In determining these
predefined designer variables, users must consider the fact that
the magnetic force decays faster than magnetic torque as coil
distances to targeted workspace increases[26]. In other words,
based on the specific field generation limitations one might
consider the general rule that on-board mechanisms which are
actuated only through translational forces should not require
the largest forces. The geometric variables to be optimized are
the configuration of each magnet and the orientation of each
mechanism. The geometric optimization variables are deter-
mined through an optimization process which must maintain
a full rank H matrix (allowing for independent actuation of
all desired DOFs), while minimizing the electromagnet coil
currents required to actuate all of the mechanisms, as well
minimizing undesirable interaction forces/torques between on-
board magnets.

In this section we show how the system matrix H can be
calculated. We build the system matrix from each individual
controllable DOF by finding the matrix mapping the input
vector ~U to each individual term of the output vector ~Y . These
individual matrices will be concatenated to form the complete
system matrix. Next, the optimization problem is introduced
which solves for an optimum configuration of on-board mag-
nets by varying the geometric optimization variables.

A. System Matrix

Here we first investigate how each class of physical con-
straints (Fig. 1(a)), converts magnetic inputs into desired
mechanism motions (deflections for flexible strip/rod mech-
anisms and sliding forces for prismatic mechanisms). Next,
we calculate the robot body outputs (selected forces/torques)
as a function of the magnetic inputs, and combine all of these
relationships into the overall system matrix.
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1) 1-DOF Flexible Strip: A permanent magnet attached to
a flexible strip can freely move along a single axis âi as shown
in Fig. 1(a)(I). Assuming small deflections (as compared to
the length of the strip), the magnet orientation remains fixed
during translation. The deflection of the ith strip (dsi) is
created by magnetic forces ~f(~mi) projected in the âi direction
and torques ~τ(~mi) projected about the b̂i axis as:

dsi = αiâ
>
i
~f(~mi) + βib̂

>
i ~τ(~mi) (6)

which by using equation (3) can be written as:

dsi =
[
αiâ
>
i βib̂

>
i

]
K(~mi) ~U (7)

for i = 1, 2, · · · , nstrip.

Here, αi and βi are constant scalars converting forces and
torques to deflections, which can be calculated as:

αi =
l3i

3EiIi
and βi =

l2i
2EiIi

(8)

where li represents length of the ith beam, Ei is its elastic
modulus and Ii is the corresponding moment of inertia.

2) 2-DOF Flexible Rod: A magnet attached to a flexible rod
is free to move along two axes of motion âi and b̂i as shown in
Fig. 1(a)(II). These two deflections of the jth rod (dr1j/dr2j )
are given as:[

dr1j
dr2j

]
= αj

[
â>j
b̂>j

]
~f(~mj) + βj

[
b̂>j
−â>j

]
~τ(~mj) (9)

using equation (3) we have:[
dr1j
dr2j

]
=

[
αj â
>
j βj b̂

>
j

αj b̂
>
j −βj â>j

]
K(~mj) ~U (10)

for j = 1, 2, · · · , nrod.

3) 1-DOF Prismatic Translation Mechanism: The last
mechanism is a magnet sliding inside a tube as shown in
Fig. 1(a)(III). The prismatic force (fpk) for the kth slider
moving along axis âk, can be calculated as:

fpk = â>k
~f(~mk) (11)

and by using equation (3):

fpk =
[
â>k 01×3

]
K(~mk) ~U (12)

for k = 1, 2, · · · , nslider.

4) Solid Body Pose Control: By applying an external mag-
netic field, the microdevice rigid body receives a total force
~fs and a total torque vector ~τs, calculated as:[

~fs
~τs

]
= A(~mi, ~mj , ~mk) ~U, where (13)

A(~mi, ~mj , ~mk) =
nstrip∑
i=1

CiK(~mi) +

nrod∑
j=1

CjK(~mj) +

nslider∑
k=1

CkK(~mk).

Here the C matrices are 6×6 transmission matrices, to cal-
culate transmitted forces and torques to the microdevice solid

body from all on-board magnets. For the 1-DOF flexible strip
mechanism, the transmission matrix Ci can be calculated as:

Ci =

[
I3×3 03×3
S(~pi) I3×3

]
(14)

where I is the identity matrix and ~pi represents the position
of the ith magnet w.r.t. microrobot center of mass. For the 2-
DOF flexible rod mechanism, transmission matrix is defined
as:

Cj =

[
I3×3 03×3
S(~pj) I3×3

]
. (15)

The transmission matrix for the 1-DOF prismatic translation
mechanism is defined as:

Ck =

[
I− âkâ>k 03×3

S(~pk)(I− âkâ>k ) I− âkâ>k

]
. (16)

For a general application requiring nsp-DOF position and
nso-DOF orientation control for the solid body of the mi-
crodevice, we must select nsp elements from the ~fs vector,
and nso elements from the ~τs vector. By choosing ~fsel and ~τsel
as vectors containing the selected terms, we have:[

~fsel
~τsel

]
=

[
E1nsp×3 0nsp×3
0nso×3 E2nso×3

] [
~fs
~τs

]
(17)

which by inserting equation (13) can be written as:[
~fsel
~τsel

]
=

[
E1 0
0 E2

]
A(~mi, ~mj , ~mk) ~U (18)

where E1/E2 are predefined selecting matrices, with three
columns (corresponding to three scalar forces/torques) and
nsp/nso rows; in each of their rows appears one “1” (selected
force/torque) and two “0” (unselected forces/torques).

5) Overall System Matrix: By inserting equations (7), (10),
(12) and (18) into equations (4) and (5), the system matrix is
formed as:

HnD×8 =



[
αi=1â

>
i=1 βi=1b̂

>
i=1

]
K(~mi=1)

...[
αi=nstrip â

>
i=nstrip

βi=nstrip b̂
>
i=nstrip

]
K(~mi=nstrip)[

αj=1â
>
j=1 βj=1b̂

>
j=1

αj=1b̂
>
j=1 −βj=1â

>
j=1

]
K(~mj=1)

...[
αj=nrod â

>
j=nrod

βj=nrod b̂
>
j=nrod

αj=nrod b̂
>
j=nrod

−βj=nrod â
>
j=nrod

]
K(~mj=nrod)[

â>k=1 01×3
]
K(~mk=1)

...[
â>k=nslider

01×3
]
K(~mk=nslider)[

E1 0
0 E2

]
A(~mi, ~mj , ~mk)


.

(19)
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B. Optimization Problem

Our systematic approach for designing multi-DOF micro-
robots includes an optimization of the design to achieve a full
rank system matrix (which will impose design constraints),
with maximum singular values (minimum required actuation
inputs) while minimizing the interaction forces and torques
between the on-board magnets. These singular values and
interaction forces and torques, will thus be used to form an
optimization cost function.

For an application with less than eight controlled DOFs, the
system matrix is not square, and the number of controllable
outputs is equal to the rank of the H matrix. By applying
singular value decomposition method (reduced form) we have:

H = WnD×r Sr×rV
>
r×8 (20)

S = diag(σ1, σ2, · · · , σr)
rank(H) = r

where the σi’s are the singular values and their number r
represents the system matrix rank. To solve for an optimized
configuration of mechanisms resulting in a full rank H matrix
with the maximum possible singular values and minimum
interaction forces and torques between magnets, the following
cost function is defined:

cost =

r∏
i=1

|σ−1i | + γ (fint + λτint) (21)

where γ and λ are weight adjusting scalars. The first term
in the cost function is to punish small singular values, and
the last two terms are scalar functions representing interaction
forces (fint) and interaction torques (τint), defined as:

fint =

nmag∑
i=1

nmag∑
j=1

∥∥∥(~mi · ∇) ~B(~mj)
∥∥∥ i 6= j (22)

τint =

nmag∑
i=1

nmag∑
j=1

∥∥∥~mi × ~B(~mj)
∥∥∥ i 6= j

Here nmag is the total number of magnets placed inside the
microdevice. In order to investigate the scaling properties, we
must consider the relationship between the forces/torques and
magnets’ sizes and their distance w.r.t. each other. Considering
two similar cubic magnets (width w), located at a distance of
h from each other, the following relationships can be derived:
fint
fact
∝ w3

h4 , τint
τact
∝ w3

h3 ; where fact and τact are magnitude
of actuation forces and torques (generated by the external
magnetic field) and fint and τint are undesired interaction forces
and torques. For example if magnets’ sizes are doubled and we
still want to have the same fint/fact ratio, their distance (robot
size) should be increased by a factor of 20.75 (nonlinear),
and if our concern is to have the same τint/τact ratio, their
distance should be doubled (linear). As a result for any specific
application, as soon as the magnets’ sizes are determined
(through application requirements), the robot overall size and
the feasibility of the design can be verified.

We introduce Table I, to summarize all of the variables in
this process. Predefined designer variables are type and quan-
tity of controlled DOFs (nstrip, nrod, nslider, nsp, nso), robot size

TABLE I
DESIGN VARIABLES FOR MICROROBOT OPTIMIZATION; USER SETS
PREDEFINED DESIGN VARIABLES, WHILE THE OPTIMIZATION CODE

SOLVES FOR THE GEOMETRIC OPTIMIZATION VARIABLES CONSIDERING
THE PREDEFINED CONSTRAINTS.

Designer
Variables

Geom. Optim.
Variables

Constraints

nstrip, nrod, nslider m̂i, m̂j , m̂k

∥∥m̂i,j,k

∥∥ =
∥∥âi,j,k∥∥ =∥∥∥b̂i,j∥∥∥ = 1

nsp, nso ~pi, ~pj , ~pk
∥∥~pi,j,k∥∥ ≤ ρ

ρ, λ, γ âi, âj , âk â>i b̂i = â>j b̂j = 0

‖~mi‖, ‖~mj‖,
‖~mk‖

b̂i, b̂j ~mi,j,k =
∥∥~mi,j,k

∥∥ m̂i,j,k

rank(H) = nD = r

(ρ), weight adjusting scalars (λ, γ), and magnets’ strengths
(‖~mi‖ , ‖~mj‖ , ‖~mk‖). The geometric optimization variables
are the embedded magnets’ orientations (m̂i, m̂j , m̂k), their
positions (~pi, ~pj , ~pk) and physical constraints on the mecha-
nisms denoted by the unit vectors (âi, âj , âk, b̂i, b̂j). Consid-
ering size of three for each vector, dimension of the search is
equal to: 12 nstrip + 12 nrod + 9 nslider. With the cost function
defined in equation (21) and the constraints introduced in the
Table I, the overall optimization problem is defined as:

min
m̂,~p,â,b̂

r∏
i=1

|σ−1i | + γ (fint + λτint) (23)

subject to



‖m̂i,j,k‖ = ‖âi,j,k‖ =
∥∥∥b̂i,j∥∥∥ = 1

‖~pi,j,k‖ ≤ ρ
â>i b̂i = â>j b̂j = 0

~mi,j,k = ‖~mi,j,k‖ m̂i,j,k

rank(H) = nD = r

Here the constraints in the first set define directional unit
vectors. The second set is an inequality constraint which limits
the distance of the magnets from the center of the microrobot.
The third set are to ensure that force and torque projection
vectors (specific to flexible strips and rods) are perpendicular
as specified in Fig. 1. The fourth set are to specify magnetic
moment magnitudes as defined by the designer, and the final
constraint is to enforce a full rank system matrix.

IV. CASE STUDY: DRUG DELIVERY ROBOT CAPSULE
PROTOTYPE

In our previous work [26], we showed that the maximum
possible independently controllable DOFs actuated remotely
in a homogeneous quasi-static magnetic field is eight, and a
simple proof of concept demonstration mechanism, comprised
of cubic magnets attached to Nitinol wires, was developed
to verify our claim experimentally. However, that proof of
concept mechanism was not a functional robot, and a design
framework for developing functional magnetic microrobots
with maximum DOFs was lacking.

In this work we introduced the missing design framework,
and to demonstrate the functionality of the presented design
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framework, here in this section and as an example case study,
we present the design of a dexterous drug delivery robot pro-
totype. This millimeter-scale prototype has a 4-DOF motion
mechanism, with control over its x-y position and yaw-pitch
orientation, as well as three drug release mechanisms capable
of releasing three different drug chambers independently.

The presented drug delivery robot in this work utilizes only
class III and IV mechanisms, where the releasing system is
made using class III (Prismatic Translation) and the pose
control is formulated by using the class IV (Solid Body).
The effectiveness of the first two classes (Flexible Strip
and Flexible Rod mechanisms) were verified in our previous
work [26], where an 8-DOF mechanism was built by utilizing
flexible links, and a maximum cross-talk of 8.6% was reported.

A. Capsule Prototype Design

Among the three classes of constrained magnetic mech-
anisms illustrated in Fig. 1(a), the cylindrical magnet with
translational motion is well-suited for drug release purposes;
the force along tube axis can be used for injection, and
the constraint side wall forces can be used to control the
robot’s solid body motions. Thus, we choose three releasing
mechanisms which are comprised of three magnets (nslider =
3), each moving freely inside a cylinder. To avoid proto-
typing complexities related to custom magnetization profiles,
we decided to add one more constraint set (in addition to
constraint sets in eq. (23)) by choosing axially magnetized
cylindrical magnets, making the tubes’ axes aligned with the
magnetization directions, i.e.:

m̂k = âk for k = 1, 2, 3 (24)

There are no type I or type II mechanisms, so nstrip = 0
and nrod = 0. The capsule positioning mechanism includes
2-DOF position control (nsp = 2), and a 2-DOF orientation
control (nso = 2) for the solid body of the microrobot.
The selected axes for position control are x and y, and for
orientation control are pitch (rotation around x axis) and
yaw (rotation around z axis). Therefore, selection matrices for
position control (E1) and orientation control (E2) are defined
as:

E1 =

[
1 0 0
0 1 0

]
and E2 =

[
1 0 0
0 0 1

]
. (25)

The optimum design must result in a full rank H matrix,
mapping the eight field inputs to the seven desired out-
puts, including three injection forces (f∗p1 , f

∗
p2 , f

∗
p3), two solid

body translational forces (f∗sel(x), f
∗
sel(y)) and two solid body

rotational torques (τ∗sel(x), τ
∗
sel(z)). The optimization search

includes a total of 18 free variables: 9 variables for magnets’
orientations âk (3 directional unit vectors) and 9 variables for
their positions ~pk (3 vectors). To find the optimized solution
resulting in minimum interaction forces and torques and
maximum singular values for H matrix, the MATLAB fmincon
function (Global Optimization Toolbox, sqp algorithm, 25 sec
process time) was utilized. The optimized configuration is
shown in Fig. 2. This configuration includes two cylinders
on x-y plane (±60 degrees away from y axis), and one on

m1

m3

m2

fluid outlets

xryr

60°
60°
120°

fp3

fp2

fp1

yaw

pitch

2 mm

Fig. 2. Schematic of the optimized drug delivery robot. Three cylindrical
magnets are denoted as m1−3. The seven vectors (in white) represent the
independently-controllable DOFs of the robot. Design is symmetric w.r.t. the
y axis, and details of the configuration solution can be found in Table II.

TABLE II
DRUG DELIVERY ROBOT OPTIMIZATION PROBLEM; PREDEFINED

DESIGNER VARIABLES AND THE GENERATED OPTIMIZED GEOMETRIC
DESIGN SOLUTION. VECTORS ARE REPRESENTED IN THE ROBOT

COORDINATE FRAME [xr yr zr], ATTACHED TO THE CENTER OF THE
ROBOT.

Designer Variables Optimized Geometric Solution

nstrip = nrod = 0, nslider = 3 ~p>1 = [0.0 0.0 + 4.5] mm

nsp = nso = 2 ~p>2 = [−3.9 − 2.25 0.0] mm

ρ = 4.5 mm ~p>3 = [+3.9 − 2.25 0.0] mm

λ = 885 â>1 = [0.0 − 0.5 + 0.866]

γ = 2.8× 1023 â>2 = [−0.866 − 0.5 0.0]

‖~m1−3‖ = 8.8× 10−4 Am2 â>3 = [+0.866 − 0.5 0.0]

the y-z plane (120 degrees away from y axis). The full op-
timization details including predefined designer variables and
the optimized configuration solution are reported in Table II.

B. Magnetic Field Generation

After the design is generated and built, we generate a
desired control input ~Udes using our previously-developed field
generation system with eight electromagnetic coils [26]. Since
the H matrix is not square, its pseudo-inverse H† is used
to calculate control input vector ~Udes for a desired set of
outputs ~Ydes, therefore we have:

~Udes = H† ~Ydes (26)

~Ydes =
[
f∗p1 , f

∗
p2 , f

∗
p3 , f

∗
sel(x), f

∗
sel(y), τ

∗
sel(x), τ

∗
sel(z)

]>
.

As shown in Fig. 3, this system has four inner coils and four
outer coils, and considering 3 kW input power limit, it can
generate three magnetic field components as large as 15 mT,
and five gradient components as large as 0.55 T/m. The coil
currents ~I can be calculated as:

~I = L−1 ~Udes (27)



8

3 4

1
5

8

7
2

6

2 cm

xz

y

Fig. 3. Electromagnetic coil system; consisted of four inner coils which are
tilted upward 30 degrees from the horizontal toward the workspace center,
and four outer coils with their axes on the x-y plane. The blue circle in
the workspace represents the microrobot and the red circle demonstrates the
region where eight magnetic field parameters are less than 30% different w.r.t.
their nominal values at the center.

where L is the coil matrix mapping eight coil currents to eight
desired magnetic field parameters. The systematic procedure to
calculate this L matrix can be found in our previous work [26].

As reported in the Table II, on-board magnets are positioned
at 4.5 mm away from the robot center. Based on the coil
system geometry, it is expected that the on-board magnets will
receive a magnetic field with up to 23% error. Therefore, this
field production error will be the primary source for the cross-
talk error. Since the on-board magnets cannot be placed closer
to each other (due to interaction forces and torques), the only
solution to reduce this systematic cross-tall error is to use a
bigger coil system where the coils are located at a relatively far
distance from the workspace, and consequently the magnets
will receive a more homogeneous magnetic field. However,
due to time and budget limitations this field generation system
was deemed adequate to demonstrate the principle.

C. Fabrication

In order to realize the design presented in Fig. 2, which is a
transparent half-sphere with 12 mm diameter, UV stereolithog-
raphy (SLA) 3D printing was utilized (Formlabs Form2) as
shown in Fig. 4. This method of fabrication was selected due
to its intricate fabrication capability required to create the 3D
internal features of this microrobot. These features include
cylindrical channels to house 1 mm cylindrical NdFeB mag-
nets and outlet channels which are 600 µm in diameter. The
prototype microrobot was fabricated using Form 2 Clear Resin
with 25 µm layer height. The resin consists of Methacrylate
oligomers and monomer with photoinitiators for curing. The
mechanical properties of the cured material closely resemble
those of PMMA. Since the features are small, it was observed
that print orientation significantly influences the print quality.

m1

m3 m2

outlets

fiducial tags 
3 mm

(a) t = 0 s

t = 24 st = 16 s

t = 8 s(b)

Fig. 4. (a) 7-DOF drug delivery microrobot prototype. (b) Validating 3-DOF
drug release mechanism; each cylinder is activated for 8 s with a constant
200 µN desired translational force acting on cylindrical magnets. Video is
available in supplementary materials.

At certain orientation, especially when the channels run paral-
lel to the build platform, print failure occurs. As the resolution
of the printer (Form 2) was barely sufficient to produce this
microrobot, the print orientation was chosen using a systematic
trial and error method. The manufacturer-recommended post-
cure fabrication steps were followed producing the final body
of the microrobot. The three cylindrical magnets were then
inserted into their respective channels and end stops were
placed to prevent the magnets from escaping the body.

D. Experimental Results

To verify microrobot’s functionalities, including both mo-
tion and release mechanisms, two experiments were con-
ducted. For each experiment, a 2 cm clear acrylic cubic
container was placed in the center of the coil system to provide
a fluid environment for the microrobot. The first experiment
was to test the three injection mechanisms where water was
used as the fluid environment, and the second experiment
was designed to verify the independent controllability of all
the seven DOFs, where the acrylic container was filled with
corn syrup mixed with water. As shown in Fig. 4(a), three
fiducial tags were used to visually track the position (x, y)
and orientation (yaw, pitch) of the capsule using cameras and
machine vision. Two stationary cameras (FO134TC, Foculus,
30 fps) provided a top view (x-y plane) and side view (y-
z plane) of the workspace. To overcome friction forces, an
optional high frequency oscillating field along the y axis (1 mT
magnitude), calculated as: ~Bag =

[
0 sin(60πt) 0

]>
mT, was

used to agitate cylindrical magnets inside tube chambers.
The injection mechanism was examined first where the

acrylic cubic container was filled with water, providing the
fluid environment for the robot. Although water allows for
successful drug injections at relatively small prismatic forces,
controlling the position and orientation of the microrobot in
such a low viscosity environment requires a high feedback
rate (our 30 fps cameras are not adequate to track the capsule
motion; we expect 60 fps is required). As a result, and for this
injection experiment only, we used tape to fix the robot posi-
tion and orientation at the workspace center. An unconstrained
motion demonstration will be shown in the next section. Three
cylindrical magnets (NdFeB N50, 1 mm diameter, 1 mm
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Fig. 5. Validating 7-DOF drug delivery robot. During actuation period, the
targeted DOF follows the reference trajectory (dashed line), while other six
DOFs remain close to zero. Video is available in supplementary materials.

height) were inserted into the tube chambers. The three drug
delivery reservoirs were filled with food coloring dye of
three colors to simulate three different drugs loaded into the
microrobot. The desired injection forces to inject the simulated
drugs out were set using trial and error method because they
depend on fluid drag and friction which are difficult to reliably
model. These were set as f∗p1 = f∗p2 = f∗p3 = 200 µN.
Each of the magnets were actuated one after another, and as
shown in Fig. 4(b), three colored liquids were injected into
the environment, independently. Note that in this experiment
~Bag was disabled.

The second experiment was conducted to show that all of the
seven DOFs are independently controllable. The acrylic cubic
container was filled with corn syrup mixed with water (ratio
of 10:3 respectively), providing a viscus fluid environment
for the robot to freely slide under its surface. Fluid viscosity
of 110 mPa.S (at 20◦ C) was measured by observing the
falling speed of a metal sphere in the fluid, and comparing the
speed with the same sphere falling in a calibrated silicone oil.
Three magnetic tubes (NdFeB N50, 1 mm outside diameter,
0.5 mm inside diameter, 1 mm height) were inserted inside
its chambers, and each of the seven controllable DOFs were
then actuated in sequence one after the other while keeping the
other six DOFs stationary, as shown in Fig. 5. As mentioned
previously (subsection IV.C.), our coil system has a calibrated
workspace of 2 mm-radius sphere, and as a result, we tested
the capsule prototype motion over small distances of ±1 mm
for planar displacements (x, y) and ±10 deg for rotational
maneuvers (yaw, pitch). Each one of the three cylindrical
magnets can also move 2 mm inside their chambers before
reaching their physical endpoints.

As presented in Fig. 5, the yaw angle actuation was tested
first, with the desired trajectory changing from 0 to 10 deg
(linear ramp profile), 10 to -10 deg and -10 to 0 deg. The
yaw angle followed the desired trajectory and the other six
DOFs remained close to zero. Next, x and then y positioning
was tested, with the desired trajectory changing from 0 to
1 mm, 1 to -1 mm and -1 to 0 mm. The data shows that

TABLE III
CROSS-TALK REPORT; CALCULATED FOR EACH OF THE SEVEN DOFS AS:

MAXIMUM DEVIATION DURING INACTIVE PERIODS DIVIDED BY
CORRESPONDING MAXIMUM VALUE DURING THEIR DESIGNATED ACTIVE

ACTUATION PERIODS. (FOR THE FIRST SIX ACTUATION PERIODS
(COLUMNS 2-7) THE roll AND CONSEQUENTLY THE pitch AXIS WERE

RESTRICTED.)

Exp. yaw% x% y% d3% d2% d1% pitch% All

1 (Mean) 8.08 7.23 4.74 8.22 8.15 7.62 4.57 7.04

1 (Max) 16.9 11.6 10.1 17.2 17.3 18.2 17.6 18.2

2 (Mean) 7.98 7.43 4.82 7.98 8.53 7.55 4.65 6.99

2 (Max) 17.5 10.1 10.1 17.3 17.2 18.1 17.8 18.1

3 (Mean) 8.04 7.62 4.88 8.03 8.63 7.58 4.66 7.06

3 (Max) 17.6 11.2 10.2 17.2 17.6 18.3 17.8 18.3

the robot followed desired x and y trajectories, while other
DOFs remained close to zero. The releasing mechanism was
tested next (the previously mentioned agitating field ~Bag
was enabled during this period, making the movement of
cylindrical magnets inside drug reservoirs smoother). The
desired position of magnets were defined at the end of tube
chambers; i.e. traveling 2 mm inside the chambers. To move
the magnets back and forth, injection forces were set (using
trial and error method in a prior calibration experiment), as
f∗p1 = f∗p2 = f∗p3 = ±150 µN. The magnets’ traveled
distances, denoted as d1, d2, and d3, were measured during
their activation periods, and as illustrated in Fig. 5, when each
of the magnets was actuated, the rest of six DOFs remained
close to zero. At the end, the pitch angle actuation was tested,
where the experiment was paused and more fluid (corn syrup
mixed with water 10:3) was added into the acrylic container.
This addition was not done in previous actuation periods, due
to the insufficient feedback rate on the roll axis of the robot.
Since the roll axis is not controllable, undesired orientation
disturbances are seen. As a result and to restrict the roll axis
undesired effects, the container was filled with less fluid (just
enough to enable the robot slide underneath and not float; i.e.
restricted roll and consequently pitch axis) for the previous
six actuation periods, and more fluid was added only for
the pitch actuation period, so that the robot can float and
exhibit pitch axis rotation. For this pitch angle actuation, the
reference trajectory was defined same as yaw angle (linear
ramp profile ±10 deg), and as shown in Fig. 5 (brown solid
line), the pitch angle followed the reference trajectory, while
other six DOFs remained close to zero.

To study the microrobot’s performance in terms of indepen-
dent controllability of its DOFs, we measured the cross-talk
for each of the seven DOFs. The cross-talk is defined here
as the maximum deviation for each of the DOFs during its
“inactive” period, divided by its maximum value during its
“active” actuation period. For each DOF in this experiment,
there are six inactive periods and one active period, resulting
in six cross-talk measurements for each of the seven DOFs.
The mean and maximum of these six cross-talk errors are
presented in Table III, for three repeated experiment of the
same type (representative trial #1 is shown in Fig. 5). The
maximum mean cross-talk belongs to d2 in Exp.#3 which



10

is 8.63%, and maximum cross-talk (not averaged) appears in
Exp.#3, belonging to d1 which is 18.3%.

V. CONCLUSIONS

We demonstrated a general framework to design dexterous
magnetic microrobots for applications where external magnetic
field sources are located relatively far from the targeted
workspace; such as medical applications where magnetic field
generation sources are located around patient’s body, and a
multi-DOF microrobot is required to deliver certain dosages
of different drugs, perform biopsy, cut tissues, etc.

The presented framework utilizes both magnetic torque and
magnetic forces, providing the maximum possible dexterity.
However, it has two major limitations in comparison with
approaches using only magnetic torques; first, most resulting
designs would require real-time orientation feedback (we
expect a rate of 60 Hz in low viscosity environments such
as water) of the solid body of the microdevice to accurately
control magnetic forces. This is a relatively high frame rate,
therefore, one particular direction for future studies is to design
axi-symmetric devices where orientation feedback error can
be tolerated. Second, the magnetic force decays (∝ l−4w )
faster than magnetic torque (∝ l−3w ) as distance to targeted
workspace (lw) increases [26]. This relatively poorer scaling of
magnetic forces with distance may make it difficult to design
strong-enough mechanisms utilizing the five gradient terms of
the field for some applications. Thus, it is recommended in
general to actuate the mechanisms which require the largest
force using the magnetic field (torque) components of the
field while the gradient be used for weaker aspects of the
application.

The modeling in our work does not include fluid interactions
and dynamics and here we conduct our experiments at low
velocity to avoid non-linear affects. Implementation works to
follow this manuscript will explore the use of the presented
design framework in the design of multi-DOF functional
micro- and milli-robots operating with complex mechanisms
where fluid dynamics will play a role. Another direction
for future work will be investigating the sensitivity of the
proposed method to microrobot orientation feedback error,
and potentially extending the design optimization to be less
vulnerable to this feedback error. Another area for future
work will be utilizing the presented framework for soft-body
(flexible) microrobots, where more DOFs can result in features
such as more advanced locomotion patterns.
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âi force projection unit vector
for flexible strips

b̂i torque projection unit vector
for flexible strips
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