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Eight-Degrees-of-Freedom Remote Actuation of Small Magnetic
Mechanisms

Sajad Salmanipour and Eric Diller

Abstract— Magnetically-driven micrometer to millimeter-
scale robotic devices have recently shown great capabilities
for remote applications in medical procedures, in microfluidic
tools and in microfactories. Significant effort recently has been
on the creation of mobile or stationary devices with multiple
independently-controllable degrees of freedom (DOF) for multi-
agent or complex mechanism motions. In most applications of
magnetic microrobots, however, the relatively large distance
from the field generation source and the microscale devices
results in controlling magnetic field signals which are applied
uniformly over all agents. While some progress has been
made in this area allowing up to six independent DOF to
be individually commanded, there has been no rigorous effort
in determining the maximum achievable number of DOF for
systems with uniform magnetic field input. In this work,
we show that this maximum is eight and we introduce the
theoretical basis for this conclusion, relying on the number of
independent usable components in a magnetic field at a point.
In order to verify the claim experimentally, we develop a simple
demonstration mechanism with 8 DOF designed specifically to
show independent actuation. Using this mechanism with 500 ym
magnetic elements, we demonstrate eight independent motions
of 0.6 mm with 8.6 % coupling using an eight coil system.
These results will enable the creation of richer outputs in future
microrobotic devices.

I. INTRODUCTION

Progress in the wireless control of microrobots has demon-
strated the potential of the field in applications such as
microfluidics, drug delivery and minimal invasive surgery,
where the challenge is to remotely control and actuate
microscale devices without physical access to the workspace.
Recently, there has been a wide variety of innovative and
successful methods developed for remote actuation and con-
trol in microscale, with actuation based on magnetism [1],
[2], electrostatic forces [3], chemical reactions [4], thermal
activation [5], optical [6] and even bacteria motility-based [7]
techniques.

At small size scales, one particular challenge is in provid-
ing power for remote agents in order to generate relatively
large forces and torques. Another major challenge is to
individually address different motions of remote agents and
control them independently for team or multi-degree of
freedom (DOF) motions within one workspace. Consider-
ing both challenges, magnetic-based actuation is commonly
used, where in addition to its ability to generate relatively
large forces and torques, magnetic actuation does not require
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on-board selection modules to achieve multiple control-
lable DOFs. Wireless magnetic actuation would allow for
multi DOF systems that is not possible with other techniques
without a compromise in their size or actuation forces [8],
[9].

Magnetic-based approaches featuring multi-agent or multi-
DOF control can be categorized by their control with as-
sumptions of uniform or non-uniform magnetic fields over
the operating workspace. Uniform fields are assumed in
applications where the displacements of remote agents are
negligible compared to distance of magnetic sources from
the workspace [2] and thus the external magnetic field can
be considered uniform over the workspace. This assumption
is usually considered valid for most medical applications
where the field sources must be located outside the body.
On the other hand, when agents displacements are large
compared with the distance to the field source, it should
be assumed that the external magnetic field varies over the
workspace [10], a fact which could be used for independent
control [11]. In this paper we focus on the former case where
a uniform magnetic field assumption is made; in other words,
we analyze magnetic field components at a single point
in workspace. This makes it a more comprehensive study,
where analyzing magnetic fields at a single point, determines
capabilities of both, uniform and non-uniform fields.

One approach to achieve multiple DOFs in the uniform
field case is through time-encoded signals. Becker et al., for
example, suggest a mechanical decoding system for modu-
lated magnetic control signals [12]. However, this method
requires relatively large agents in an MRI which is not
feasible in microscale and can not be generalized to other
microrobotic systems. In this work, on the other hand, we
consider steady magnetic actuation; in other words, where
magnetic fields are in steady state and actuation forces and
torques can be seen as linearly dependent on field and field
gradient inputs. Thus the results of this study can be applied
to more complex actuation types including both steady and
time-dependent signals.

In a steady uniform magnetic field, actuation power is
transmitted to remote magnetic devices by the application
of magnetic torque and magnetic force. The magnetic field,
denoted by the vector [B, By B;]' induces a rigid-body
torque, while the spatial gradient of the field generates a
force. There has been significant effort in exploiting magnetic
torque capabilities in order to actuate micro-robots, including
helical-based [1], [13] or traveling-wave propulsion meth-
ods [14], [15]. However, torque-actuated mechanisms have
at most three independent control inputs, one each for the
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independent components of the magnetic field vector at a
point (By,By,B;). As a result, the number of independent
DOFs can not exceed three for torque-only actuation. There-
fore, in order to achieve more than 3 DOFs, the gradient of
magnetic field should also be used. By developing systems
capable of controlling both magnetic field and its gradient
to apply force in addition to torques, current designs in the
literature have achieved 5 DOF [2], [16] (3 DOF positioning
and 2 DOF orientation control of a rigid body microdevice)
and up to 6 DOF magnetic systems [17], [18]. (3 DOF
positioning and 3 DOF orientation control). While it has been
noted that the magnetic field and its gradient contain eight
independent components at any point in space (which has
served as justification for the use of a minimum of eight
actuating magnetic coils in many of these systems [19]),
microsystems with only up to 6 DOF have been developed
in previous designs. A single rigid body has only 6 DOF,
however, more complex systems such as multi-agent systems
or those containing jointed or flexible mechanisms [20] can
have many more free DOF which would be useful to control.

In this work, we first investigate the magnetic field and
its gradient to determine the theoretical maximum number
of independent controllable inputs for a generic magnetic
system operating at a point in space under the influence of a
uniform field input. Based on the available independent pa-
rameters of the field and its gradient at a point, we show that
this number of independent inputs is eight. To demonstrate
this independent actuation, we design a magnetically-driven
system in a way that those eight independently controllable
inputs result in eight independently controllable outputs. The
proposed 8 DOF magnetic mechanism consists of two parts,
a magnetic field generation system and remote mm-scale
magnetic agents (which could be generalized to any small-
scale magnetic remote devices). Since a rigid body cannot
have more than 6 DOF, a system with eight outputs requires
at least two bodies. For a simple demonstration, we use
seven agents (possessing total of 8 DOF), requiring only
one camera to measure all of the eight outputs. We show
calibration and validation of the experimental system, and
demonstrate 8 DOF actuation, where all of its 8 DOFs can
be individually addressed and actuated with a maximum
coupling of 8.6%. Thus, for the first time, we investigate
the capability of steady uniform magnetic fields to achieve a
wireless mechanism with maximum number of DOFs which
is eight. This work serves as a proof of concept which will
enable more dexterous actuation of future wireless magnetic
mechanisms with maximum dexterity.

II. MAGNETIC ACTUATION

In this section, magnetic actuation principles are intro-
duced, with force and torque equations written in matrix
form as the basis for discussing our scheme for full-DOF
actuation. These equations are utilized to investigate the the-
oretical maximum number of DOFs, and we limit discussion
to systems utilizing steady uniform magnetic fields only.

A. Background on Magnetic Field Actuation

Maxwell’s equations describe a magnetic field in a free-
current workspace as:

V-B=0 (1
VxB=0 (2)
where B3, is the magnetic field vector. This magnetic field
results in a force F3»; and a torque vector T3y acting on
the magnetic agent (the remote micro-device), calculated as:
F=(m-V)B (3)
T=mxB “)
where 7it = [m, my m;]" is the dipole moment of the magnetic

agent. Using cross product identities, the torque equation (4)
can be rewritten in matrix form as:

Tx 0 —m; my B,
T=|1|=| m 0 —my| |By 5)
T —my My 0 B,

In order to also write the force equation (3) in a matrix form,
Maxwell’s equations are utilized. Equation (1) implies that
gradient of the magnetic field vector has a zero trace and (2)
constrains it to be symmetric. As a result, equation (3) can
be rewritten as:

OBy 9By 9By
dx ;y ;z my
= _ | 9B, By 9By
F=1730 o 7 my (6)
dBy 8By _(aﬂ + 8BX) m;
9z 9z dy ox

As it can be seen from (6), the gradient matrix has five
independent components [19]. By rearranging them into a
5 x 1 vector, equation (6) can be simplified to:

my my m; 0 0 dy
0 my 0 my my| |5 @)
-m; 0 my —m; my| |22

T

I
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B. Multi-DOF Magnetic Actuation

Using equations (5) and (7), exerted force and torque
on a magnetic device with magnetization vector m =
T . . .
[my my, m] , can be summarized in a matrix form as:

fx my my my 0 0 0 0 0
fy 0 m 0 m m 0 0 0
] [-m; 0 my m, my 0 0 0 i
Tx 0 0 o0 0 0 0 -m; m
Ty 0 0 o 0 0 my 0 —my
T, 0 0 o 0 0 —my my 0
®)

.
B, B, B,

0— |98 9B 9B 9By, 9By
dx dy Jz dy dz

A combination of forces and torques can be used to actuate
remote magnetic agents. System output depends on this
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Fig. 1: 8 DOF magnetic mechanism used to demonstrate
independent actuation. Remote magnetic agents are cubic
permanent magnets, physically constrained to experience
deflections along one (agents 1-6) or two axes (agent 7).
Considering relatively small deflections, orientation of the
net magnetization vector for each magnet is assumed to be
fixed.

combination, whereas system input is always the same and
we choose it be an 8 x 1 vector, named U.

In order to investigate what is the maximum number of in-
dependent outputs in a local magnetic field, the input/output
vectors must be studied. Based on equation (8), maximum
number of independent outputs can not be greater than
number of inputs which is eight. To validate the possibility
of this maximum of eight, we designed a simple system
with seven small magnets possessing eight free DOFs. As
illustrated in Fig. 1, magnets are denoted by M; (i: 1 —7) and
output displacements as d; (i: 1 —8). In this system, remote
magnetic devices are simply cubic permanent magnets that
are attached to flexible arms. As described in Table I, these
flexible arms are physically constrained in a way that they
can only experience deflections in one or two directions (each
agent has 1 or 2 DOFs).

TABLE I: Specifications of the proposed 8 DOF magnetic
mechanism.

Agent # 1 2 3 4 5 6 7
Number of DOFs 1 1 1 1 1 1 2
Output di dy d3 dy ds dg d7,dg
Motion Axis X X X y y y X,y
Actuation Force fx fx fx fy fy fy fx, fy

i

Actuation Torque T, T, T, T, T, T, Ty, Ty
Orientation =
[l ]

R

There are 8 DOFs in total where each one of them is

actuated by a force element (fy or fy) and a torque element (7x
or Ty or T,). By choosing d; —dg as outputs, system output
vector Y is calculated as:

Y=[d do ds di ds ds dv dg]' 9)
di = +afix =B, do=+afy— B, dz=+of—B13,
dy = —afyy — B, ds=—afsy— P15, ds=—ofey— P,
d7 = +af;x — Bty dg = —af;y — B

where a and 3 are constant scalars mapping from force and
torque inputs to deflection outputs, respectively. Using (8),
equation (9) can be written in matrix form as:

Y =
miyy mpy Mg 0 0 mpy  —Mix 0
mpy Mmyy my; 0 0 nyy —MmMoy 0
msy msy ms3; 0 0 msy —Mm3y 0
0 — M4y 0 —m4y —Mmy; m4y — M4y 0 )\ U
0 —-msy O —mMsy —Msz;  Msy  —Msy 0
0 —mgx 0 —Mey —Mez  Mey  —Mey 0
miy mjy  Myg 0 0 —m7; 0 miy
L 0 -mg O —mzy  —myy 0 mq; —myy |
Y=KAU
Y=SU (10)

Sgxs = Kgxg Agxs
A8><8 = dl‘ag(%%“a“a%ﬁvﬁvﬁ)

Here, S represents the system matrix which maps from the
input vector U to output Y. In order to be able to have full
control over all of the eight outputs, system matrix S must
be full rank. As equation (10) shows, for a full rank matrix,
magnetization vectors of agents which have the same motion
axis (agents 1-3 and 4-6) must be linearly independent, and
the magnetization vector for the last agent must have a
non-zero component in x —y plane. Therefore, we choose
magnetization vectors for the agents as:

ms=[0 y 0]
[y 0 0 (11)

where 7y is a scalar representing the magnitude of magne-
tization vectors (same for all). By inserting (11) into (10),
system matrix S is calculated as:

ﬁ11=ﬁ14=[’}/ 0 O]T l”_ﬁz:
iy =ig=[0 0 ] =

ay O 0 0 0 0 —By O
0 ay O 0 0 By O 0
0 0 ay O 0 0 0 0
|10 —ay O 0 0 0 —By O
S= 0 0 0 —-ay 0 By O 0 (12)
0 0 0 0 —ay O 0 0
ay O 0 0 0 0 0 By
0 —ay O 0 0 0 0 0 |
where its determinant is equal to:
S|=—a’ B* ¥* (13)

As it can be seen from (13), if o, B and y are non-zero,
system matrix is full rank and all of the outputs d; — dg



can be controlled independently through the input vector U.
It should also be noted that this system matrix represents
a linearized model of the system with fixed magnetization

vectors m — iy, which is only valid when deflections are
small enough. This criteria can be expressed as:
sin(0) ~ 0 0 =4d/l; (14)

where [; is the ith arm’s length. In order to meet this
condition, we choose our desired output deflections to be
20 times smaller than arms’ lengths.

III. GENERATING MAGNETIC FIELD AND GRADIENT

Having a full rank system matrix guarantees that system
outputs can be controlled independently if we have full
control over system inputs. In other words, we need to be
able to control all of the eight terms in the U vector. To
do so, we need a magnetic field generation system capable
of simultaneously generating three field terms (By,By,B;),
and five gradient terms (%, %, %, ?, %). As a result,

X y Z Yy Z
at least eight independent magnetic field sources are needed.
These sources can either be electromagnetic coils, permanent
magnets or a combination of both. In this work, we chose
to have eight electromagnetic coils as our controllable input
sources.

Using the Bio-Savart law, magnetic field vector B and its
gradient matrix G , for a coil pointing toward 7 direction at
a distance of D on its axis, can be calculated as:

. T LoNia®
B=p[o 0 1] P= 3@+ 0015 (15)
9By 9By 9By
oB, 9By (9B, | 3By 00 -2
dz dz 8)’ Jx
3uoNia*D -7 -1
g:m Up=4n x107'T.m.A

where a is the coil radius, i is the current, N represents
number of turns and yo is the permeability of free space.
Here we assumed the coil is pointing toward 7 axis, but using
a rotation matrix R, these calculations can be generalized for
a coil with a desired axis 7, as:

B=R[0 0 p]' (17)
c O 0

G=R|0 o 0 |R' (18)
0 0 —2¢

i=R[0 0 1]"

Having eight coils positioned around workspace with
different orientations, magnetic field and gradient terms can
be calculated as:

U = Lgxs Igx1 (19)
T

77— |9Bx 9By 9B, 9By 9By

U= ox Jdy dz 9y 9z By By B,

where L is the system matrix mapping from eight coil
currents to the eight field and gradient terms. By utilizing

ﬂc_

Fig. 2: Magnetic field generation prototype, consisting of
four inner coils (1 —4) and four outer coils (5 —8). The
system is capable of independently generating three magnetic
field components as large as 15 mT, and five gradient
components as large as 0.55 T/m.

equations (17) and (18) for each coil individually, columns
of L matrix are calculated; where ith column maps from ith
coil current I; to U.

The system is able to generate all eight field and gradient
terms independently, if and only if L is full rank. In order
to optimize coil configurations, MATLAB finincon function
(interior-point algorithm) was utilized. The parameters to be
optimized were coils axes, their radius and their distance to
workspace. Constraints were power limitations (maximum
current of 15 A for each coil), workspace size (a circle
with minimum radius of 3 cm, maximum of 4 cm) and
L matrix rank (must be eight). The following cost function
was also defined to maximize generated field and gradient
components:

f=(mB'B+m g'g)" (20)
B

T
— (g B. B]" s—[2B 9B 9B 9B 9B
[ X y z] 8 |:8x dy dz dy dz

where 711 and 1, are positive constant scalars.

The optimized solution has four outer coils with their
centers in x —y plane and four inner coils positioned below
x —y plane (30 degrees tilted). Figure 2, shows the final
developed coil system and coils specifications can be found
in Table II.

In order to calibrate the coil system, a test current of 10 A
was sent to each coil separately and resulted data (Table III)
were used to calculate the L matrix (equation (19)). Calcu-
lated matrix is full rank and considering our 15 A current
limit, the system can reliably generate three magnetic field
components as large as 15 mT, and five gradient components
as large as 0.55 T/m.



TABLE II: Coils specifications; including radius a, distance
to workspace center D, number of wire turns N, wire gauges
and coils axes 7.

a(cm) D (cm) N Gauge Coils axes (7i)
Coil 1 2.5 33 450 20 [+0.6 —0.6 JrO.S}T
Coil2 25 3.3 450 20 [-06 —0.6 +05]
Coil 3 2.5 33 450 20 [+0.6 +0.6 +O.5} T
Coil 4 25 33 450 20 [—0.6 +0.6 4—0.5]T
Coil 5 5.6 5.7 600 20 [+1.0 0.0 0 0} T
Coil 6 5.6 5.7 600 20 [ 00 +1.0 0 O}T
Coil 7 5.6 5.7 600 20 [71.0 0.0 O.O}T
Coil 8 5.6 5.7 600 20 [ 00 -1.0 0 O}T

TABLE III: Coils characterization data; sending 10 A to each
coil individually. Field components are measured using 3-
axis gauss-meter (460, Lake Shore Cryotronics), and gradi-
ent components are estimated based on dipole model and
measured field data.

Bywm  Bywm)  Bzmm aaz? (T/m) 33? (T/m) 393? (T/m) %"(T/m) %’(T/m)
Coil 1 5.7 -5.8 45 -0.04 031 -024 -0.04 0.24
Coil 2 4.1 -4.4 3.5 0.00 -0.22 0.17 -0.04 0.19
Coil 3 4.7 53 4.2 0.00 -026 -0.21 -0.05 -0.23
Coil 4 -5.1 4.7 3.8 -0.05 0.26 0.21 -0.01 -0.19
Coil 5 11.6 -0.1 0.0 -0.35 0.01 0.00 0.17 0.00
Coil 6 -0.1 10.7 04 -0.16 -0.01 0.00 0.33 0.02
Coil 7 -10.5 05 -08 -032 -0.02 -0.03 0.16 0.00
Coil 8 1.2 -125 0.6 -0.18 -0.05 0.00 0.38  -0.03
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Fig. 3: a) Prototype of the 8§ DOF magnetic mechanism.
b) Top view camera recording x —y displacements. Video
is available in supplementary materials.

TABLE 1IV: Test inputs to calibrate the 8 DOF magnetic
mechanism.

9By 9B

IV. EXPERIMENTAL RESULTS

As shown in Fig. 3a, the proposed 8 DOF magnetic mech-
anism was built using seven pieces of Nitinol wire (2.5 cm
length, 75 um diameter) as flexible arms attached to seven
cubic permanent magnets (NdFeB, 500 um). One stationary
camera (FO134TC, Foculus) provided x —y position mea-
surements (Fig. 3b), with a LED plate placed beneath the
workspace as its light source.

The magnetic field generation system and the 8 DOF
magnetic mechanism can be considered as two systems
working in series. By combining equations (10) and (19),
we will have:

Y=SLI=HT (1)

Hgyxg = Sgxg Lgxs

where H is the overall system matrix mapping from coil
currents 7 to system output Y. In order to determine this ma-
trix, S must be calculated first. To do so, eight different input
sets were applied and agents deflections were measured. The
information specifying input sets are listed in Table IV, and
the resulted measured deflections can be found in Table V.

Calibration results (Table V) were utilized to calculate S
and consequently H matrix. The calculated H matrix is full
rank, and considering the 15 A current limit for our coils,
the system was able to actuate each one of the eight outputs
with a maximum deflection of 800 um.

o (T/m) ayx (T/m) %(T/m) %(T/m) %(T/m) Bywm)  Bywm  Bmm
Input 1 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Input2 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0
Input 3 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0
Input4 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0
Input5 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0
Input 6 0.0 0.0 0.0 0.0 0.0 5.0 0.0 0.0
Input 7 0.0 0.0 0.0 0.0 0.0 0.0 5.0 0.0
Input 8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0
TABLE V: Calibration results for the 8 DOF magnetic
mechanism.

dy(um) d>(um) ds(pm) dy(pm) ds(um) de(um) d7(pm) dg(pm)

Input 1 900 240 -80 -20 -260 0 680 60
Input 2 360 640 -80  -580 60 20 120 -640
Input 3  -80 220 620 120 220 0 -80 -20
Input 4 120 60 -40  -260  -720 -60  -160  -100
Input 5 -140 -80 80 0 40  -620 -40 -60
Input 6 -20 540 -20 20 420 20 20 -20
Input 7 -560 20 0 -340 -40 20 20 0
Input 8 0 20 20 -20 0 40 520 -60

To verify the capability of the system in individually
actuating each DOF, eight open-loop experiments were con-
ducted; duration of each 5 seconds and designed to displace
d; from 0 to 600 um (linear ramp profile). As plotted
data in Fig. 4 shows, during each experiment, the targeted
output followed the desired trajectory and the rest of seven
outputs remained close to zero. In order to investigate system
performance in terms of independent actuation of DOFs,
we defined cross-talk for each DOF, as maximum deflection
occurred during experiments which ideally should not affect
d;, divided by its maximum deflection during its designated
experiment. Cross-talk for each one of DOFs are reported in
Table VI, where the maximum belongs to d; which is 8.6%.
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Fig. 4: Validating 8 DOF magnetic mechanism through eight
sets of open-loop experiments; duration of each is 5 s, and
is designed to displace d; from O to 600 um (linear ramp
profile). Video is available in supplementary materials.

TABLE VI: 8 DOF Magnetic System cross-talk; calculated
for each DOF as maximum non-diagonal element divided by
corresponding diagonal element.

di(pum) dr(um) d3(pm) dy(pm) ds(pum) de(um) d7 (pm) ds(pm)

0-5(s) 603 0 -25 25 25 22 0 22
5-10 (s) -26 625 -25 0 0 22 0 -45
10-15 (s) -52 -50 625 50 25 22 0 45
15-20 (s) -52 0 0 600 0 22 25 45
20-25 (s) -26 0 -25 0 625 22 -25 0
25-30 (s) -52 0 0 25 25 660 -25 45
30-35 (s) -52 25 0 25 50 0 650 45
3540 (s) -26 0 0 0 25 44 -50 630
Cross-
Talk 8.6% 8% 4%  8.3% 8% 6.6% 17% 1.1%

V. CONCLUSIONS

This paper studies, for the first time, how to utilize
maximum number of magnetic field parameters at a single
point in the workspace to allow for maximum possible DOFs,
which is eight. In this work, we have developed an 8§ DOF
millimeter-scale magnetic mechanism as a proof of concept
to demonstrate maximum capabilities of uniform steady
magnetic fields in independently controlling remote magnetic
agents. These results serve as a general framework which
will potentially allow for developing future magnetic systems
with maximum dexterity, specifically in applications such as
multi-agent or flexible mechanisms where more DOFs are
needed to be controlled. Our future work will be focused on
developing a generalized framework to apply this theory on
any mechanism with desired constraints and DOFs, and we
will use this framework to design functional microrobotic
devices.
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