
IEEE TRANSACTIONS ON ROBOTICS, VOL. 33, NO. 5, OCTOBER 2017 1013

The Spherical-Actuator-Magnet Manipulator:
A Permanent-Magnet Robotic End-Effector

Samuel E. Wright, Arthur W. Mahoney, Member, IEEE, Katie M. Popek, Member, IEEE,
and Jake J. Abbott, Member, IEEE

Abstract—A variety of magnetic devices can be manipulated re-
motely using a single permanent “actuator” magnet positioned in
space by a robotic manipulator. This paper describes the spherical-
actuator-magnet manipulator (SAMM), which is designed to re-
place or augment the singularity-prone spherical wrist used by
prior permanent-magnet manipulation systems. The SAMM uses
three omniwheels to enable holonomic control of the heading of its
magnet’s dipole and to enable its magnet to be rotated continuously
about any axis of rotation. The SAMM performs closed-loop con-
trol of its dipole’s heading using field measurements obtained from
Hall-effect sensors as feedback, combined with modeled dynamics,
using an extended Kalman filter. We describe the operation and
construction of the SAMM, develop and characterize controllers
for the SAMM’s spherical magnet, and demonstrate remote actua-
tion of an untethered magnetic device in a lumen using the SAMM.

Index Terms—Magnetic dipole, magnetic manipulation, medical
robotics, microrobotics, spherical mechanism.

I. INTRODUCTION

THIS paper describes the spherical-actuator-magnet manip-
ulator (SAMM), which is a mechatronic device housing

a solid uniformly magnetized spherical permanent magnet that
is intended to be used as the “actuator magnet” in a magnetic-
manipulation system. The SAMM is designed to be used as an
end-effector mounted to the tool frame of a robotic manipula-
tor that is used to position the spherical magnetic in space (see
Fig. 1). The SAMM enables holonomic singularity-free control
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Fig. 1. (a) SAMM prototype as the end-effector of a robotic manipulator.
(b) Concept diagram illustrating the spherical magnet (1), which is prevented
from translating by four constraints (2) that create a rolling form-closure. Three
omniwheels (3) whose axes of rotation span R3 contact the magnet and cause
it to rotate as desired. Magnetic-field sensors (4) measure the magnet’s dipole
moment to be used for closed-loop control of the dipole’s heading (i.e., 2-DOF
orientation).

of the orientation of its spherical magnet, as well as continu-
ous rotation of its magnet about arbitrary axes of rotation. The
SAMM was designed so as to remove kinematic limitations
encountered in prior permanent-magnet manipulation systems.
This distal surface of the SAMM is designed to be smooth and
free of moving parts, so that the spherical magnet can be placed
very close to the magnetic device that it is trying to actuate or
manipulate.

Two prior works in our lab motivated the development of the
SAMM. The ability to control a screw-like untethered magnetic
device (UMD) in a lumen using a single rotating permanent
magnet as the actuation source, in a task reminiscent of ac-
tive capsule endoscopy in the intestines, was described in [1].
The results of [1] enable the actuator magnet to be placed in
any position relative to the UMD, provided a specific position-
dependent actuator-magnet rotation axis is established. In the
experimental results of [1], the actuator magnet was rotated by
a single DC motor that was rigidly mounted to the tool frame of
an industrial six-degree-of-freedom (6-DOF) robotic manipula-
tor. In that setup, the rotation axis of the actuator magnet was
fixed with respect to the tool frame of the robotic manipulator.
Such a setup is capable of placing the actuator magnet with the
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correct rotation axis to guide a UMD through relatively sim-
ple trajectories. However, when tasked with navigating a UMD
through tortuous paths (e.g., the small intestines), the physical
constraints of the robotic manipulator (i.e., joint limits and sin-
gularities) limit how the UMD can be actuated, and limit the
workspace.

The effects of manipulator limitations on UMD actuation
were also observed and were characterized in [2], where a single,
nonrotating permanent magnet was used to levitate a semibuoy-
ant magnetic capsule with 5-DOF (3-DOF position and 2-DOF
heading) control in a task reminiscent of capsule endoscopy in
the stomach. Kinematic singularities and workspace limitations
were identified as the primary limiting factors to dexterous ma-
nipulation. To mitigate the effect of singularities, the authors
introduced a control method that sacrificed control authority
over the capsule’s heading in order to maintain 3-DOF con-
trol over the capsule’s position when the manipulator nears a
kinematic singularity.

The SAMM has no joint limits or kinematic singularities
by design. This is made possible by using three omniwheels
to drive the SAMM’s spherical magnet. An omniwheel is a
common mechanism that incorporates small rollers that permit
controlled rotation about the omniwheel’s rotation axis and free
rotation about the two orthogonal axes. Designing the three om-
niwheel rotation axes to be linearly independent enables any
instantaneous magnet rotation axis to be achieved. By making
the magnet’s axis of rotation continuously variable, irrespec-
tive of the robotic manipulator used to position the SAMM,
the kinematic singularities of the robotic manipulator can be
avoided, and the robotic manipulator is free to position the actu-
ator magnet optimally for manipulation. The SAMM will also
enable robotic manipulators with less than 6-DOF to be con-
sidered for use in magnetic manipulation (e.g., a simple 3-DOF
gantry system or SCARA robot). With singularity-free orien-
tation control of its spherical magnet, the SAMM can be used
to solve the problems found in both of the projects described
above, and has the potential to be used for the remote actuation
of a variety of magnetic devices that have been previously de-
veloped for minimally invasive medicine, including both UMDs
[1], [3]–[11], and tethered magnetic devices such as catheters
and cochlear-implant electrode arrays [12], [13].

There are several reasons for choosing a magnet of spherical
geometry. First, being of constant radius, it is simple to maintain
form-closure regardless of the magnet’s orientation, enabling it
to be easily incorporated into a physical device. Second, a spher-
ical magnet makes the best use of available space in the sense
that it fully fills the volume of its bounding sphere with mag-
netic material to maximize the strength of the magnetic dipole.
Third, the field of a spherical permanent magnet is theoreti-
cally perfectly fit by the simple point-dipole model [14], [15],
which enables analytic tools to be accurately applied. Finally,
a spherical body has no principal directions of inertia, giving
it isotropic dynamic properties, which is particularly valuable
during continuous rotation.

Our SAMM design was inspired by prior “ballbot” systems,
in which a robot balances itself atop a sphere (e.g., a bowling
ball) [16], [17]. With ballbots, only the instantaneous angular

velocity of the ball is important for control, and the ball’s ori-
entation is not measured [18] (i.e., there is no preferred “north
pole” of a bowling ball). However, for remote magnetic ma-
nipulation, knowledge of the magnet’s dipole heading is crit-
ical since it determines the field applied to the actuated mag-
netic device and how the device is controlled. Therefore, the
SAMM includes a magnetic-field sensor system to estimate the
spherical-magnet’s dipole heading. The SAMM is fundamen-
tally different—in terms of design, control, and end use—from
spherical motors, which use electromagnetic stator coils to ori-
ent a permanent-magnet spherical rotor (see [19]).

We use the term “heading” since the dipole’s magnitude is
constant and known, and we are only interested in the 2-DOF
pointing orientation of the dipole rather than the full 3-DOF
orientation of the sphere. This is because the field generated by
a spherical permanent magnet is radially symmetric about its
dipole axis, so rotations about the dipole axis neither result in a
change in the magnetic field to the remote device being actuated
nor to the sensors measuring the field.

In this paper, we expand the results of [20] in the following
ways.

1) A Kalman filter is presented that estimates the spherical
magnet’s dipole heading and angular velocity by synthe-
sizing sensor feedback and modeled dynamics.

2) We describe our mechanical approach to keep the omni-
wheels in contact with the spherical magnet despite non-
idealities.

3) We present a new “pointing mode” controller that solely
controls the spherical magnet’s dipole heading.

4) We present an improved version of the “rotating mode”
controller.

5) We describe how to calibrate the magnetic-field sensors
used to measure the spherical magnet’s heading, which
substantially improves the accuracy of the estimation of
the spherical magnet’s dipole heading.

6) We present two additional experiments that assess the
performance of the controllers we present herein.

II. VELOCITY KINEMATICS AND INVERSE KINEMATICS

We follow a convention where scalars are denoted by lower
case standard font (e.g., c), vectors by lower case bold font
(e.g., x), and matrices by capital bold font (e.g., M). The “hat”
symbol denotes a unit-length vector (e.g., x̂).

For some desired angular velocity ωm ∈ R3 of the spheri-
cal magnet, the necessary omniwheel rotation speeds must be
determined. Let the unit-length vectors d̂1 , d̂2 , and d̂3 point
from the magnet’s center to the contact points where the three
omniwheels touch the magnet (see Fig. 2). We assume that the
omniwheel axes â1 , â2 , and â3 are perpendicular to d̂1 , d̂2 , and
d̂3 , respectively, and assume that there is no slip between the
omniwheels and the magnet. Given a magnet angular velocity
ωm , the surface velocity of the magnet at the ith omniwheel–
magnet contact point is given as

ui = rm ωm × d̂i (1)

where rm is the radius of the magnet.



WRIGHT et al.: THE SPHERICAL-ACTUATOR-MAGNET MANIPULATOR: A PERMANENT-MAGNET ROBOTIC END-EFFECTOR 1015

Fig. 2. Two orthogonal views of the SAMM’s omniwheel configuration are
shown. The vectors â1 , â2 , and â3 are the omniwheel rotation axes, and d̂1 , d̂2 ,
and d̂3 point from the magnet center to the corresponding omniwheel contact
point. The depicted coordinate system is used throughout this paper.

The components of u1 , u2 , and u3 parallel to the respec-
tive omniwheel axes are transferred directly into rotation of the
omniwheel rollers, and cause no rotation of the omniwheels
themselves. All other components of u1 , u2 , and u3 cause each
omniwheel to rotate with scalar rotation speeds ωa1 , ωa2 , and
ωa3 , respectively. The component direction of ui that causes the
ith omniwheel to rotate about its axis is given as

q̂i = d̂i × âi . (2)

Under the assumption of no-slip, the projection of u1 , u2 ,
and u3 onto the directions q̂1 , q̂2 , and q̂3 , respectively, must
be mapped to the scalar rotation speeds of each omniwheel by
the reciprocal of the omniwheels’ radii (denoted by rw , as we
assume identical omniwheels) as

ωai =
1
rw

q̂T
i ui =

rm

rw
âT

i {d̂i}2
ωm (3)

where {d̂i} ∈ so(3) is the skew-symmetric matrix form of the
cross-product operation.

All three omniwheel rotation speeds can be packed into the
vector ωa and related to the spherical magnet angular velocity
ωm , in matrix form, as

ωa =

⎡
⎣

ωa1
ωa2
ωa3

⎤
⎦ =

rm

rw

⎡
⎢⎣

âT
1{d̂1}2

âT
2{d̂2}2

âT
3{d̂3}2

⎤
⎥⎦ωm . (4)

Due to the assumption that âi is perpendicular to d̂i , (4) can be
simplified to

ωa = −rm

rw

⎡
⎢⎣

âT
1

âT
2

âT
3

⎤
⎥⎦ωm = ηATωm (5)

where η = −rm /rw is the gear ratio from the omniwheels to
the sphere (with the negative sign indicating the change in
rotation direction from the omniwheels to the magnet), and
A =

[
â1 â2 â3

]
.

The omniwheel axes and positioning must be designed such
that matrix A has full rank, otherwise there will exist a di-

rection of ωm that cannot be achieved with any selection of
omniwheel rotation speeds. Although linear independence of
the columns of A is a sufficient condition mathematically, in
practice the columns should be designed to be as close to mu-
tually orthogonal as possible. Otherwise, some desired ωm will
require an unnecessarily, and possibly unachievably, fast om-
niwheel rotation speed. We designed our system so that â1 ,
â2 , and â3 are mutually orthogonal and arranged as shown
in Fig. 2. This counter-opposed configuration results in the
omniwheel axes: â1 = [

√
2/2

√
2/2 0]T, â2 = [0 0 (−1)]T, and

â3 = [
√

2/2 (−√
2/2) 0]T. Other feasible omniwheel arrange-

ments are possible [21].

III. SYSTEM DYNAMICS

The net applied torque τm on the actuator magnet is related
to the magnet’s instantaneous angular velocity ωm and angular
acceleration ω̇m by

τm = Jω̇m + B(ωm )ωm + c(ωm , τm ) (6)

where the manipulator’s rotational inertia matrix is denoted by
J ∈ R3×3 , the viscous friction matrix is denoted by B(ωm ) ∈
R3×3 , and the Coulomb friction is denoted byc(ωm , τm ) ∈ R3 .

The rotational inertia matrixJ is the combination of the inertia
due to the spherical magnet Jm and the inertia due to the motors
and omniwheels Jw :

J = Jm + η2Jw =
2
5
mm r2

m I3 + η2
(

1
2
mw r2

w + jmot

)
I3

(7)
where the gear ratio η is defined in Section II, mm is the mass of
the spherical magnet, and rm is its radius. The rotational inertia
of each omniwheel includes the omniwheel’s inertia (approxi-
mated as a rotating disk with radius rw and mass mw ) and the
corresponding driving motor’s inertia jmot (this term includes
the motor’s rotor inertia reflected through any gearing in the mo-
tor, as seen at the output shaft). Matrix I3 ∈ R3×3 is the identity
matrix.

We have observed viscous and Coulomb friction effects [22]
that are asymmetric. The viscous friction matrix B(ωm ) is mod-
eled as B = diag(B1 , B2 , B3), where the coefficients Bi are
determined according to the sign of the corresponding terms of
ωm :

Bi =
{

B+
i : ωm,i > 0

B−
i : ωm,i < 0.

(8)

The Coulomb friction term c(ωm , τm ), which models static
friction, is defined as

ci =

⎧
⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

τi : ωm,i = 0 and c−i ≤ τm,i ≤ c+
i

c+
i : ωm,i = 0 and τm,i > c+

i

c−i : ωm,i = 0 and τm,i < c−i
c+
i : ωm,i > 0

c−i : ωm,i < 0.

(9)

Note that similarly to how magnet angular velocity ωm is
mapped to motor angular velocity ωa via (5), the magnet torque
τm is mapped to motor torque τa through AT, but with the
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inverse of the gear ratio:

τa =
1
η
ATτm . (10)

IV. SENSING THE MAGNET’S DIPOLE MOMENT

The dipole moment of the magnetic body (denoted by the vec-
tor m) is the vector from the south to north poles of the magnet.
Methods of magnetic manipulation using a single permanent
magnet require the magnet’s dipole moment to be specifically
directed and thus known. The dipole moment m of the SAMM’s
magnet can be determined by measuring the magnetic field h
that it generates in space.

One approach to measuring the magnetic field uses Hall-
effect sensors, which measure the component of the field in
the direction normal to (i.e., passing through) the sensor’s face.
We assume the general case of n Hall-effect sensors. Let each
sensor be positioned in space such that the vectors p1 through
pn , in units of meters, measure each sensor’s position relative
to the spherical magnet’s center, and let v̂1 through v̂n be unit-
magnitude vectors that describe the directions that are sensed
by each sensor; all vectors are expressed in the same frame as
m. Let the magnetic field at each sensor position be denoted by
h1 through hn , in units A · m−1 . The measured component of
the field produced by the ith sensor is denoted with the scalar si

and is given by

si = v̂T
i hi . (11)

The magnetic field hi , at each sensor position pi , can be
predicted with the point-dipole model

hi =
1

4π ‖pi‖3

(
3p̂ip̂T

i − I3
)
m = Him (12)

which exactly predicts the field produced by a spherical perma-
nent magnet [14], [15]. For all other geometries, it is an approx-
imation that becomes more accurate with increasing distance
[23].

Substituting (12) into (11) produces an expression relating
the magnet’s dipole moment m to each of the n sensor mea-
surements, which can be aggregated into the following matrix
equation:

s =

⎡
⎢⎣

s1
...

sn

⎤
⎥⎦ =

⎡
⎢⎣

v̂T
1H1
...

v̂T
nHn

⎤
⎥⎦m = Sm. (13)

The n × 3 constant matrix S encapsulates the complete geo-
metric description of the sensor arrangement, as it pertains to
estimating m. If the matrix S has full column rank, then a
solution for the dipole moment m can be found as

m = S†s (14)

where S† = VΣ†UT is the Moore–Penrose pseudoinverse of S,
using the singular-value decomposition S = UΣVT, where the
columns of U and V are the output and input singular vectors
of S, respectively, Σ contains the singular values of S on the
main diagonal and zeros elsewhere, and Σ† is the transpose of
Σ in which the nonzero singular values have been replaced by

Fig. 3. Sensor cluster comprising six Hall-effect sensors, mounted directly
above the housing, with coordinate system and numbering convention shown.

their reciprocals [24]. The matrix S should be made to have
full column rank by using at least three Hall-effect sensors and
appropriately selecting the positions (pi) and directions (v̂i) of
each sensor. When n > 3, (14) provides the best estimate ofm in
a least-squares sense. Along with making S full rank, the sensors
should also be ideally arranged to minimize the variance of the
measured dipole moment by decreasing the singular values of
S. Note that the constant matrix S† can be calculated offline.

For our system, we designed a sensor cluster comprising
six 1-DOF Allegro A1302 Hall-effect sensors that are arranged
on the surface of a cube and positioned in close proximity to
each other. The sensor cluster is mounted to the SAMM, as
shown in Fig. 3. In addition to being a space free from moving
parts, this location ensures that magnetic-field disturbances in
the workspace below the SAMM (e.g., from the magnet of a
device being manipulated by the SAMM) have a minimal impact
on the estimation of the SAMM magnet’s dipole heading. The
sensors, which have a sensitivity of 13 mV/mT, utilize their
full output-voltage range without saturation. We describe the
poses of the sensors quantitatively in Section VIII. Other sensor
arrangements are considered in [21].

V. STATE ESTIMATION

Although (14) provides an instantaneous measurement of the
magnet’s dipole, filtering incorporates knowledge of the ma-
nipulator’s dynamics to reduce the effects of sensor noise. We
have chosen to implement the hybrid extended Kalman filter
(EKF) [25], which linearizes the system’s nonlinear dynamic
and observation equations about the current predicted state be-
fore employing the Kalman filter algorithm, and which uses
continuous-time equations to model the system’s dynamics but
performs system observation in discrete time.

A. Review of the Hybrid EKF

We briefly review the hybrid EKF as described in [25] for
completeness. The hybrid implementation (otherwise known as
the discrete-time implementation) of the EKF allows for the state
x(t) and state estimate covariance to transition continuously
according to the models

ẋ(t) = f
(
x(t),u(t)

)
+ w(t) (15)
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Ṗ(t) = F(t)P(t) + P(t)F(t)T + Q (16)

respectively, where f
(
x(t),u(t)

)
models the system’s dynamics

given the input u(t) and process noise w(t) ∼ N (0,Q), and the
linearization matrix F(t) is given as

F(t) =
∂f
∂x

∣∣∣∣
x̄(t),u(t)

. (17)

Discrete measurements at the jth time step are modeled as

zj = g(xj ) + vj (18)

where xj = x(tj ) and vj ∼ N (0,R) is zero-mean measure-
ment noise that is uncorrelated in time.

1) Predict: An a priori state estimate xj |j−1 and covariance
pj |j−1 can be recursively predicted from the a posteriori esti-
mate at the previous time step tj−1 by integrating (15) and (16)
using a zero-order hold on the system inputs u(t):

xj |j−1 = xj−1|j−1 +
∫ tj

tj −1

f(x(t),u(tj−1))dt (19)

Pj |j−1 = Pj−1|j−1 +
∫ tj

tj −1

Ṗ(t)dt. (20)

2) Update: The a priori estimate is updated to become the a
posteriori estimate by performing a Kalman update with sensor
observations. The Kalman gain Kj is computed using the a
priori covariance, the linearization of the observation model g,
and the covariance of observation noise R as

Kj = Pj |j−1GT
j (GjPj |j−1GT

j + R)−1 (21)

where Gj is given as

Gj =
∂g
∂x

∣∣∣∣
x̄j |j −1

. (22)

The Kalman update is calculated by comparing the actual sensor
observation z with the predicted observation g(xj |j−1):

xj |j = xj |j−1 + Kj

(
zj − g(xj |j−1)

)
(23)

Pj |j =
(
I − KjGj

)
Pj |j−1 . (24)

B. Implementing the Hybrid EKF

The SAMM state is represented as the vector

x =
[

m̂
ωm

]
∈ S2 × R3 (25)

packed with the unit-length dipole moment heading m̂ ∈ S2

and the magnet’s angular velocity ωm ∈ R3 .
The continuous-time evolution of the SAMM state and co-

variances are given by (15) and (16), where f(x,u) is

f(x,u) =
[

ωm × m̂
J−1

(
τm − B(ωm )ωm − c (ωm , τm )

)
]

(26)

where u = τm is the system input, and F is calculated as

F =
∂f
∂x

=
[ {ωm} −{m̂}

0 −J−1B(ωm )

]
. (27)

Note that the Coulumb friction term c(ωm , τm ) does not vary
with m̂ or ωm when ωm �= 0, additionally both B(ωm ) and
c(ωm , τm ) are not differentiable when ωm = 0 but we neglect
this issue for simplicity since ωm is rarely 0.

Observations are performed in discrete-time using the Hall-
sensor system described in Section IV, which estimates the
dipole moment m, and using measurements of the magnet’s
angular velocity obtained by differentiating the motor encoder
position and using (5). The observation model is structured as

z = g(x) =
[
S ‖m‖ 0

0 I3

]
x (28)

where S is the Hall-sensor matrix defined in (13). The observa-
tion model g(x) is then linearized as

G =
∂g
∂x

=
[
S ‖m‖ 0

0 I3

]
. (29)

VI. CONTROL

The SAMM has two modes of operation: pointing and rotat-
ing. Examples of where the pointing mode would be useful in-
clude any tasks requiring quasistatic magnetic fields, such as the
actuation of an endoscopic capsule in the stomach [2], a magnet-
tipped catheter [12], or a magnet-tipped cochlear-implant elec-
trode array [13]. Examples of where the rotating mode would
be useful include any task where a rotating magnetic field is
fundamental to the actuation strategy, such as rolling UMDs
along a surface [6]–[8], swimming through a fluid or crawling
through a lumen via helical propulsion [9], [10], [26]–[28], or
screwing through soft tissue [11].

Subsequent to [20] and [21], additional testing revealed that
the original rotating-mode controller was not stable for all rota-
tion axes at speeds greater than 1 Hz. The improved controller
presented here provides stable rotation for all axes and speeds
tested (up to 3 Hz); this maximum is due to hardware limita-
tions. In this updated implementation, custom pointing-mode
and rotating-mode controllers output a necessary magnet an-
gular velocity σ, which is mapped to the motor-space by the
transmission matrix A. The desired motor velocity of each om-
niwheel is input to its corresponding Maxon motor controller
(ESCON 36/2), which provides onboard closed-loop velocity
control and is tuned specifically for its wheel. We found a sim-
ple proportional controller was sufficient for both our pointing-
and rotating-mode controllers because of the closed-loop veloc-
ity control.

A. Pointing-Mode Controller

The pointing-mode controller governs the heading of the
actuator-magnet dipole moment m̂ to align along a desired
heading m̂des ∈ S2 . A proportional heading-control scheme
is employed using the Kalman filter’s estimate of the dipole
moment ˆ̄m. In order to drive ˆ̄m toward m̂des , the heading’s
restoration error vector e is computed as

e = θn̂ (30)

where θ is the angle between ˆ̄m and m̂des , and the vector
n̂ lies in the direction of ˆ̄m × m̂des . The angular velocity σ
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commanded to the individual motors’ velocity controllers is
computed as

σ = kpe (31)

where kp is the proportional gain.

B. Rotating-Mode Controller

The purpose of the rotating-mode controller is to generate
continuous rotation of the actuator-magnet dipole with some
desired angular velocity ωm ,des , with the dipole orthogonal to
ωm ,des , without any concern for the phase of the dipole within
the cycle. Similar to the previous rotating-mode controller [20],
[21], the updated version simultaneously employs two control
laws: a feedforward angular-velocity subcontroller that rotates
ˆ̄m about a desired angular velocity vector ωm ,des , and a propor-
tional heading subcontroller to drive ˆ̄m to the plane orthogonal
to ωm ,des with control effort given by σ⊥. The two control laws
are combined to form the total output angular velocity

σ = ωm ,des + σ⊥ (32)

which is sent to the motors’ velocity controllers. Note that the
terms ωm ,des and σ⊥ are always orthogonal to each other and
hence they do not fight each other in the control effort.

Control effort in the direction orthogonal to ωm ,des is com-
puted as

σ⊥ = kp⊥e⊥. (33)

The rotation-plane restoration vector e⊥ used to drive ˆ̄m to the
desired rotation plane is found as

e⊥ = ˆ̄m × Π̂ ˆ̄m (34)

where

Π =
(
I3 − ω̂m ,desω̂m ,des

T)
(35)

Π is a projection operator onto the plane defined by the normal
vector ωm ,des , and the rightmost term in the cross product in
(34) represents the normalized projection of ˆ̄m onto the desired
plane. e⊥ was chosen to connote “error”; it does approximate the
true angular error at small angles, but will have a magnitude that
is smaller than the angular error (i.e., sinusoidal in angular error)
at larger values, preventing large misalignments from resulting
in abrupt accelerations and undesirable slipping between the
omniwheels and the spherical magnet. Unlike in the pointing
mode, the cross product can be used in place of error because the
deviation of ˆ̄m from the desired rotation plane is at most 90◦, so
the magnitude of e⊥ is guaranteed to be monotonic with angular
error. Equation (34) breaks down when ˆ̄m is parallel to ω̂m ,des .
In this case, the error between ˆ̄m and the desired rotation plane
is 90◦, and any direction of motion will decrease the error from
the plane equally well, so we calculate the restoration vector
as e⊥ = ˆ̄m × Π̂ξ, where ξ is an arbitrary vector not parallel
to ˆ̄m (in our implementation of the controller it is randomly
generated).

Fig. 4. Prototype SAMM shown mounted to the tool frame (a) of robotic
manipulator. Encoders (b) measure the gearmotors’ (c) position. The cluster
of Hall-effect sensors (d) measures the spherical magnet’s dipole. Power is
transmitted through aluminum helical shaft couplings (e) to omniwheel axles
or 90◦ gearboxes (g), which pivot for omniwheel compliance (f). Omniwheels
(h) are tensioned to the spherical magnet through adjustable spring-tensioned
pillow blocks (i), whose tension can be manually tuned through adjustment
screws (j). Adjustable ball-roller-tip set-screws (k) create rolling form-closure
for the spherical magnet.

VII. PROTOTYPE IMPLEMENTATION

Our prototype SAMM is shown in Fig. 4. The magnetic body
is a 50.8-mm-diameter, Grade-N42, spherical permanent mag-
net with a dipole strength of 66.0 A·m2 . The field produced
by the spherical magnet, which is accurately modeled by the
point-dipole model (12), is strong in close proximity. During
the design process, we eliminated soft-magnetic components
(e.g., steel, iron, etc.) from the SAMM where possible, since
soft-magnetic material near the magnet becomes magnetized
under applied fields and would then exert an undesirable mag-
netic torque and force on the spherical magnet. For example, we
chose to use plastic screws (instead of steel) to hold the SAMM
mechanism together. Where it was not possible to eliminate
soft-magnetic material (e.g., the gearmotors), we designed the
SAMM mechanism in a way that placed soft-magnetic material
as far from the spherical magnet as possible, where the fields
are weakest and the soft-magnetic material would be magnetized
the least.

Additionally, time-varying magnetic fields (caused by rotat-
ing the magnet) induce eddy currents in nearby electrically
conductive material; these circulating currents create their own
magnetic field, resulting in drag on the magnet. When possible,
we used nonconductive material for components that are close
to the spherical magnet (where the fields are largest and eddy
currents would be highest). For example, the magnet enclosure
is milled out of black Nylon and the ball-roller-tip set-screws
that touch the magnet are made out of polyacetal and ceramic.

The form-closure constraints [see Figs. 1(b) and 4(k)] that
allow only rotation of the spherical magnet are implemented
with a set of four ball-roller-tipped precision set-screws. The
smallest number of such constraints needed to guarantee form-
closure is four, with three constraints whose contact points on
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the magnet do not form a hemispherical great circle on the ac-
tuator magnet and a fourth constraint contacting normal to the
plane established by the first three. Housed inside the tip of the
set-screw is a freely rotating 5.56-mm ball that is supported by
1.50-mm subrollers. The set-screws are threaded into the hous-
ing of the mechanism so that they constrain the magnet in its
desired position with minimal perceptible play when installed
flush with reference bosses on the exterior of the housing. The
body of the set-screws are polyacetal Misumi set-screws (BCS-
BJJ) with the ball-tips and subrollers replaced with ceramic
parts, making each set-screw nonmagnetic and nonconductive.

The housing of the device resembles a cylindrical structure
with a hemisphere at one end where three of the four form-
closure constraints are mounted. The housing is constructed out
of nonconductive ABS plastic to mitigate eddy currents. The
omniwheels contact the magnet through windows in the cylin-
drical body. The omniwheels are arranged in a counter-opposed
configuration, which results in the normal forces from each om-
niwheel being supported by the other omniwheels, which mu-
tually increases their traction, unlike other potential configura-
tions where the normal forces are supported by the form-closure
constraints resulting in higher rotating friction.

The custom omniwheels [see Fig. 4(h)] are based on de-
signs described in [29] and [16], and provide nearly continu-
ous contact with the magnet. Each omniwheel roller contains
dual ceramic ball bearings for minimal friction under load, as
well as a soft neoprene heat-shrink sleeve on the surface for
increased traction. It is important to maximize traction to max-
imize achievable acceleration and bandwidth. The omniwheels
are constructed with fully nonmagnetic components. Some com-
ponents are conductive, but their volume is small and effects
from eddy currents are not noticeable. When fully assembled,
the major diameter of each omniwheel is 58.2 mm.

The omniwheels are driven by three Maxon RE-max 29 gear-
motors [see Fig. 4(c)], which have a 24:1 gear ratio and 512
CPT encoders [see Fig. 4(b)], mounted with their shafts in par-
allel. The torques applied to omniwheel axes â1 and â3 are
redirected via 90◦ gearboxes [see Fig. 4(g)]; the torque ap-
plied to omniwheel axis â2 is transmitted without an additional
gearbox. The 90◦ gearboxes comprise nylon gears mounted to
aluminum shafts and are supported by dual acetal ball bearings
inside an aluminum case, making the 90◦ gearboxes entirely
nonmagnetic. The gearmotors are connected to the respective
drive shafts by aluminum helical couplings [see Fig. 4(e)].

Due to irregularities that exist in the omniwheels’ circularity
caused by gaps between omniwheel rollers and unintentional
eccentricity in the mechanical mounting, we found in our pro-
totype development that it was beneficial to include mechani-
cal compliance to maintain robust contact between the omni-
wheels and the magnet. The compliance should compensate for
irregularities without altering the torque transmission matrix A,
keeping âi constant and perpendicular to d̂i through its range of
travel. Our SAMM prototype employs two different approaches.
In the case of omniwheels 1 and 3 [see Fig. 2(f)], 1-DOF rotary
compliance is employed as illustrated in Fig. 5(a). The rotary
axes lie parallel to the respective omniwheel axes. The 90◦

gearboxes make the rotary axis perpendicular to the respective

Fig. 5. Compliance at the omniwheel–magnet interface axes âi . (a) Omni-
wheels 1 and 3 are depicted. The motor’s axis (I) is transmitted through the 90◦
gearbox to the omniwheel’s axis (II). Adjustable spring-tensioned pillow blocks
provide force (III) between the omniwheel and the magnet, creating compliance
(IV) locally parallel with d̂i . (b) Omniwheel 2 is depicted. The motor’s axis and
the omniwheel’s axis are coaxial, but the remainder of the design is similar.

motor axis, which decouples the direction of compliance from
the direction of motor torque transmission (avoiding potential
problems related to binding or traction loss). Tension is applied
to the omniwheel assemblies by adjustable spring-tensioned pil-
low blocks constructed of three-dimensional (3-D)-printed ABS
plastic with cutouts revealing serpentine-shaped springs, which
are reinforced with a silicone compression spring whose ten-
sion can be increased or decreased by tightening or loosening
an adjustment screw [see Fig. 4(j)]. For omniwheel 2, approx-
imate straight-line motion is formed utilizing two adjustable
spring-tensioned pillow blocks, similar to those used on axes 1
and 3, to tension the omniwheel directly onto the magnet in the
direction d̂2 , illustrated in Fig. 5(b). Although the motion is not
strictly constrained to d̂2 , we have found that the deviation is
insignificant.

The Hall-effect sensor cluster depicted in Fig. 3 is fabricated
by 3-D printing a housing from ABS plastic with slots in which
the Hall-effect sensors are inserted and affixed with adhesive.
The nominal positions and sensing directions of the sensors are
given in Table I. However, as we describe in Section VIII, the
values were updated using a calibration procedure.

Our SAMM prototype is intended to be mounted as the end-
effector of a robotic manipulator [see Fig. 1(a)]. In this config-
uration, the SAMM can be positioned so that its distal surface
[the hemispherical side where three of the four set-screws are
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TABLE I
HALL-EFFECT SENSOR PARAMETERS FOR SAMM PROTOTYPE

Nominal Nominal Calibrated Calibrated
Position Sensing Position Sensing
Vector Direction Vector Direction

Sensor pT
i (mm) vT

i pT
i (mm) vT

i

1
[

0 0 51.0
] [

0 0 1
] [ −0.611 0.112 50.8

] [
0.00520 −0.0604 0.998

]
2

[
0 0 58.5

] [
0 0 1

] [ −0.953 −0.101 59.0
] [

0.0126 0.0527 0.999
]

3
[

3.75 0 54.7
] [

1 0 0
] [

4.38 0.0474 55.3
] [

0.995 −0.0969 −0.0148
]

4
[ −3.75 0 54.7

] [
1 0 0

] [ −4.03 0.407 55.9
] [

0.987 −0.133 −0.0948
]

5
[

0 3.75 54.7
] [

0 1 0
] [ −0.0210 3.78 55.2

] [
0.0453 0.998 0.0359

]
6

[
0 −3.75 54.7

] [
0 1 0

] [
0.0768 −3.52 54.6

] [
0.0894 0.996 −0.0388

]

Note: See Section IV for parameter definitions.

located, as shown in Fig. 4(k)], which is streamlined and free of
moving parts, is presented to the manipulation workspace (e.g.,
a human body), reducing the risk of collisions or damage to
the moving SAMM components and enabling the actuator mag-
net to be positioned close to the remote magnetic device being
manipulated in order to maximize the strength of the applied
magnetic field. In our case, we use a 6-DOF manipulator, but
a 3-DOF Cartesian manipulator would be sufficient due to the
3-DOF of the SAMM.

VIII. EXPERIMENTATION

All experiments were performed with the SAMM mounted
to a 6-DOF Yaskawa Motoman robotic manipulator, which is
housed in an enclosure to mitigate environmental disturbances.
The SAMM was always oriented “vertically,” as depicted in
Fig. 1. The control system and data recording were implemented
in C++ and using a Sensoray 626 PCI DAQ card. The control
system is designed in a multithreaded structure with the control
loop, the Kalman-estimator loop, and the SAMM I/O loop all
operating at 200 Hz.

A. Parameter Estimation

1) Coulomb and Viscous Friction: Friction in the SAMM
was estimated using a directional Coulomb-plus-viscous friction
model described in Section III. The friction parameters were
experimentally obtained by driving the motors at open-loop
velocities ranging, in discrete increments, from 0 to 2π rad/s.
Each increment lasted for 30 s while the resulting motor torque
(τ a) and sensed motor angular velocity (ωa) were recorded at
a rate of 20 Hz. The motor torque is automatically computed by
the Maxon motor controllers that drive the three motors. Lines
were fit to the positive- and negative-velocity data [21], using
least squares, whose y-intercept and slope corresponding to the
Coulomb friction (c) and viscous friction (B), respectively, were
found to be

B+ = diag (0.0001, 0.0014, 0.0001) N · s/rad,

B− = diag (0.00001, 0.0014, 0.0005) N · s/rad,

c+ = [0.0632 0.0411 0.0436]TN,

c− = [−0.0455 − 0.0330 − 0.0723]TN.

2) Sensor Noise: Noise from each of the sensors is modeled
with the observation covariance matrix R described in Sec-
tion V. The submatrix of R that corresponds to the Hall-sensor
covariance is directly estimated by removing the spherical mag-
net from the SAMM and reading the idle sensor values to de-
termine their intrinsic noise. The submatrix corresponding to
the angular-velocity-measurement covariance is measured by
recording the covariance of the angular-velocity sensor values
with the motors driven open-loop with a constant input (which
we assume results in approximately constant motor angular ve-
locity). In both cases, sensor data are collected at a rate of 20 Hz
for a duration of 10 min. The covariances and means of the
first 50% of the data were compared to the final 50% to verify
that the estimation had converged and enough data were col-
lected. Each sensor was independently evaluated for a dc offset,
which is then removed in implementation to ensure that the
noise measured by each sensor is zero-mean. Note that we as-
sume the Hall-sensor measurements to be independent from the
angular-velocity measurements, which causes the off-diagonal
terms of R to be zero. The observation covariance measured
and implemented in our SAMM prototype is given as

R = diag(2.9, 2.9, 2.9, 2.8, 2.9, 2.8, 6.0, 6.0, 6.0) · 10−3

where the units of the top-left 6 × 6 submatrix of R is mT2 , and
the bottom-right 3 × 3 submatrix of R have units rad2 /s2 .

3) Process Noise: Process noise, represented by the covari-
ance matrix Q, is difficult to measure directly, so we experimen-
tally tuned the process-noise covariance to produce desirable
tracking performance:

Q = diag(0.002, 0.002, 0.002, 2.0, 2.0, 2.0) .

The top-left 3 × 3 submatrix, which corresponds to heading
uncertainty, was set to the value of δ (0.001 in the prototype
SAMM) multiplied by the value used in the bottom-right 3 × 3
submatrix, which in turn corresponds to the magnet’s angular-
velocities uncertainty represented by a constant multiplied by
an identity matrix; the rationale behind this choice is that dipole
heading is estimated by integrating angular velocity over one
time step, so angular-velocity error is mapped to heading error
in a predictable way. This constraint reduced the tuning search to
a 1-DOF search. Similar to the structure of R, the off-diagonal
terms of Q have been set to zero as we assume all of the states
to be independent. The units of Q correspond to the units of the
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state, where the upper left block matrix denotes the covariance
of the dipole heading (which is a unitless heading on the unit-
sphere), and the lower right block matrix is the covariance of
the dipole’s angular velocity measured in rad2 /s2 .

4) Hall-Effect Sensor Calibration: Discrepancies in the
Hall-effect sensors’ nominal design values (see Table I) will
lead to errors when estimating the magnet’s dipole heading. To
address this problem, the 5-DOF pose of each of the SAMM’s six
Hall-effect sensors was calibrated, utilizing an external three-
axis Metrolab THM1176-LF gaussmeter mounted below the
SAMM. To find the position directly below the magnet, a man-
ual gradient-ascent search was employed by moving the SAMM
in a horizontal plane to find the location that resulted in the max-
imum field component in the vertical direction, which is known
from (12) to occur directly below the magnet if the dipole is
oriented vertically. The search was accomplished by alternately
moving the SAMM in a 1 mm grid pattern and manually adjust-
ing the omniwheels to maximize the vertical field component
measured. Upon convergence, we knew the magnet was located
directly above the gaussmeter, and that it was oriented vertically.
The distance of the dipole above the sensor is then calculated
using (12) and knowledge of the dipole’s magnitude.

Next, with the SAMM’s position stationary, 26 random dipole
headings were generated by randomly moving the omniwheels
between each trial. For each dipole heading, the SAMM’s Hall-
effect sensor data and the gaussmeter data were collected. With
a known and constant position vector, we used the gauss-
meter readings to approximate the true heading m̂ of the
dipole for each of the 26 tests, using the Levenberg–Marquardt
least-squares algorithm in MATLAB to minimize ‖he − hm‖2 ,
where hm is the 3-D field measured by the gaussmeter, and he

is the field estimated by (12) using the current estimate of m̂.
Next, using our dataset with known dipole headings, a sim-

ilar method was utilized to estimate the 5-DOF pose of each
Hall-effect sensor independently, using the complete dataset.
The point-dipole equation is projected onto the measuring axis
of each sensor, v̂i , to estimate the scalar magnetic field at each
sensor position as in (11). Starting from the initial nominal es-
timates in Table I, the unit vector v̂i and the position vector pi

are approximated using a constrained nonlinear least-squares
algorithm to minimize ‖se − sm‖2 , where sm is an array of
scalar field measurements by an individual sensor at each of
the 26 dipole headings, and se contains the corresponding val-
ues estimated by (11) using the current estimates of v̂i and pi .
To average sensor noise, 100 measurements from each of the
26 dipole headings were recorded, for a total of 2600 measure-
ments per sensor.

Finally, this calibration process was tested by comparing an
additional ten random dipole headings measured by the gauss-
meter with those reported by the SAMM sensors. The error
across these ten tests was 1.5◦ ± 0.6◦ (mean ± standard devi-
ation). For comparison, using the nominal values from Table I
in (14) would have resulted in an error across these ten tests of
5.3◦ ± 2.6◦. Note that in our calibration procedure, we assumed
that the Hall-effect sensors’ sensitivities were accurately pro-
vided by the manufacturer. This assumption will lead to a small
error in the calibrated position pi in Table I (increased/decreased

sensitivity would translate the sensor’s position estimate radi-
ally inward/outward from the dipole), but the resulting estimated
dipole heading will be the same.

B. Controller Tuning

This section describes the gain tuning for both controllers
introduced in Section VI. In order to implement the pro-
portional pointing-mode and “orthogonal” rotating-mode con-
trollers, which are both effectively forms of heading regulation,
we must select the respective controller gains. The Ziegler–
Nichols tuning method is a heuristic-based approach to tuning
such controllers [30]. The method involves creating a propor-
tional controller and slowly increasing its gain until marginal
stability is observed (i.e., when the experimentally observed
oscillations are neither decreasing nor increasing over time).
This gain defines the “ultimate gain” ku , and the period of the
resulting oscillations defines the “ultimate period” tu . These
identified parameters, which are specific to the SAMM for a
given magnitude of step input (since the SAMM is not a linear
system), are used to determine all relevant gains. The tuning
parameters were experimentally found to be ku = 21.0 s−1 and
tu = 0.65 s, when tuning for a step-input magnitude of 5◦. The
Ziegler–Nichols formulation for a proportional controller, which
sets kp = 0.5 ku = 10.5 s−1 , was found to generate desirable
performance in both the pointing and rotating modes.

C. Performance Demonstrations

1) Pointing Mode: To test the pointing mode, we performed
a Monte Carlo experiment where the SAMM was initialized with
the dipole moment m̂ at a random heading and then commanded
to go to a new desired heading in a random direction with an
angular change of 5◦, 90◦, or 175◦. In total, 150 random trials
were performed, with 50 trials for each magnitude of angular
change. Each random heading was held constant for 10 s. The
root-mean-square (RMS) error was measured during the last
5 s of each trial. Across the 150 trials, the RMS error mean ±
standard deviation was 0.2◦ ± 0.1◦.

During the Monte Carlo experiment, we measured the time
required to converge to each random desired heading for each
magnitude of angular change. The convergence time tc was
defined as the time to reach and stay within 1.0◦ of the desired
heading. Fig. 6(a) shows the mean and standard deviation of
tc as a function of the step input θ’s magnitude. There is no
appreciable difference in tc at 5◦ and 90◦; the increase in tc at
175◦ is likely due to saturation from hardware limitations, which
occurs for steps larger than approximately 103◦ in our system.
The best and worst case time responses for each magnitude are
depicted in Fig. 6(b). It is worth noting that we did occasionally
observe slip between the omniwheels at the magnet, which did
not cause any problems in control.

2) Rotating Mode: The rotating mode was tested by select-
ing five axes to rotate the dipole moment around at three selected
speeds (0.5, 1.5, and 2.5 Hz). The five axes were the x̂, ŷ, and
ẑ axes (see Fig. 2), and the omniwheel axes â1 and â3 . (Note
that ẑ and the omniwheel axis â2 are parallel.) To evaluate the
SAMM’s ability to drive the dipole moment to the desired ro-
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TABLE II
DIPOLE MOMENT WAS ROTATED ABOUT FIVE DISTINCT AXES FOR 30 S EACH

Note: ε⊥ is the RMS angular error from the desired plane and εκ is the RMS angular velocity error during the last 15 s of rotation. The settling time (ts ) is defined as the
time from rest to the dipole moment first crossing the desired plane. Bold response is shown in Fig. 7.

Fig. 6. (a) Inset shows the mean ± standard deviation of the convergence time
to the desired heading with random changes in heading of angular magnitude θ.
50 trials were performed for each angular magnitude. (b) Best and worst case
convergence time responses for each of the tested step-input magnitudes.

Fig. 7. Multiple views of a typical response using the rotating-mode controller
with the dipole heading starting 90◦ off the desired plane and κ̂ = â1 at 2.5 Hz.
The corresponding trial is bold in Table II.

tation plane, the dipole moment was started with a heading of
either 45◦ or 90◦ off the desired rotation plane. Table II gives
the RMS error in angular error off the desired rotation plane
(ε⊥), the time required to converge to the plane ts , and the
RMS error in angular speed (εκ). Note that ε⊥ and εκ were
both calculated from the last 15 s of each trial. Rotation axes
do not perform identically across the workspace as illustrated
in Table II due to nonlinearities and slight differences in the
omniwheels. As expected, ε⊥ generally increases as the angular
speed increases. Fig. 7 depicts a typical response with κ̂ = â1 at
2.5 Hz.

Fig. 8. (a) In prior work [1], a spherical UMD was rolled down a lumen using
a rotating field generated by a permanent-magnet actuator, whose position was
held stationary while its rotation axis was controlled appropriately. (b) For com-
parison, performing the same maneuver with the SAMM requires no motion
of the robot manipulator. (c) In another example from [1], the UMD is rolled
down a lumen while the permanent-magnet actuator’s position follows a trajec-
tory independent of the UMD’s position while its rotation axis was controlled
appropriately. (d) For comparison, when using the SAMM the manipulator’s
wrist only moves slightly to keep the SAMM in a constant orientation.

Next, we demonstrate the benefits of the SAMM relative to
previous permanent-magnet actuation technology. In [1], we
performed experiments where a spherical UMD was propelled
down a lumen using a rotating field generated by a cylindrical
permanent magnet as the UMD’s position p was continuously
measured by a stereo-camera system. The actuator magnet was
rigidly attached orthogonally to the shaft of a DC motor, which
was maneuvered in space by the same robotic manipulator used
in this paper to control the magnet’s rotation axis κ̂ according
to

κ̂ = ̂H(p)κ̂h (36)

where κ̂h is the instantaneous magnetic-field rotation axis
that causes the UMD to roll down the lumen, and H(p) =
3p̂p̂T − I3 [1]. In one experiment, the UMD was rolled down
the lumen while the Cartesian position of the actuator magnet
was kept stationary [see Fig. 8(a)], which required the actuator-
magnet’s rotation axis, and thus the robot manipulator’s wrist,
to turn almost 180◦. For comparison, Fig. 8(b) shows a similar
experiment using the SAMM, but in this case the manipula-
tor remains completely stationary. In a second experiment, the
UMD was rolled down the lumen while the Cartesian position
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of the actuator magnet followed a step trajectory independent of
the UMD’s position [see Fig. 8(c)], and the necessary actuator-
magnet rotation axis from (36) caused the robot manipulator’s
wrist to contort dramatically (nearly violating joint limits at
t = 77 s). For comparison, Fig. 8(d) shows a similar experiment
performed with the SAMM. In this case, the manipulator’s wrist
remains nearly stationary throughout the trajectory, only chang-
ing slightly to keep the SAMM in a constant orientation. In
both experiments, the SAMM dramatically reduces the manipu-
lator motion required to perform the maneuvers. Note that both
experiments were possible with the SAMM held in a constant
orientation, demonstrating that a much simpler robot manipu-
lator (e.g., a Cartesian gantry robot) could have been used to
accomplish the same results.

IX. CONCLUSION

We have presented the spherical-actuator-magnet manipu-
lator (SAMM), which is a singularity-free permanent-magnet
robot end-effector for magnetic manipulation. The SAMM uses
three omniwheels to enable holonomic control of a spherical
magnet’s heading and enable the magnet’s rotation axis to be
set arbitrarily. The SAMM performs closed-loop control of its
magnet’s heading using field measurements obtained from Hall-
effect sensors as feedback, combined with modeled dynamics,
using an extended Kalman filter. We experimentally character-
ized the quasi-static error in the estimate of the dipole’s heading
to be 1.5◦ ± 0.6◦ (mean ± standard deviation). We described
the operation and construction of the SAMM, developed and
characterized pointing-mode and rotating-mode controllers, and
demonstrated remote actuation of an untethered magnetic de-
vice in a lumen. Prior work in magnetic manipulation using
permanent-magnet actuation was limited by robot joint limita-
tions and singularities, but the SAMM end-effector substantially
eliminates these limitations.
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