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Design and Development of a Spherical Motor
for Conformal Printing of Curved Electronics
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and YongAn Huang

Abstract—This paper presents the concept of a spherical-
motor-based motion platform (SMP) for providing high-
performance nozzle-substrate negotiation in conformal
printing of curved electronics. Unlike conventional motion
systems using serial/parallel mechanisms for multi-DOF ro-
tations, a ball-joint-like spherical motor for providing con-
tinuous 3-DOF rotations in one joint is designed to meet the
special needs of the conformal printing process. Both the
kinematic and dynamic models of the SMP are presented
for fitting into the conformal printing process. Specifically,
the performance of a spherical motor has been evaluated,
which shows better negotiation capability of the SMP than
traditional motion systems. The experimental test results
performed on a prototype spherical motor have validated
the design concept.

Index Terms—Conformal printing, multi-DOF manipula-
tion, spherical motor.

|. INTRODUCTION

HE conformal printing technology, which is capable of

fabricating small-scale antennas [1], thin-film transistors
[2], and interconnecting chips on flexible/curved substrates, pro-
vides a promising solution to meet the increasingly stringent
design constraints for miniaturization and flexible trend of elec-
tric circuits in electronic industry. During the conformal print-
ing process, features are formed by jet printing aerosol [3] or
metallic ink [4], [5] onto the convex or concave surfaces [see
Fig. 1(a)]. As the normal to the curvilinear surfaces constantly
changes during printing, the position/orientation of the substrate
must be precisely and smoothly manipulated in real time to align
the surface normal to the nozzle while tracking the printing
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Fig. 1. lllustration of multi-DOF manipulation in conformal printing.
(a) Printing of curved electronics. (b) Spherical motor.
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trajectory to ensure uniform formation of the electric patterns,
which presents unique fabrication challenges. Therefore, it is
essential to develop a high-performance motion platform for
high-quality conformal printing.

Existing motion systems for multi-DOF manipulation in man-
ufacturing (mostly designed for metal-removal machining) are
basically built by combining a multi-DOF rotational system
and an XYZ stage. To achieve multi-DOF rotational motion,
the most commonly adopted configurations consist of serially
connected single-axis motors and mechanical linkages for cou-
pling/transmission. These systems are usually bulky and costly
and have singularities in their motion. An alternative is nec-
essary for high-performance and efficient conformal printing
process. First, unlike the machining usually dealing with sur-
face processing where the effects of the singularities in motion
systems can be avoided or reduced through tool path optimiza-
tion or variable speed interpolation, the target features for con-
formal printing are mostly path-dependent [see Fig. 1(a)] and
the jet printing process is very sensitive to the nozzle speed.
Therefore, the nozzle paths are unique for most printing tasks
and the printing must be regulated at constant speeds. A mo-
tion system with no singularity in its workspace is desired to
ensure high printing quality. Second, the machining process is
featured with large and abruptly changing forces on the cutter—
workpiece interface. As a result, reduction gears and powerful
motors are needed to increase the actuation stiffness to reject
the disturbances. However, for the conformal printing featured
with noncontact interface, the actuation power will mainly con-
tribute to overcoming the structural inertia. Therefore, a system
with simplified structure and small inertia is desired to improve
system efficiency.

To overcome problems associated with conventional multi-
DOF rotational systems, a variety of designs and systems have
been proposed and developed. Among them are the ball-joint-
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like spherical motors [6]—[8] that are capable of providing con-
tinuous multi-DOF rotation in just one joint [Fig. 1(b)]. Orig-
inally proposed in [9] as a robotic wrist actuator, a variety of
spherical motors have been developed and recent applications
include actuator for digital cameras [10], a robotic joint [11],
a reaction sphere actuator for satellite attitude control [12], a
haptic interface for snap-fit designs [13] and a wheelchair trac-
tion motor [14]. By eliminating the transmission mechanisms,
the spherical motors are featured with simple structures and re-
duced frictions/inertia, which is the key for dexterous motion
with high dynamic performance. In order to achieve high-quality
conformal printing, this paper explores the feasibility of using a
spherical motor as a rotational system for developing a 6-DOF
motion platform.
The remainder of this paper offers the following.

1) The design concept of a 6-DOF spherical-motor-based
motion platform (SMP) for conformal printing is pre-
sented. To assist the design and analysis as well as a
systematic evaluation, models and methods for applying
the spherical motor to conformal printing are proposed.

a) A kinematic model characterizing the substrate-
nozzle negotiation process is formulated for con-
formal printing and the inverse solutions for
determining the joint motions for given printing
trajectories are derived.

b) As a spherical motor is expected to translate in the
SMP system, a dynamic model taking into account
the motor center motion is established to extend
the existing dynamic models of spherical motors
[6]-[8], which are usually based on pure rotations
with an assumption of stationary rotation centers.

¢) A spherical motor is a multiport electromagnetic
system transforming electrical inputs to multi-
DOF rotational motions. A closed-form state-
space representation characterizing the relation-
ship among electrical variables (voltage/current)
and motion variables in a spherical motor is de-
rived, which not only provides a computationally
efficient torque-to-current model for control, but
also offers an effective means to evaluate the feasi-
bility of printing parameters (trajectory and speed)
for specified power limits of electrical hardware.

2) The performance of a prototype spherical motor for multi-
DOF nozzle-substrate negotiation has been evaluated for
a typical conformal printing configuration, which shows
superior performance than conventional systems. The ex-
perimental tests have also validated the concept feasibility
of the SMP for conformal printing.

Il. DESIGN OF AN SMP FOR 6-DOF CONFORMAL PRINTING

Fig. 2(a) shows the conceptual design of an SMP for confor-
mal printing. As shown in the figure, the ball-joint-like spherical
motor [which is detailed in Fig. 2(b)] consists of a rotor and a
stator. The socketlike rotor on which the substrate is mounted is
supported concentrically on the stator and can rotate around the
center C. The stator of the spherical motor is fixed to an X-Y
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Fig. 2. SMP for conformal printing. (a) 6-DOF SPM. (b) CAD model of

spherical motor (exploded view).

stage that translates horizontally. The nozzle, which moves in
the vertical direction, can print electric patterns onto the curvi-
linear surface of the substrate manipulated by the SMP. The
motion DOFs of the SMP are indicated in Fig. 2(a). While the
X-Y stage and nozzle motions can be delivered with commer-
cial linear modules, the key here is to develop a spherical motor
to provide the desired rotational motions and to formulate the
kinematic/dynamic models of the SMP for conformal printing.
The spherical motor design, as well as the models and methods
used in the design and analysis process, are addressed in the
following sections.

A. 3-DOF Spherical Motor Design

Fig. 2(b) shows the computer-aided-design (CAD) model of
the spherical motor. The rotor consisting of four dome-shaped
plates is supported on the stator with a low-friction spherical
rolling bearing allowing for continuous 3-DOF rotational mo-
tion. The rotor orientation is defined in terms of roll, pitch, and
yaw Euler angles q = [, 3,7]? . The ball-like stator consists of
three layers of air-cored cylindrical electromagnets (EMs); and
the rotor consists of two layers of cylindrical permanent mag-
nets (PMs) embedded in the recessed holes of the rotor plates.
All the axes of the EMs and PMs radially pass through the motor
center. In spherical coordinates, the centroids of the EMs and
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PMs are defined in stator XYZ and rotor xyz frames, respectively,
using (1), where R, ©, and ® are the radial distance, azimuth
angle, and polar angle, respectively

C =[RsinO©cos®, RsinOsind, Rcos@}T. (1)

As the rotor (when mounted with the substrate) is essentially
an inverted pendulum (at no current inputs), a weight compen-
sating regulator [WCR as indicated in Fig. 2(b)] is incorporated
to support the rotor/substrate against gravity by means of mag-
netic repulsion. As shown in the figure, the WCR consists of
two circular rings (RI and RIT) embedded with cylindrical PMs
circumferentially spaced on the rotor and stator, respectively.
The PMs in RI and RII are designed to have like polarities fac-
ing each other, which acts like a nonlinear spring to angularly
support the rotor and tend to maintain the rotor at its equilibrium
(zero inclination).

In order to allow the rotor/substrate to maintain at any orien-
tation (usually at the beginning or end of a printing task) without
constantly energizing the spherical motor, a locking mechanism
with friction pads are designed that can be pushed out radially
in the midplane of the stator to press against the rotor inner
surface. The rotor plates are designed to have spherical inner
surfaces to assure good contact of the friction pads.

B. 6-DOF Substrate-Nozzle Negotiation Kinematics

In order to achieve high-level line/surface topology and elec-
tric feature with good quality, the substrate must be precisely
and continuously manipulated in multi-DOF so that the noz-
zle tip follows the printing trajectory and the surface normal
to the printing point always aligns with the nozzle axis during
the whole process. To begin the formulation of the kinematic
model for describing the substrate-nozzle negotiation, the coor-
dinate systems are defined in Fig. 2(a). As shown in the figure,
XYy Zy is the home coordinate frame where the nozzle moves
along Z-axis; XYZ and xyz represent the stator and the rotor co-
ordinate frames of the spherical motor with the origins assigned
at the motor center C. At initial state, XYZ and xyz coincide with
XoYyZy. During the printing process, for a point-to-print A on
the substrate with its local position and surface normal denoted
with pa = (24, ya, 24]7 and ng = [na,, nay, na-]’ with
respect to the rotor frame xyz [see Fig. 2(a)], the position and
the direction of the surface normal to A can be expressed in (2a)
and (2b) with respect to the following home coordinate:

PA - [R(Oéa /677)]TpA + PC (23)
Na = [R(aaﬁ7’7)]TnA (2b)
where
R(a, 3,7)] =
C,Csg S,Cy +C,535, 5,5, —C,53C,
757 Cﬁ CWC“ - SW’SHSOK C“/Sa + Sq S[}C{y
Sp —C55a CsC,

(2¢)

In (2a) and (2b), S and C denote sine and cosine, respectively;
and the vector Pc = [X¢, Yo, Zco]? represents the position

of the rotation center of the spherical motor where the horizontal
displacements (X, Y ) are determined by the X—Y stage; and
Zco is constant. R is the rotation matrix expressed in terms of
the rotor Euler angles («,3,7). The negotiation for positioning
and aligning can be mathematically expressed as follows:

(3a)
(3b)

In (3a), Zp represents the vertical displacement of the nozzle
while the nozzle axis stays upright constantly. Substituting (2a)
and (2b) into (3a) and (3b) leads to three independent equa-
tions (4a)—(4c) governing the translation and two independent

equations (4d) and (4e) governing the rotation
Translation: C,Cszs — S,Csya + Spza + Xc =0 (4a)

(S’yca + O’YSSSQ) T4+ (C'yca - SquﬁSa) Yya

—C3Saza+Ye =0 (4b)
(5,80 — €, 85C0) 2 + (€, S+ 5,95C0) ya

+CsCoz24 + Zco = Zp (4c)
Rotation:  C,Csna, — S,Csnay+Sgna. =0 (4d)
(8,80 —C,53C ) naz + (Cy 8, +5,53C) nay

+C3Cna, =1. (4e)

Equations (4a)—(4e), referred to here as the kinematic model
of the conformal printing process, characterize the relationship
between the printing feature (p4 and n4, which are in the
substrate space) and the rotational/translational (R/T) displace-
ments (X¢, Yo, Zp, o3, v, which are defined in the SMP
motion space). To complete a printing task, an inverse solution
to determine the R/T displacements for specified (p4, n4) is
required. For the kinematic model (4a)—(4e), as there are more
variables (six-dimensional (6-D) R/T displacements) than the
number of equations, an optimal solution can be determined by
minimizing the total R/T displacements. Two inverse solutions
in different optimization dimensions are proposed as follows.
1) INV1: Full Dimension Optimization (Simultaneous
6-DOF): For the kth point on the printing trajectory, the R/T dis-
placements can be solved simultaneously with (4a)—(4e) while
minimizing a cost function in the form of (5) representing the
sum of the squared incremental travel distances in all six DOFs

f=wi(o —ar)? +wa (B — Br)® +ws(ye — )’
+wy(Xor — Xewo)? 4+ ws (Yo — Yor)?
+we(Zpr — Zpr-)°. 3)

In (5), the subscripts of the motion variables “k” and “k—"
represent the kth and its previous states, respectively; and wi —wg
are weighting coefficients (constants) on the R/T displacements.

2) INV2: Reduced Dimension Optimization: In (4a)—(4c),
the translational motion is fully defined (three variables and
three equations) when the rotational displacements are known.
Therefore, the inverse can be found with the following two steps:
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dynamics

Fig. 3. Pole configuration and multiport formulation.

1) optimize (o, 3, v) by minimizing the cost function (5)
with wy, ws, and wg = 0 subject to the constraints (4d)—
(4e); and

2) solve (X¢, Yo, Zp) from (4a)—(4c) with the (o, 3, )
values obtained in step 1).

C. Rotor Dynamics of the Spherical Motor

The dynamic model of the spherical motor taking into ac-
count the effects of the motor translations can be derived with
Lagrange formulation, which has the following form:

Mg +C(q,9) +g(q) =T-D(q,%X) - T,. (6)

In(6),q = (o, 3, 7)" andx = [X¢, Yo, Zco)? are the RIT
displacements of the rotor; M is the rotor inertia matrix; C(q, q)
is the combined centripetal and Coriolis torque vector; g(q) is the
gravitational torque vector; D(q, X) is the torque vector repre-
senting the effect of the motor displacement; T, is the restoring
torque of the repulsive WCR rings; and T is the electromagnetic
actuating torque applied on the rotor. The derivation of the dy-
namic model as well as the explicit expressions of the terms in
(6) is detailed in the appendix.

D. Multiport Formulation for Spherical Motor

Fig. 3 shows the typical pole configuration of a spherical
motor and the multiport diagram illustrating the operational
principle of the system. The stator-EMs are surrounded by the
magnetic fields of the rotor PMs. When the EMs are applied
with electrical power (denoted by voltage V and current u),
Lorentz forces will be generated by the current-carrying EMs
that translate into a torque on the rotor. The torque leads to rotor
motions that are governed by the rotor dynamic model (6).

In Fig. 3, XYZ and xyz represent the stator and rotor frames
of the spherical motor; s and r represent the unit vectors in XYZ
frame from the origin to the geometrical centers of the EMs and
PMs, respectively; and o is the separation angle between s and r.

For an EM-PM pair, as shown in Fig. 3, the total magnetic flux
linkage (MFL) through the EM can be obtained as follows [15]:

A:E/(Ap-l)dv. (7
aJv

In (7), Ap is the magnetic vector potential of the PM (see
the appendix); the EM consists of contiguous wire conductors
where [ is the directional vector of the current and a and V denote
the wire cross-sectional area and winding volume, respectively.
As the PM and EM are axis symmetric, the MFL contributed by
the PM only depends on the EM—PM separation angle o. The
relationship can be characterized by a kernel function f derived
by normalizing (7) with respect to the PM magnetization A

fo) =5 == [ (Ar -t ®)
7
where
o=cos ' (r-s) (9a)
and
r=[R]"p. (9b)

In (9b), p is a constant vector representing coordinates of
the PM vector r with respect to the local rotor frame xyz; [R]
is the rotation matrix of the rotor with the same definition as
in (2c). Without loss of generality, the total MFL in the jth
EM contributed by all Np PMs in the spherical motor can be
characterized by (10a), based on which the magnetic energy
stored in EM; can be derived as (10b) [16]

Np

Aj = Z/\zf(Uj,z) (10a)
=1

Wj =u;A;. (10b)

In (10a) and (10b), o, ; refers to the separation angle between
the jth EM (EM;) and /th PM (PM;); and u; is current input
of EM;. According to (9a) and (9b), 0;; is q-dependent and
therefore A in (10a) and (10b) is also a function of q.

Based on Faraday’s law of induction and the principle of
virtual displacement [17], the electromotive force ¢ induced in
EM; and the magnetic torque applied on the rotor by EM; can
be derived as (11a) and (11b) by taking the derivative of (10a)
and (10b) with respect to time and q, respectively

& = —dA;/dt = —A' (@) G
7 = dW;/dq = u; A} (q) .

(11a)
(11b)

In(11a)and (11b), A} (q) = dA;/dq, which can be expressed
explicitly as (12a) based on (9a) and (10a)

T
Np Sj api
Ni(@) =Y |6y |s]bp; (12a)
=1
sJTcpz
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where
M f (o
Q) = M. (12b)
1—(x;- sj)2
In (12a) and (I12b); a=0R/Jda, b=0R/03, c =

OR/0v, and [’ = df /do.

Based on (11a), the total voltage across EM; can be expressed
as (13); and for a magnetically linear system (with no satura-
tion), the total torque applied on the rotor is the sum of the
electromagnetic torques (11b) contributed by each EM, which
can be expressed as (14)

Vj = Rju; + Lyi; + Aj(q) - 4 (13)
Ng
T=) 7 =Au (14)
j=1
where
A= [All (q)7 JAl] (Q)» .. 7AINE (Q)] (143)
and
u:[ul,...,uj,...,uNe]T. (14b)

In (13), R; and L; are resistance and the self-inductance of
EM;, respectively, and the mutual inductances of the EMs in the
spherical motor are neglected. With A’;(q) expressed explicitly
using (12a) and (12b), (13) and (14) present a closed-form for-
mulation and state-space representation to characterize the dy-
namic relationship among the electrical variables (V;, u;) and
motion variables (T, q, q) in a spherical motor, which provides
an in-depth means for comprehensively evaluating the spherical
motor performance for conformal printing.

Based on the current-to-torque relationship in (14), for a
spherical motor featured with redundant inputs (the number
of current inputs is higher than its DOFs), an optimal u mini-
mizing the total input energy for any specified torque T can be
determined from (15) in the form of pseudoinverse

u=[A]" (1A][A]) T, (15)
Equations (14) and (15) referred here are as the forward and
inverse torque models of the spherical motor.

Ill. RESULTS AND DISCUSSION

A prototype spherical motor (shown in Fig. 4) has been devel-
oped based on the CAD model presented in Fig. 2(b). With the
design specifications summarized in Table I, the performance of
the spherical motor and the feasibility of the SMP for conformal
printing were investigated with both numerical simulations and
experimental verifications.

A. System Parameters

Fig. 5(a) shows a schematic illustrating the design parameters
of the rotor/substrate centroid as well as the WCR dimensions.
The parameter values and those defining the EM—PM locations

(d)

Fig. 4. Spherical motor prototype and torque model test setup.
(a) Stator (b) Rotor plate (1/6). (c) Spherical joint. (d) Torque test setup
and schematic.

TABLE |
DESIGN SPECIFICATIONS

Overall printing Line errors 20 pm
objectives Line speed 100 mm/s
Printing range 300 mm x 400 mm

Linear module Maximum speed 0.5 m/s

spec. Positioning error 5 pum

Current amp. Max. current (each channel) 8 A

spec. Max. voltage (each channel) 24V
Maximum power (total) 2000 W

in (1) are listed in Table II. To facilitate the numerical investi-
gation and implementation, the model parameters are presented
in the following.

1) Substrate: A substrate [see Fig. 2(a)] with a typical
curvilinear surface was selected for illustrating the conformal
printing process. The numerical model of the substrate surface
was obtained with the features (p, n) for each point on the
surface defined in the rotor frame xyz. The top surface of the
substrate is depicted in Fig. 5(b) for visualization.

2) Kernel Function: The computation of the multiport
model (12)—(15) requires an explicit form of the kernel function
/. Following (8), the MFL of an EM-PM pair in the spherical
motor [as shown in Fig. 3(a)] was computed with numerical
integration using the EM—PM parameters presented in Fig. 5(a)
and Table II. A closed-form expression can be obtained as (16)
by curve fitting the numerical results

flo) = 27 . laj cos(jwo) 4 b; sin(jwo)].

(16)

In (16), [ap—a7] = [3.4, 2.2, —2.6, —0.5, 1.3, 0.3, —0.1,
—0.02] x 1072, [by-b;] = [-4.5, 0.7, 2.3, 0.5, —0.5, —0.1,
0.02] x 1072, and w = 0.07. The numerically computed results
with (8) are compared with the curve-fitted results in Fig. 5(c). f
in (12b) can be derived explicitly by taking the derivative of (16).
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TABLE Il
SPHERICAL MOTOR PARAMETERS

a, =40,1=6, poMy = 1.465 T

Rotor PMs (NdFeB) PM; centroid Index (/) (O, ®)in xyz Polarity, A/(pioMp)
Rp =874 1-12 105° (I-1) x 30° (-1
13-24 75° (I—13) x 30° (=Dt
a,=40,a; = 14,1 =10, a = 0.5, # of turns:520
Stator EMs EM; Index (j) (©,®)in XYZ
centroid 1-8 (bottom) 116° (j—1) x 45°
Rp =754 9-16 (top) 64° (—9) x 45°
17-24 (middle) 90° (—17) x 45° + 22.5°
WCR RI (with rotor): a, = 10,1 = 10, o My = 1.465T
h1 = 50.05, 71 = 91, # of PMs (equally spaced): 36
RII (with stator): a, = 10,1 = 15, uyg My = 1.22T
he = 117.9, r9 = 46, # of PMs (equally spaced): 24
Rotor/ Mass: m = 7.41 kg (rotor 3.06 kg, substrate 4.35 kg)
substrate Centroid: h., = 62.1

Moment of inertia (kg-mz): Iy = 0.055, 1,y = 0.09,1,, = 0.105

Units in mm otherwise denoted.

PM
¢ a, (
|!
M: magnetization
M| = Mo

EM(air core
f a

------ b [— Fitting|
> Exp.

0.02

./ o (AA)num. 1-0.05 =
\ . — f(curve fit) -1

= f°

0 10 20 30 40 -20 0 20
o (deg) d (deg)

(c) (d)
Fig. 5. lllustration of system parameters. (a) Schematic of model pa-

rameters. (b) 3-D substrate surface and illustrative printing trajectory.
(c) Kernel function. (d) Restoring torque of WCR.

3) Restoring Torque of WCR: As the repulsive rings of the
WCR generate circumferentially uniform magnetic fields, the
restoring torque T, of the WCR is equivalent to an inclinational
torque normal to the inclination plane [formed by z and Z axes
in Fig. 5(a)], which has the following form:

T
T, =T7,(0) {CgSa/. /S2 + S%Cg SﬁC’a/,/SC%—FS%C(% 0}
(17a)
where

0 = cos™! (C5C,). (17b)

In (17a) and (17b), 0 is the inclinational angle, and T, (¢)
is a function characterizing the relationship between the in-
clinational torque and 6. An explicit form of 7,(f) was
found by curve fitting the measured torques, as illustrated in
Fig. 5(d).

B. Investigation of the Inverse Kinematic Model

The forward/inverse kinematic models were validated that
allows for a justified evaluation of the SMP performance.

For illustration, a printing trajectory, as shown in Fig. 5(b),
was used to simulate the substrate-nozzle negotiation process.
With the printing features (p4, n ) extracted from the specified
trajectory, the R/T displacements of the SMP were numerically
computed with the proposed inverse kinematic models (INV1
and INV2 in Section II-B) for printing each point on the trajec-
tory. In order to unify the rotational and translational motions,
the weights of the rotational displacements in the cost func-
tions (5) are multiplied with the rotor radius Ry. In particular,
to compare the SMP with conventional five-axis motion plat-
form (which is equivalent to the case when 3 is fixed), the
R/T displacements for five-axis configuration were simulated
by simultaneously solving five variables (X¢, Yo, Z5, «, 7)
with (4a)—(4e) for 8 = 0. In Fig. 6(a), the computed results are
plotted as a function of the path length s. It can be seen that
the R/T displacements (computed using both /NVI and INV2)
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Fig. 6. lllustration of inverse kinematics. (a) SMP motions (s is the path
length). (b) Comparison of sum of R/T displacements on all axes.

TABLE Il
SIMULATION PARAMETERS (Ry = 91 MM)

Weights of cost function Avg. Comp. time

INV1
INV2

102.3 ms
66.7 ms

wlzwgzwnga,w4:w5:w6:1
wlzwgzwngg

are continuous while singularities can be observed for five-axis
configuration [ P>, P5 in Fig. 6(a), corresponding to the corners
indicated in Fig. 5(b)]. Meanwhile, the SMP is much more ef-
ficient as demonstrated by the much smaller motion costs in
Fig. 6(b) where the sum of the total R/T displacements (on all
axes) were compared. In terms of the SMP motion planning,
INV1, which is based on 6-D optimization, shows slightly less
R/T displacements than /NV2, but at the cost of around 53%
more computational time (as summarized in Table IIT). There-
fore, INV2 is selected as the inverse solution for the subsequent
discussions.

C. Actuation Performance Investigations

The capability of the spherical motor for driving the
rotor/substrate to complete a printing task was tested by
simulating and analyzing the key parameters with the multi-
port model (13)—(15).

1) Static Loading Test: The capability of the spherical mo-
tor for statically supporting the rotor/substrate in the entire
workspace was simulated. At equilibrium, the dynamic model
(6) reduces to the following:

T-T, =g(q). (18)

With WCR Without WCR
5
2
<
F 0
-20
0
:.(deg}zo
20 0 gdeg)??
2 2
<1 1
S0 0
=20 -20
0 a(deg)’20
a(deg) 20 20 0_.1‘(|:|Eg)20 20 0.'ﬁ(deg)20
Max. Avg. Max. Avg.
U~ 2.59 0.63 3.19 1.01
Uj7~Uay 1.83 0.70 2.44 1.14
Fig. 7. Simulated currents (in amperes) for static loading.

With T, defined in (17a) and g(q) in (6) defined in the ap-
pendix, the desired actuation torque for statically supporting the
rotor/substrate was calculated in the entire working space

—30° <, B < 30°,0 < v < 360°.

The currents for generating the desired torque were derived
with (15) where the A components were computed using (12a)
and (14a) with the kernel function given in (16).

The simulation results are presented in Fig. 7 where the cur-
rent profiles of two EMs (EM1 and EM17 located on bottom
and middle layers of the stator, respectively) were depicted for
demonstration. The left and right columns of Fig. 7 compare the
cases for the spherical motor design with and without WCR. To
assist visualization, each point represents the maximum current
for the orientations in the range («, 3, 0 < v < 360°), and the
maximum and average currents in the entire range are summa-
rized for all EMs in Fig. 7. Due to symmetry, the current profiles
are periodic for the EMs in the top/bottom layers (u; — ug¢)
and the midlayer (u17 — u24), respectively, and the maximum
and average values are the same. It can be seen that the WCR
can effectively decrease the currents especially at large incli-
nations. The rotor/substrate can be statically supported in the
entire workspace with a maximum current at 2.59 A for the
design.

2) Dynamic Response: The dynamic responses for print-
ing the specified trajectory in Fig. 5(b) were simulated, which
provides a quantitative evaluation of the feasibility of the speci-
fied printing configuration (trajectory and speed) to prevent volt-
age saturations (which may lead to current/torque distortions).
Assuming a printing speed at 100 mm/s, the time responses
of the motion states of the spherical motor for performing the
specified printing trajectory in Fig. 5(b) were obtained by inter-
polating in the s-dependent Euler angles in Fig. 6(a). With the
obtained motion states (illustrates in Fig. 8), the desired torque
T was computed with the dynamic model (6) and the current
inputs and the EM voltages were computed with (15) and (13),
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§¢ © o \ . . o
= 3_2000 . % ; . The dynamic model (6) can be rewritten as (19) considering
0 0.5 1 1.5 2 25 3 3.5 t(sec) the model uncertainties as illustrated in (19b)—(19f)
Fig. 8. lllustration of motion states (interpolation of INV2 in Fig. 6(a) Mog + Co(q,q) +go(q) =T+ p—Dy — T, (19)
for printing speed at 100 mm/s).
where
g p=—AM{ — AC(q,q) — Ag(q) — AD — AT,
S oy e e (192)
4
S N r— M= M +AM (190)
> Mot S : . . . . 4
0 0.5 1 1.5 2 25 3 3.5 t(sec) C(q,d4) = Co(q,d) + AC(q,q) (19¢)
(a)
g(a) = go(q) + Ag(q) (19d)
2t 1
S L LT S
2 : D =D, + AD. (191)
S 01 5% &% | In (19b)—(19f), the terms with subscript “0” and the “A”
=~ 0 i ﬁ % H i % H a i i % a H % % % H i‘ represent the nominal and uncertain terms, respectively. Choose
10 ] the sliding variable as
CTNNTOONEO2ENRTROER2RIARY
s 200 T T T T T T T S = é + Ke (20)
2 100}
& 0 f X . where
0 0.5 1 2 25 3 35
t (sec) e=q—qqg (202)
(b)
and
Fig. 9. Dynamic responses. (a) Current and voltage of EM; (in bottom .
layer of stator). (b) Current and voltage statistics and total power of all K = diag (kl sk, ks) . (20b)
EMs.
The sliding mode control law can be obtained as
T, = Mydy + Co(q. Dy (q, %
respectively. As an illustration, the current and voltage of EM; ! 08a + Co(a, 4) + Do (4, %) +go(a)
were plotted as a function of time in Fig. 9(a). The statistics of + Tro +up +uy (21)
currents and voltages of all 24 EMs are summarized in Fig. 9(b) where
where the circles denote the averages over time. The total elec-
trical input power of the spherical motor (sum of the products u = —MyKe (21a)
of voltage by current of each EM) is also plotted in Fig. 9(b). and
The simulation results show that the specified printing trajectory -
can be completed at current and voltage within 3 A and 12 V u; = —I"sign ([ST M; '] ) : (21b)

and the maximum total input power less than 150 W. Compar-
ing the simulated results to the current amplifier specifications
listed in Table I implies that the specified printing parameters
are feasible.

D. Sliding-Mode Control for Orientation Tracking

To achieve high-quality printing, the spherical motor must be
able to precisely follow the desired Euler angles commanded by
the inverse kinematic model. As the rotor dynamics (6) of the
spherical motor is highly nonlinear, a sliding mode controller is
selected for its capability of dealing with the nonlinearities as
well as its robustness for system uncertainties.

In (21b), T = diag(y1,72,73) and 1 —y3 are constants. For
the spherical motor dynamic model, the control law guarantees
that the tracking error converges to zero in finite time [18].

Fig. 10 shows the control diagram of the spherical motor
and the controlled responses with the sliding mode controller
(21) were simulated for tracking the motion states, as shown in
Fig. 8. In the simulation, 10% model errors in the rotor mass m,
centroid height A, and rotor moment of inertia (15, Iy, I..)
were added.

The controlled responses are presented in Fig. 11, which
demonstrates the Euler angle tracking accuracies and the cur-
rent inputs calculated by the controller. It can be seen that the

Authorized licensed use limited to: Nanyang Technological University Library. Downloaded on September 30,2026 at 12:09:19 UTC from IEEE Xplore. Restrictions apply.



9198

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 65, NO. 11, NOVEMBER 2018

N 3 y

2. b ===y T—fm =Yg A

2

103 0

2 20

<

_. 002

[ -——-8 —=--p_---@

& 001} ° J L sl 1

2 ] \

- #

w-0.01r

T 4 ' ’ '

2 27 1

5 0 5 = e s

E ol |

p=1

o 4l i ; i :

0 0.5 1 1.5 2 25 3 3.5 t(sec)
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Fig. 12.  lllustration of printing performance. (a) Comparison of refer-

ence and simulated printing trajectories. (b) Trajectory errors.
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Fig. 13.  Torque model validation (5 = 0).

controller can effectively overcome the nonlinear dynamics and
model uncertainties and track the desired trajectory quite closely
with current inputs less than 4 A. The maximum tracking errors
appearing at the trajectory corners (P, P; in Fig. 5(b), where
abrupt changes can be observed in the reference Euler angles in
Fig. 8) are less than 0.02°. To evaluate the printing performances,
the printing trajectory was estimated using the kinematic model
(4a)—(4e) with the simulated motion states. Fig. 12(a) compares
the reference and simulated printing trajectories and the errors
are plotted in Fig. 12(b). The maximum printing error is less
than 20 pm.

E. Torque Model Verification

The premise of the spherical motor control requires that the
torque can be accurately realized. The forward and inverse
torque models (14) and (15) were experimentally validated on
the test setup presented in Fig. 4(d). As shown in the figure, the

~ Substrate (cross-sectional view)

= = Reference
— Controlled

L L L L L L

0 2 4 6 8 10 12

Fig. 14. Closed-loop control responses. (a) Experimental setup.
(b) Step response. (c) Trajectory tracking response.

TABLE IV
CONTROL RESPONSE PARAMETERS

System Processor (CRIO-9030) 1.33 GHz, 4-GRAM

parameters Sampling time 5 ms

Step response Settling time (5%) 02s

(5° increment) Overshoot 4.5%
Steady-state error 0. 04°

Tracking response Reference inputs «, = 15 sin(r1)

(at vy = 0°) Average tracking error 0.13°

rotor is connected to a slider that can be positioned along the
rotary track to lead the rotor to incline. At each orientation, the
current inputs for generating an arbitrary torque can be com-
puted with (15). The current inputs in the EMs were supplied
by a linear current amplifier with a closed-loop current con-
trol implemented on an on-board circuit to assure precise and
smooth current tracking. With the schematic and parameters il-
lustrated in Fig. 4(d), the motor torque applied on the rotor can
be obtained as follows:
by F =l .
T= (1 + l1) T,—-T.(0) + (m112 +maly —mily l1> g sinf.
(22)
In (22), T} is the torque measured by the load cell and 7, is
the restoring torque applied by the WCR that can be computed
using (17a), and the inclination angle € can be computed using
(17b). For validation, a series of desired torques were specified at
different rotor orientations and the generated motor torques were
recorded. Fig. 13 compares the desired and measured torques
when the rotor inclined around the x axis (at v = 0° and 15°),
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g(q) =mg |—S3Cuh. |, D(q,%) =mh. |CsXc +S,S;Yc

0

C(aq,9) =

+La30;
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0
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which shows good agreement. The mean absolute relative errors
for the 30 sample points shown in Fig. 13 are 1.86%.

F. Closed-Loop Control Test

The closed-loop control performance of the spherical motor
was experimentally tested [see setup in Fig. 14(a)] with the al-
gorithms implemented on an NI cRIO real-time controller and
an aluminum substrate mounted on top of the spherical mo-
tor. The closed-form expressions of the forward/inverse torque
model led to a sampling time at 5 ms for the real-time closed-
loop system. Fig. 14(b) and (c) present the controlled responses
for step and sinusoidal inputs, respectively. For the step input
test, an incremental of 5° change were specified on « in the
range (0°-20°), and the reference and controlled responses are
shown in Fig. 14(b). The key parameters for characterizing the
step responses were calculated that are summarized in Table ['V.
The performance for tracking was also tested and evaluated.
For demonstration, the controlled responses for sinusoidal com-
mands assigned on both « and  (with v = 0°) are shown in
Fig. 14(c), where the benchmarks are summarized in Table IV.

IV. CONCLUSION

A 6-DOF SMP targeted for conformal printing application
was presented in this paper. Instead of using conventional se-
rial/parallel mechanisms, the proposed SMP is based on a ball-
joint-like spherical motor for delivering multi-DOF rotational
motions. The concept of the SMP was validated and the per-
formance of a prototype spherical motor was evaluated in the
context of conformal printing process. The comparison between
the SMP and conventional five-axis configurations shows that
the SMP can provide motion with no singularities and effec-
tively decrease motion displacements. For a typical conformal
printing configuration with specified load of 7.41 kg and a print-
ing pattern, the simulation results show that the spherical motor
can perform the printing task at an accuracy of 20 um with
maximum electrical power less than 150 W. The control test

results show that the accurate orientation manipulation can be
achieved, which validates the concept feasibility of the SMP for
conformal printing.

APPENDIX
A. Computation of Basic Electromagnetic Components

The magnetic vector potential of a PM and an EM at point R
can be computed using (A.1) and (A.2), respectively [16]

o [ (V x M) uo/(Mxn)
Apy =2 | S Lav+ 22 [ 22 s (AL
WEE L R-RY T ) ROR (A1)
S
Ho J
Apy =2 [ ———d
EM 47r/V|R—R’| v

where R’ represents variable point; M is the magnetization of
the PM; n is the surface normal; and J is the current density.

(A2)

B. Dynamic Model of the Spherical Motor

The dynamic model of the spherical motor can be derived
with Lagrange formulation, which has the following form:

where the explicit expressions of the terms in the equation are
shown at the top of this page.

In the equations I, = I, Io = I,,, and I3 = I.., which
represent the moment of inertia of the rotor/substrate; m is the
rotor/substrate mass; and 5., is the distance from the centroid to
the rotation center.
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