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Abstract. This paper proposes to recover the concept of spherical induction
electrical machines to conceive a shell-like actuator with multi-DOF (DegreesOf-Freedom). The actuator is formed by a shell stator and a spherical rotor. This
work contains the feasibility study of that solution when applied as an active
joint actuator in assistive devices. Its electromechanical characteristics are first
analyzed using an analytic model that includes: the distribution of the magnetic
potential vector and thus the components of the magnetic flux density in the
airgap due to a sinusoidal current distribution imposed in the stator; the model
also shows the induced electromotive forces and associated current density
distribution in the rotor; and at last the radial and tangential components of the
force density in the rotor. The shell-like actuator is concretized as an active joint
for assisting movement of the lower leg of a typical 70kg person. Based on its
requirements, the joint actuator electromechanical characteristics are analyzed
according to its sensitivity to a set of electrical and mechanical variables.
Keywords: Electromechanic energy conversion, Electric machines, spherical
induction motors, assistive devices.
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Introduction

Nowadays, multi-DOF motion devices have been mostly formed by a composition of
classic electric motors. While today multi-DOF manipulators provide enough accurate
motion, the type and number of joints used means a heavy, bulky and expensive
structure. Particularly in the area of assistive devices, as active joints [1], and in some
industrial applications [2, 3, 4], these manipulators have to be compact, light, with a
simple structure and also competitive cost.
This research recovers the concept of classic induction machines to conceive an
innovative shell-like spherical actuator which allows multi-DOF motion while
reducing the complexity of the solution. This work model and analyses its
electromechanical characteristics and feasibility as a multi-DOF actuator to operate as
an active joint assisting the movement of the lower leg of a typical 70kg person. The
key characteristics to be analyzed due to demanded requirements are the amplitude
and range of the density forces induced in the rotor and the range of its angular speed.
The paper is divided in the following three steps: the concept where the design is
explained; the analytical model with the statement of its assumptions and computation
of its electromechanical characteristics; and in the end the assistive device application
feasibility and comparison of the analytical and its finite element simulation.
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how the origin of the shell-like induction machine concept.
Figures 1 (a) and 1 (b) sh
The shoulder joint in Fig.. 1(a) is multi-axial and possesses the greatest rangee of
motion of any human jointt. Meanwhile, the hip joint of the anterior femur in Figg. 1
(b), it presents a shallowerr shell providing a lower range of motion. A geometrrical
representation of these join
nts is shown in Fig. 2. Figure 3 illustrates the conversionn of
the biomechanical nature to
o a spherical and shell-like induction machine.

(b)

(a)

Fig. 1. Main join
nts of human body. (a) Shoulder joint, (b) hip joint.

Fig. 2. Large and short range motion due to variable joint socket areas

(a)

(b)

Fig. 3. (a) Shoulder joint to a shoulder-like spherical actuator. (b) Hip joint to a hip--like
spherical actuator.

2

Contribution to Collective Awareness Systems

Although the main focus application is in assistive devices, i.e., in biomedical
engineering systems, its applications can be easily extended to robotics aand
integrated manufacturing sy
ystems [2, 3, 4] due to its 3DOF and compact solution, and
also used to electric motion
n devices, as an active wheel [5].
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In industrial and motion applications
a
where 3DOF are required, this solution presennts a
simple control due to its reeduced complexity, contributing to the simplification of the
control and decision, electron
nics and signal processing systems.

3

The Concept of a Shell-Like Induction Electrical Machine

The shell-like design is insspired on the main joints of the human body as shownn in
Section 1. The stator actss like a socket where the spherical rotor fits, with its
periphery defining the rang
ge of motion. Figures 2 and 3 illustrated the concept behhind
the shell-like actuator as ressult of a high range and medium range joints.
The machine uses the same concept of classic induction motors to producee an
electromagnetic torque betw
ween rotor and stator parts. Figure 4 indicates that the statoor is
formed by an outer ferrom
magnetic material layer and an inner layer composed bby a
distribution set of slotless co
oils. These will create a travelling magnetic flux density w
wave
that will be commanded to geenerate an electromagnetic torque in any 3D direction.
The rotor has two layers: the outer one using an electric conductive material andd an
inner layer of a high magneetic permeability material.

Fig.. 4. Shell-like induction machine design

4

Analytical Modeel

Figure 5 shows a schematicc for the analytical model, which was formulated under the
following assumptions: onee single homogeneous zone (airgap); a thin current dennsity
layer defined as the inner stator surface; a thin electric conducting material layer ( –
electrical conductivity) deffined as the outer surface of the rotor; a high permeabiility
ferromagnetic material on the stator and also in the rotor; and negligence of borrder
effects due to the small sizee of the airgap in relation to the stator length.
To produce an electromaagnetic torque it is needed the presence of a travelling w
wave
of electromotive force (EM
MF) in the rotor. This will be originated by the airrgap
travelling magnetic wave du
ue to the current density circulating in the stator. The E
EMF
wave is an image of the staator current density being expressed by (1), where k is the
wavelength of the stator’s EMF
E
(equivalent to the number of poles of the stator):
(

)

As result the airgap potential vector will be similar to the current density.

(1)

212

J.F.P. Fernandes and P.J. Costa Branco

Fig. 5. Cross
C
section of shell-like induction machine

The following generic equation
e
defines the potential vector as the compositionn of
two components: a radial dependent component ( ) and a time/space dependdent
)
:
component (
( )

(

(2)

)

This problem simplifies into the laplacian solution of the radial component ( ).
Although initially using sp
pherical coordinates, this shell-like design will allow uss to
change to cylindrical coord
dinates, simplifying the laplacian solution computationn of
(2). The following figure illustrates the uniqueness of symmetry around axis -y tthat
allows the change of coordiinates.

2)

1)
a)

3D representation off one stator coil

b)

Cross section in 1) and 2)

Fig. 6. Statorr’s windings geometry in cylindrical coordinates

Therefore the laplacian of
o potential vector in cylindrical coordinates is defined bby:
( )

1

( )

( )

1

( )

0

(3)

Solution of (3) is the typical Cauchy-Euler solution as in (4):
(

)

(

)

(4)

Constants
and
in (4) must be defined by two boundary problem conditioons.
Using the integral form of
o Ampere’s Law, it is possible to establish the relattion
between magnetic flux den
nsity components and density currents on the stator and
rotor. These boundary con
nditions are defined by equations a and b in (5), and
illustrated in Fig. 7(a) and 7(b),
7
respectively.
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b)

Fig. 7. Boundary condition – Ampere’s law in the a) stator and b) rotor

)

,

)

(5)

The stator current density is the source for the rotor EMF, resulting in the rotor
induced density current , given by (6), taking in account the electric field and the
linear tangential velocity of the rotor, .
(6)
), constants
(
Defining the slip parameter
and
become given by (7)
and (8). Term is the radius of the rotor, is the radius of the stator.
1
(

(7)

)

1
(
4.1

)

(8)

Electromechanical Characteristics

The magnetic flux density is given by the rotational of the potential vector eq. (9). As
result, the magnetic flux density presents two components,
and
, and the
induced current only one component, .
1

,

(9)

(

)

(

)

(

)

(

)

(10)
(11)
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)

(

(

)

(12)

With the magnetic flux density given by (10) and (11) and the induced current density
from (12), the magnetic force density in the rotor is computed as in (13). This shows the
resultant force density having two components, a radial and a tangential one .
(13)
For motion applications, it is important to analyze the resultant average force
density in the rotor and thus the average torque. This can be obtained as shown in (14)
taking in account the active surface area of the rotor, its radius and the average force
density in (15).
(14)

,
1
2
4.2

,

1
2

(15)

Parameters’ Sensibility

Figures 8 (a) and (b) show the dependence of the tangential and radial force density in
the rotor in function of parameter k, which is the wavelength of stator’s EMF. These
results were obtained for a 5cm rotor radius with a 2mm thick aluminum material, a
(typical value of current
2mm airgap and a stator current density of 6 10 /
density in electrical machines).
Results show that when increasing the wavelength of EMF (parameter k), both
density forces magnitude are reduced, moving the maximum tangential density force
to higher values of slip . The radial component presents a repulsing force between
stator and rotor.

a)

b)

Fig. 8. Influence of the EMF’s wavelength in the density force components on rotor: (a)
(
)⁄ω
tangential component; (b) radial component.
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b)

Fig. 9. Influence of electric conductivity’s material of the rotor in the density force components:
(
)⁄ω.
(a) tangential component; (b) radial component.

Figures 9(a) and 9(b) indicate that the change of the rotor’s electric conductivity
has a similar effect as in classic induction machines. The maximum point of the force
will be shifted to higher values of synchronism when decreasing the conductivity.

5

Assistive Device Application

In this section it is analyzed the application of the shell-like actuator as an active joint
for assistive devices. Application is a device for assistive movement of the lower leg
for a typical 70kg person, usually used in orthopedics. Table 1 resumes the
specifications of the active joint. For this purpose, the shell-like induction motor will
have a simple design with a stator shell covering half of the rotor. This design
warranties the range of motion in both Sagittal and Coronal planes.
Table 1. Specifications for the orthopedic active joint

Total weight to lift with a 0.25m
distance to the center of mass
Average linear velocity
Range of Motion for Sagittal plane
Range of Motion for Coronal plane
Rated torque
Range of radius

2 kg (average lower leg
for 70 kg person)
3 Km/h [0,83m/s]
[-10° 90°]
[-25° 25°]
5 Nm
[2,5 5] cm

To study its feasibility, it was considered a 5cm radius rotor with a 2mm thick
aluminum conducting material, a 2mm thick airgap, a 50 Hz stator current density of
6 10 A/m and k=4. For comparison, our design was simulated in 2D finite element
method (FEM) program. FEM results are compared with the analytical solutions. For
example, Figure 10 plots the resultant average torque obtained from the analytical model
(continuous line) and that one determined using the FEM model (discrete marks).
The maximum torque obtained is about 4 Nm, therefore near to the specified one. The
maximum angular velocity corresponds to 3.9m/s (78.5 rad/s), including the average
linear velocity of 0.83m/s (16.6 rad/s). This preliminary analysis indicates that the shelllike actuator design is capable of be the joint of the orthopedics assistive device.
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Fig. 10. Tangential component of the torque: analytical and FEM results

6

Conclusions

The purpose of this paper is to study the feasibility of the shell-like induction
machine, especially in assisting devices applications. The combination of the stator
shell geometry and distribution of its coils allow a wide range of motion with multiDOF. By the analysis of the potential vector with a simple model of the machine it
was possible to extrapolate its behavior and the amplitude of forces possible for small
sizes. Despite the simple model, it was possible to verify the parameter’s influence on
the main electromechanical characteristics. In addiction the FEM results obtained for
a more realistic model, i.e., non-homogeneous geometry with non-simplified
structure, were close to the analytical results.
The feasibility study concluded that this machine is capable of originating
amplitude of torque needed in an orthopedic assistive device as the proposed leg joint.
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