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Abstract

The non-communicable diseases have become the top cause of global mortality. One of them is stroke, which also become
the first cause of disability worldwide. To help rehabilitate the upper extremities function of stroke survivors, a rehabilitation
aid robot is developed, also to bridge the gap between patient and medical staff numbers. An end-effector-based rehabilitation
robot is one proposed device. In this case, a switched reluctance motor (SRM) can be utilized as the actuator for its simplicity,
robustness, high low-speed torque, and low cost. Thus, this paper proposes a design of SRM to be used as the actuator of an end-
effector-based wrist rehabilitation robot. The proposed design is made based on the required torque. To extract the outputs,
calculation and simulation using finite element magnetic FEMM 4.2 are conducted. The results show that the SRM produces
enough torque, according to references. Moreover, rotor tooth width reduction is not preferred, as it increases the negative
torque even though it raises the saliency ratio and cuts the mass of the motor.

Keywords: electric motor; end-effector; negative torque; switched reluctance motor; wrist rehabilitation.

L. Introduction also becomes the second most common cause of death,

with a 70 % increase in incident strokes, a 43 % increase

A non-communicable disease (NCD) is a chronic in death, and a 102 % increase in prevalent strokes
disease that is not transmittable between humans and [4][5].
usually develops slowly over a long period. Data shows

that since 1990, the NCDs have been top-ranked in

One common and serious effect in stroke patients is
spasticity of the motor system. Previous references

causing global mortality and disability, and their trends
are quite concerning [1][2]. Among multiple NCDs,
stroke is the most common cause of disability [3]. It
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stated a substantial percentage of stroke patients that
suffer motor impairment or disabilities in the upper
extremities, including shoulders, upper and lower arms,
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elbows, wrist, and fingers. The number ranges between
50 % to 80 % [6][7]. Meanwhile, 34 %-62 % of the
patients also have similar problems in the lower
extremities, including knees, legs, ankles, and fingers
[8]. These conditions should be treated to avoid the risk
of declining or diminishing mobility and productivity.
In this case, the research is focused on the upper limb,
more specifically, the wrist disorder.

To improve or regain motor functions, discipline
rehabilitation is a must. Previous researchers showed
positive impacts of rehabilitation [9][10], whose form
and variety depend on the state of the stroke. So far,
direct therapy is still the most practiced rehabilitation.
However, the rapid increase in the number of patients
causes fear of a widening gap between the number of
patients and the medical staff, especially in remote and
village areas and in most developing countries. To
anticipate this, innovations must be pursued. One of
the proposed solutions is using an end-effector-based
rehabilitation robot. It is a kind of wearable robot
designed to enable patients undergoing rehabilitation
by themselves, but it must still be under the supervision
of doctors or physiotherapists. Figure 1 displays the
example of the applied robot [11].

The end-effector-based robot in this context is a
static rehabilitative device. It helps move the upper
extremities by holding them from a fixed point. In this
case, the end-effector part interacts with the wrist. The
patient is positioned in a platform. The affected wrist is
then placed into a wearable handler, which is connected
to a controlled actuator. This type of robot is
considered simple mechanically since its weight and
dimension do not affect the patient.

One critical component of the rehabilitation robot
is the actuator. Previous designs have implemented
several types of actuators. The three most used ones are
pneumatic, hydraulic, and electric motors. The
pneumatic-based actuators, as implemented in [12][13],
are considered compliant, lightweight, and resemble
natural muscles with high power-to-weight ratios [14].
However, they are nonlinear, noisy, heavier, and
bulkier as they need additional control to make
bidirectional motion [15]. Meanwhile, hydraulic
actuators can produce higher torque density [16][17],
but their designs are quite complex, heavyweight, and
have leakage risks [18]. Electric motors are so far widely
chosen as actuators due to their simple and compact
design, and they are also easier to control with higher
accuracy and precision [19][20].

Different previous
rehabilitation robots employed electric motors for their

end-effector-based

actuator. A portable CR2 robot with its reconfigurable
design allows its user to train different hand and wrist
movements [21]. The post-training assessment showed

significant improvement in the range of motion (ROM),
including in the wrist. In [22], a 3-DOF upper limb
robot was designed and tested, and significant
improvement was also recorded in terms of the force of
the wrist and forearm. Another reconfigurable 2-DOF
wrist rehabilitation device (WreD) was also designed
[23]. The WreD comes with an additional mechanical
protector and friction reducer to make the user more
comfortable. The trajectory tracking shows high
accuracy of the device motion. An end-effector upper-
limb rehabilitation robot (EULRR) was also designed
[24], with a feature of the controller for assist-as-
needed (AAN) mode training. The AAN controller
provides no assistance when the user’s upper limb
moves within a certain virtual space but assists when
the motion is outside the space. A 2-DOF wrist
rehabilitation robot called MOCH was also introduced
[25]. It employs a remote center of motion (RCM)
based on a parallelogram mechanism, where the center
of rotation is outside the robot structure. The structure
can reduce the inertia and the risk of motion
interference.

Nevertheless, the electric motors utilized above
(servo, DC, and BLDC motors) employ permanent
magnets (PMs) as the excitation source [21][25].
Although known for its high flux and torque densities,
the use of PM is also bound to limited temperature,
higher cost, and more complex installation [26].
Moreover, the high flux density-capable rare-earth-
based PMs are also known for their material scarcity,
unstable supply, and politically influenced price
[27][28]. To anticipate these drawbacks, the utilization
of non-PM motors needs to be investigated.

Therefore, this paper discusses the use of non-PM
motors for an end-effector-based rehabilitation robot.
The selected motor is the switched reluctance motor
(SRM). Aside from its simple yet robust structure, low
cost, and lightweight, the motor is known to have stable
torque ability in a wide speed range, relatively high low-
speed torque, and low inertia [29][30][31]. In this case,

Figure 1. Example of end-effector-based robot [11].
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an SRM design is proposed for the actuator of a 3-DOF
wrist rehabilitation robot. The design is made based on
the torque requirement of wrist rehabilitation. To
obtain and analyze the outputs, calculation and
simulation using finite element magnetic software of
FEMM 4.2 is performed. The suitability of the motor is
then assessed based on its output. The results of the
study can become an insight into applying a particular
non-PM motor in a rehabilitation robot.

I1I. Materials and Methods

The SRM design must be suited to its application.
Two parameters that are highlighted in a rehabilitation
robot are the torque and the range of motion (ROM),
as shown in Table 1. According to [32], the wrist torque
for normal activities of daily living (ADL) is about
0.35 Nm [32]. For stroke survivors, higher torque needs
to be allocated since muscle stiffness should be taken
into account. In [33], the generated torque was nearly 1
Nm, produced by a gear-equipped actuator with a gear
ratio of 7 (about 0.14 Nm with no gear). Meanwhile, the
ROM is used to determine the rotation counts of the
motor. There are three motions of the wrist (extension-
flexion,  abduction-adduction, and  pronation
supination). Each motion is displayed in Figure 2 and

has a specific motion angle range.
A. Design of the end-effector-based robot

The robot comprises a wrist handler, three
removable SRMs as the actuator, a separated motor
controller,  piezoelectric = sensors,  connecting
plates/rods, and a platform (Figure 3). The wrist
handler forms a clamper-like platform and is linked to
the SRM by using duralumin-made connecting plates.
To make users comfortable, the clamp is made of elastic
silicon that can be filled with pressured air. Its grip can
be set by adjusting the air pressure level, depending on
the wrist strength and convenience. Meanwhile, most
of the robot structure is made of duralumin, except the
rotating gear inside the structure around the wrist for
pronation-supination motion, which is made of 3D-
printed polyurethane (PU). To ensure the ROM limits
are not exceeded, the rotation count of each motor’s
rotation is limited by setting a separate controller. This
controller also manages the speed and torque of the
motor. In this paper, however, the controller settings
are not detailed. Nevertheless, it has at least three
output terminals to control all three motors when being
installed at once. To extract the muscle responses,
piezoelectric-based sensors are attached to certain spots
on the hand. The sensors send the magnetomyography

(MMQ) signals of the muscle through wires to be

Table 1.
Wrist ADL’s ROM [30][33].

Wrist motion type ADL’s ROM ADL’s torque
Extension-flexion 52°-45° 0.35 Nm
Abduction- 15°-20° 0.35 Nm
adduction/radial-ulnar
Pronation-supination 49°-52° 0.06 Nm

"""" (-
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Figure 2. Wrist motion types [34].
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Figure 3. Proposed end-effector-based rehabilitation robot.

processed and analyzed in the controller. The details of
the sensor are also excluded from this paper.

Before the rehabilitation process, the clamp is
adjusted by manually setting the air pressure. The
length of the connecting rod between the wrist and
elbow is also regulated. The required torque and
motion range are assessed based on the user's
requirements read by the sensors, and the controller is
set accordingly. The motor is then turned on and its
rotation activates the wrist movement. During the
rehabilitation process, the sensors keep extracting the
MMG signals of the muscles to adjust the motor
controller continuously.

B. Design of the switched reluctance motor
(SRM)

Figure 4 displays the proposed SRM design, while
Table 2 shows the parameters and complete dimensions
of the SRM parts. The motor consists of an inner rotor
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Figure 4. (a) The proposed SRM design; (b) Rotor; (c) stator.

and an outer stator. Both parts are made of silicon iron
sheets laminated in an in-plane direction with a factor
of 0.98. The shaft is coupled with the connecting plates,
which link to the wrist handler.

The stator Figure 5 has six teeth with double-layer
concentrated windings wound on the slots between
them Figure 5(a), driven by a 3-phase inverter, as
shown in Figure 5(b). On the other hand, the rotor has
four teeth whose ends make curves with a larger angle
than the stators’. The air gap between the rotor and
stator is 0.5 mm.

One important part of an SRM is the teeth of both
the stator and rotor. Their width affects the magnetic
flux path, especially in unaligned positions (Figure 6).
The magnitude will affect the inductance difference,
which will lead to torque generation. Furthermore,
both parts also affect the resulting SRM mass.
Meanwhile, other parts, such as the tooth height and

Table 2.

Parameter and Dimension of the SRM.
Part symbol Unit Value
Rated speed, rpm 84
Peak phase current, Iphpk) A 2.2
Terminal voltage, Va \% 12
Stator outer diameter, D, mm 86.8
Stator inner diameter, D mm 50
Stator yoke thickness, wsy mm 9.1
Stator tooth height, hs mm 9.3
Stator tooth width, ws mm 12.9
Stator tooth arc, f3s deg (°) 30
Rotor yoke thickness, wry mm 7.1
Rotor tooth height, h, mm 9.4
Rotor tooth width, wr mm 14.8
Rotor tooth arc, f3; deg (°) 36
Shaft diameter, Dg, mm 15

yoke thickness of the stator and rotor, also shape the
mass and influence the magnetic flux. However, the
flux is affected under both unaligned and aligned
positions. Thus, the inductance difference does not
significantly change.

The width of each tooth can be calculated using the
equation (1), equation (2), equation (3), equation (4).

B =830 ()
[ @)
Wy =2 (g - g) sin% (3)
Wg =D sin% (4)

where f3; and §, are the tooth arc of the stator and rotor,
respectively (rad), & and &, are the tooth arc coefficient
of the stator and rotor, and n, and n, are the number of
stator and rotor teeth. Moreover, w,; and w; are the
tooth width of the stator and rotor (m), D is the stator
inner diameter (m), and g is the air gap (m).

(b)

Figure 5. (a) Winding scheme of the proposed SRM; (b) inverter scheme of the SRM.
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The tooth height also affects the reluctance, hence
the magnetic flux. The height of the stator and rotor
teeth can be found using the equation (5), equation (6),

equation (7).

D Dy
hrt=;_g_7h_wry (5)
hg =d.+h, (6)

J(n’D+2nho—wstns)2—BnnskatcAcw—(nD+2nh0—wstns)

(7)

dc

2n

where Dy, is shaft diameter (m), w, is rotor yoke
thickness (m), h, is winding-stator tooth gap (m), and
kris the fill factor of the winding. Furthermore, N is the
number of winding turns per coil, and A.,, is the surface
area of the wire (m?). The wire surface area is related to
the maximum allowed stator current.

C. Calculation and simulation of the SRM
outputs

After completing the design, the output of the SRM
needs to be tested in terms of compatibility with the
required value. To extract some outputs, simulation is
performed by using the finite element method (FEM)
magnetostatic mode of FEMM 4.2 [35]. In this mode,
the solution for magnetic field (H, in A/m) and flux

density (B, in T) can be approached by finding
magnetic vector potential (A, in Vs/m) that satisfies the
following equations.

VxH=];V-B=0;uH =B (8
The vector potential A is defined by the equation below.
VxA=B. 9)

The current flows sequentially to the phase

windings, causing the rotor to rotate. Under a certain
rotor position, instantaneous inductance can be
calculated from magnetic field energy (W,, in J), that is
obtained from the simulation.
16,0 = 2 = fl’:% (10)
In SRM, the difference between aligned inductance (L)
and unaligned inductance (L,) (Figure 6), both in
Henry, plays a significant role in determining the
output power (P,) and torque (T.). They can be
calculated using the equation (11), equation (12),
equation (13) [36][37].

_ La
&= Iy (11)
_mE 1\Bs 2
P, = > (1 s) o B,A.D*lyn, (12)

(b)
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Figure 6. Magnetic flux: (a)aligned; (b) unaligned positions.
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Table 3.

Results of unaligned and aligned inductances from different rotor tooth width.

Rotor tooth width, w,: (mm)  Air gap flux density (T) L, (H) Ls(H) Saliency ratio (&)
14.8 0.162 0.0136 0.1110 8.134
14.0 0.140 0.0131 0.1104 8.407
13.0 0.099 0.0125 0.1092 8.715
T, = % i2 (%)‘ (13) during the aligned position, which negatively affects the

where ¢ is the saliency ratio, B, and A, are the magnetic
loading (T) and electrical loading (A/m), respectively,
Iy is the SRM axial length (m), 6.is the conducting phase
(rad), n is the rotating speed (rps), i is phase current (A),
and 0 is position angle (rad).

The mass of the motor active part (m, in kg) is as
equation (14).

= (sleitoeor)

4

2
((D5h+2wry)2+Dsh )
T 4 + anrthr lrtprt +

+ nsWsths) Lsepse +

nsNtcAcwtlava- (14)

where pg, p, and p,, are the mass density of stator, rotor,
and winding (kg/m?) successively, A, is copper wire
cross-section area (m?), and #,, is winding mean turn
length (m).

IT1. Results and Discussions

In analyzing the proposed SRM design, some
important parameters are varied and analyzed. First,
the impact of rotor tooth width modification on the
SRM output is investigated. Next, the impact of the
stator current changes on the SRM output is also
assessed. From the assessment, the optimum design is
chosen, and its suitability for the rehabilitation robot is
explored. Furthermore, the optimum design criteria
can be elaborated for the next optimization project.

A. Effect of rotor tooth width

The inductance plays an important role in
determining the output. It is related to the magnetic
flux generated when an input current is injected and
affects the output torque. The rotation of the rotor
results in unaligned and aligned (Figure 6) inductances.
Both parameters are affected by the design of stator and
rotor teeth. The rotor tooth width and the rotor yoke
thickness affect the air gap during unaligned positions.
A larger gap results in a longer distance between the
stator teeth of an active phase and the nearest rotor
teeth, making a higher reluctance. Higher reluctance
results in smaller inductance. The rotor tooth width
also determines the surface area of the rotor edge

reluctance and positively the inductance. The air gap
flux densities and inductances for different rotor tooth
widths but the same phase currents in both aligned and
unaligned positions are tabulated in Table 3.

The magnetic flux decreases as the rotor tooth
width decreases. As the flux decreases, the phase
inductance also drops. However, the decrease in the
tooth width increases the saliency ratio, which can
affect the output power positively. Therefore, the
reduction of the rotor tooth width has a positive impact.

The next factor to be noticed is the pattern of the
phase inductance. When the rotor rotates, the
inductance of a certain phase increases from its
unaligned value (L) to its aligned value (Ls). When the
current is at its peak for a certain moment, the
inductance rises because the rotor tooth position is
getting more aligned with the stator tooth. When all
stator tooth surfaces are facing the rotor tooth surface,
the inductance reaches its peak and stays so until the
unalignment starts. The moment phase inductance
reaches the peak, the next negative trend should be
minimized. According to (13), the negative trend
results in negative torque, which negatively impacts the
rotor movement. In this case, the stator and rotor teeth
play an important role.

Figure 7 displays the phase inductances under
moving position and respective phase current changes
for several rotor tooth width values. Position 0° is the
unaligned position, and position 37.5° is the starting
position when the stator tooth surface entirely faces the
rotor tooth surface. For a rotor tooth width of 13 mm,
the peak inductance decreases quite sharply and
quickly. This decreasing slope is reduced with the
increase of the rotor tooth width. For a tooth width of
14.8 mm, the inductance still decreases but on a smaller
slope. This trend affects the resulting torques.

Figure 8 presents the output torque of the SRM with
different tooth widths. The output torque from
different rotor tooth widths resulting similar output
torque. As the torque is generated from the change in
inductance, the value can be tracked from the
inductance graph (Figure 7). The inductance from
different tooth widths has a similar positive gradient or
slope. Therefore, the change in the rotor teeth does not
affect the torque capacity of the SRM.
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Figure 7. Phase inductance graphs under moving position and respective current for rotor tooth width of (a) 13 mm; (b) 14 mm; (c) 14.8 mm.

On the other hand, the different tooth widths bring
different negative torques. Related to the inductance
graph pattern, the negative torque generated is directly
proportional to the negative gradient of the peak
inductance. This trend is related to the inductance
graphs. In this case, the rotor tooth width of 14.8 mm
produces the minimum negative torque, just as it
produces the minimum inductance’s negative slope.
From the aspect of inductance and resulting negative
torque, the decrease of the rotor tooth width has a
negative impact.

The other important aspect is mass. Although not
crucial in an end-effector-based robot, it still matters to
note. The decrease of the rotor tooth width certainly
reduces the mass, for other parts are kept the same.
Therefore, the reduction impacts positively. Table 4
shows the comparison between the mass for different
rotor tooth widths. In this case, the mass is represented
by the active parts (rotor, stator, winding).

From the aforementioned impacts, the decrease of
the rotor tooth width affects both positively (on the
saliency ratio and mass) and negatively (on the negative
torque). For the end-effector-based rehabilitation robot,
the negative torques play a more important role than
other parameters. They affect the rotor motion, which
directly influences the wrist motion during the
rehabilitation process. Meanwhile, the mass in an end-
effector robot is absorbed by the robot’s platform and

Table 4.
Active part mass comparison for different rotor tooth width.

Parameter Unit
14.8 2222
14.0 2.205
13.0 2.173

does not affect the user. Therefore, the proposed SRM,
as listed in Figure 4 and Table 2, is adopted, where the
rotor tooth width is 14.8 mm. Figure 8 and Table 4
show that the SRM can produce an output torque of
0.415 Nm. It has exceeded the ADL value in [32] and
the output torque of the actuator without gear in [33].
To increase the output torque for anticipating a higher
degree of muscle stiffness in certain stroke patients, a

gearbox transmission with a relatively small gear ratio
can be added.

B. Effect of stator current

Furthermore, the output torque is also affected by
the input current. The current represents the power
injected into the motor. Figure 9 shows the torque
graphs under different peak phase currents. The graphs
help understand how much the tolerance of current
reduction is to generate the minimum torque. It is
found that while the peak phase current decreases with
a constant difference, the reduction rate of the torque
increase in every current reduction. Hence, for this
design, the peak phase current is kept according to
Table 2, which is 2.2 A. Nonetheless, the larger current
draws a larger copper loss. It is inevitable that non-PM
motors will replace the PM-based ones. Because it
needs to compensate for the amount of magnetic flux
that cannot be produced by permanent magnets. It is
then required to maintain stator current as efficiently
as possible to maximize the generated torque.

C. Suitability of the actuator and next project
plan

Based on the required torque in the collected
references, the proposed SRM design can fulfill the
requirement. Nevertheless, the SRM also produces a
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high torque ripple, which still needs to be addressed.
The ripple, along with negative torque, can result in
motion disturbance during rehabilitation. In [38],
multiple efforts are taken to minimize the torque ripple,
both from the geometry and control aspects. Those
steps can be taken in future research.

Based on this investigation, design optimization can
also be performed using the criteria obtained. The
negative torque should be minimized while the saliency
ratio is maximized. Other aspects, including mass,
volume, and efficiency, can also be included to be
optimized. Additional features such as back-drivability

and motor response to load change can also be explored.

Furthermore, Figure 10 displays the manufacturing
drawing plan of the SR motor based on the optimum
design in this paper. The rotor sheets are pressed and
bolted using four M3 bolts. Meanwhile, the stator
sheets are pressed and held by the SRM casing.
Furthermore, the shaft is held by two 61800 bearings at

0.45
—22A
2.0A
—1.8A
€ 16A
£
e 0.2
=4
=)
N\
N
-0.05 0 a5

Position (deg)

Figure 9. Output torque graphs under different phase currents.

Stator
sheets
pressed

Figure 10. (a) Manufacturing drawing of stator; (b) rotor; (c) overall
SR motor.

both ends to regulate its rotation. The SRM motor is
fitted perpendicularly into the rehabilitation platform
using four bolts and flanges outside the casis.

IV. Conclusion

This paper proposes a non-PM motor as an actuator
in an end-effector-based rehabilitation to help wrist
rehabilitation. A switched reluctance motor (SRM) is
selected and designed based on the torque requirement
of wrist rehabilitation. Different tooth widths and
stator currents are tested. The results show that the
decrease of the rotor tooth width affects both positively
(on the saliency ratio and mass) and negatively (on the
rise of negative torque). Meanwhile, the current is
directly proportional to the output torque. Based on the
results, an optimum design is selected to minimize the
negative torque while maximizing the output torque.
Using the optimum design, the SRM can produce
torque that exceeds the references’ magnitude. In the
next project, torque ripple minimization can be
performed while optimizing the geometry to minimize
the mass and negative torque and maximize the
saliency ratio.
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