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Abstract— Series elastic actuators have proven to be an
elegant response to the issue of safety around human-robot
interaction. The compliant nature of series elastic actuators
provides the potential to be applied in robot-aided rehabilitation
for patients with upper and lower limb musculoskeletal injuries.
This paper proposes a new series elastic actuator to be used
in robot-aided musculoskeletal rehabilitation. The actuator is
composed of a DC motor, a torsion spring, and a magnetic
particle brake coupled to one common output shaft through a
differential gear. The proposed topology focuses on three types
of actuation modes most commonly used in rehabilitation, i.e.,
free motion, elastic, and assistive/resistive motion. A dynamic
model of the actuator is presented and validated experimentally
and the ability of the actuator to follow a reference torque is
shown in different experimental scenarios.

I. INTRODUCTION

The rise of collaborative robotic systems is leading to a
paradigm shift in robotics. The robotic systems of today are
moving away from confined industrial settings and making
their way into more complex environments, such as homes
or hospitals, to work alongside humans to complement our
natural capabilities. This shift introduces a number of chal-
lenges with regard to the safety of human-robot interaction.
Anytime there is a possibility for a human to come in
close proximity to a robot, the number one condition for
the choice of actuation method should depend solely on
safety [1]. There is a growing need for high-performance
actuators with respect to safety in a multitude of fields as
human-robot interaction has become more prominent, deriv-
ing from efforts to increase productivity, efficiency, safety,
and convenience to the general public. Potential fields for
compliant actuators include haptics, manufacturing, shipping,
automotive, retail, service, and in the medical field for uses
such as rehabilitation or surgery.

Traditionally, collaborative robots implement force sensors
at one or more joints, however, these sensors are expensive
and rely on software to guarantee compliance [2]–[4]. An
alternative approach to the use of force sensors comes in
the form of Series Elastic Actuators (SEAs). Series elastic
actuators are devices that control motion in robotic systems
using an elastic component to measure forces as well as
provide a mechanical means of guaranteeing compliance
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by decoupling the actuator dynamics to the user with the
introduction of a spring [5].

A critical scenario in which safety is paramount is robot-
assisted rehabilitation. Two common examples where com-
pliant robots can aid in the recovery process while ensuring
safety is in neurological and musculoskeletal rehabilitation.
While the SEA concept has been applied to single purpose
neurological rehabilitation devices [6], [7], most of these
actuators lack the performance requirements to be imple-
mented in devices capable of addressing the multiple phases
of musculoskeletal rehabilitation [8]. These phases address
the differing requirements between assisting a patient in
range of motion recovery and strengthening the injured area
using a resistive approach. There has been limited effort to
combine these traits for collaborative rehabilitation robots.

An actuator to be used in rehabilitation devices must sat-
isfy three major operating modes that are coupled to different
stages of rehabilitation. The first mode entails that the device
has to be able to become fully compliant at a moments notice,
allowing the patient to move the device freely with little
effort [9]. The second operating mode is patient assistance.
This is the stage of rehabilitation in which a patient is unable
to achieve a full range of motion about a single or multiple
joints due to an impeding inability to perform coordinated
motion. The actuator must provide a reasonable amount of
force to assist the patient in accomplishing a particular task
that they would otherwise not be able to complete on their
own. The third mode is resistive mode; once the patient has
regained their full range of motion, the injured area must then
be strengthened back to as close to the pre-injured state as
possible [10]. This requires the device to oppose the motion
provided by the patient and dissipate the applied energy in
a safe and controlled manner, as well as possess the ability
to increase in difficulty as the patient progresses [11].

The rehabilitation devices containing the actuators should
be versatile enough to take the form of a range of rehabilita-
tion technologies currently in practice at clinics, from mim-
icking a simple elastic band to providing precise assistance in
completing a complex movement. There has been a number
of attempts to fully optimize the ability of an actuator to pro-
vide the performance requirements mimicking conventional
rehabilitation devices. Some of the characteristics expected
from these devices include force bandwidth, efficiency, trans-
parency, range of motion, size, weight, controllability, and
patient comfort. The most common actuator topologies used
in literature are shown in Fig. 1. Many of the actuators in
the figure make use of a motor and either a brake or clutch
coupled with a spring in various arrangements.
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Fig. 1. Schematic of actuator topologies: Label M represents a motor
assembly, B represents a braking mechanism, C represents a clutching
mechanism, and D represents a differential. Coils represent elastic elements
and the black circles represent the output.

The most basic version of an elastic actuator is shown
in Fig. 1(a), which is a controllable brake in series with an
elastic element. This topology demonstrates the basis of all
elastic actuators: by controlling the amount of energy stored
in the elastic element, one can effectively control or attenuate
the forces at the output [12]. The actuator is strictly passive
in this arrangement, where energy is either dissipated by the
brake or stored in the spring. In order to achieve a greater
range of forces an active element is introduced in place of the
passive element as outlined in Fig. 1(b). This arrangement
is a motor in series with an elastic component and was
originally designed to partially decouple the end effectors dy-
namics to that of the motor, improve shock tolerances, force
control, stability, and efficiency as compared to a rigidly
connected motor with the main drawback of a reduced zero
motion force bandwidth [5]. This arrangement is the most
widely used in literature and with respect to robot-assisted
rehabilitation to date [5], [13]–[22]. Since the introduction
of elastic actuators, Conti, et al. [23] improved efficiency
and safety by including a controllable brake, similar to the
topology in Fig. 1(c). Bridging passive elements such as
controllable brakes with elastic actuators provides another
means of not only controlling the output force, but also the
stored force within the actuator, significantly reducing the
total power required to complete a movement and improving
overall safety [23]. This gives elastic actuators the ability
to switch between active and passive modes, making them
suitable for rehabilitation of musculoskeletal disorders.

In an alternative arrangement shown in Fig. 1(d) [24],
the brake and motor positions are swapped to increase the
amount of output impedance thereby increasing the ability
of the actuator to resist a patient’s motion. However, in some
circumstances motion in humans is better represented by
the addition of a parallel spring similar to the arrangement
shown in Fig. 1(e) [25]. The parallel spring allows for a
more fluid and efficient energy transfer on repetitive motion
tasks, especially when a limb is frequently halted and re-
accelerated [26]. The spring connected in parallel limits the
range of motion and hinders the ability to accommodate some
phases of motion in which rapid stopping is necessary [27].
A solution to this issue proposed in [27] introduces a clutch

to the elastic actuator as shown in Fig. 1(f). A clutch is
traditionally defined as a device that has two states: one state
allows the two bodies of the clutch to rotate independently,
the other state locks the two bodies together such that the
relative velocity is zero [28]. The clutch allows the actuator
to engage or disengage an elastic element. Rouse, et al.
[29] adapted this concept towards series elastic actuators
(Fig. 1(g)) with the main advantage of tuning the actuators
compliance using a series clutch to improve biomimicry and
efficiency [29]. In fact, it has been shown that the force
resolution of an actuator increases exponentially with the
number of clutches and springs involved [30]. A recent
approach, depicted in Fig. 1(h), makes use of a bi-directional
clutched parallel elastic actuator that uses a differential
spring-brake mechanism to decrease energy consumption and
to control the energy is stored in the elastic element [31].

In this paper, the addition of a clutch to elastic actu-
ators in the form of a differential clutch as presented in
Fig. 1(i) is proposed. Differential clutches have the advantage
of allowing three separate controllable bodies to rotate at
different speeds. The use of a differential decreases the total
mass of the actuator while maintaining functionality and
compliance as compared to the addition of multiple clutch
systems. In addition, a differential clutch adds a mode of
redundancy to improve the safety of the actuator and reduces
the amount of energy required to perform force control
by including only a single low-power controllable device
(differential clutch) over multiple clutches/brakes. Although
differential clutches have been used in hybrid actuators [32],
integrating differentials to elastic actuators has not been
done. In this paper, the Differentially-Clutched Series Elastic
Actuator (DC-SEA) is introduced. DC-SEA makes use of a
differential clutch paired with an elastic-coupled DC motor
and a magnetic particle brake as in Fig. 1(i). The main goal
of the motor and brake working in tandem is to have the
ability to couple the user shaft to a small-packaged motor
with a high gear ratio, inevitably creating a slower response
time, but maintaining the ability to completely decouple the
user from the motor/spring pair in the event of an emergency.
This provides two independently controlled mechanisms of
safely decreasing the amount of energy either by using the
motor to decompress the spring or by disengaging the brake,
allowing for different operating modes as shown in Fig. 1.

In the DC-SEA topology, when a relatively high-gear ratio
motor is powered off, this creates a pseudo-ground on one
side of the elastic element creating a mode equivalent to
that shown in Fig. 1(a). When the brake is fully engaged,
the differential acts as a clutch between the output shaft and
the motor-spring mechanism taking the form of Fig. 1(b).
As opposed to traditional clutches such as those used in
automobiles, the differential clutch can be used to contin-
uously control the amount of force transferred between the
output and the motor-spring assembly through the use of the
magnetic particle brake, which can be considered to operate
as a variable damper. The latter is able to fully recreate
the functions of Fig. 1(g) and partially encompasses the
capabilities of Fig. 1(c), (d), (f), and (h).
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Fig. 2. (a) Drawing of the differential gear system. (b) CAD model cross
section of the DC- SEA. The asterisk indicates an encoder-measured body.

II. PROOF-OF-CONCEPT

A proof-of-concept DC-SEA was created adhering to the
arrangement in Fig. 1(i). A model of the differential gear
system is shown in Fig. 2(a). The outer/larger gears are
defined as planetary gears and the smaller internal gears
are satellite gears. A DC motor is coupled to one of the
two planetary gears of the differential through a torsion
spring assembly. The other planetary gear of the differential
is coupled to a magnetic particle brake. There are three
smaller satellite gears between the two planetary gears that
are connected to the rotating output housing of the actuator
as shown in Fig. 2(b). A spring assembly that mounts a series
torsion spring between the motor and one of the planetary
gears is described as the spring-planetary gear interface (see
Fig. 2(b)). The output housing is rigidly connected to the
satellite gears in the differential clutch, the housing itself
acting as the output shaft. The output housing is coupled to
an external encoder using a belt (not shown in Fig. 2). Two
additional encoders with 2,048 pulses per revolution are used
to measure the position of the brake and motor shafts.

The motor and encoder pair used in this actuator is a
Cytron IG42E-24K with a 24:1 reduction gearbox with a
nominal torque of 980 mNm with an encoder resolution of
480 pulses per rotation. The brake is a magnetic particle
brake made by Placid Industries (B15-12-1) with a torque
range of 34 mNm to 1,700 mNm.

The DC-SEA is able to achieve the following operating
modes. The Free Motion mode is designed to allow the user
to rotate the shaft freely. This is done by disengaging the
brake and motor. Provided that the gearbox in the DC motor
has a large reduction, the motors off-state torque translates to
a fixed surface connected to one side of the torsional spring.
If the user rotates the output shaft, all energy introduced
to the actuator will be split between the brake and the
torsional spring. In the Elastic Mode, when the brake is
engaged and the motor is static, the device is in an elastic
state; as if the user is directly coupled to a grounded spring.
The total energy stored in the spring can be controlled by
adjusting the braking effort in the magnetic particle brake.
In Active/Resistive Mode when both the motor and brake
are engaged, the brake and differential act as a continuously
variable-slip clutch between the motor-spring system and the

end effector. The force transmitted to the end effector can
be controlled by adjusting both the motor and braking effort
in tandem. The motor can be used to compress the spring
and engage the output shaft and both the motor and brake
can decompress the spring to reduce the amount of stored
energy, thus reducing the force applied to the end effector.

Each of these modes have applications in musculoskeletal
rehabilitation. By controlling the commanded motor torque
τcm and the commanded brake torque τcb, any of the above
actuation modes can be achieved.

III. EQUATIONS OF MOTION

A schematic representation of the actuator dynamics is
shown in Fig. 3. The sum of the torques about the motor
shaft can be modelled by:

Jmθ̈m + bmθ̇m + ks(θm − θs) = τcm, (1)

where τcm is the commanded motor torque, Jm is the
moment of inertia about the motor shaft, and bm is the
damping coefficient of the motor. Throughout this paper,
θ̇ and θ̈ refer to the first and second time derivative of
angular position θ, respectively. Subscript m refers to any
parameter associated with the motor shaft. In addition to (1),
the torque equations for the user, spring, and brake bodies
of the differential are, respectively:

τs + Jsθ̈s + bsθ̇s + bd(θ̇s − θ̇b) + ks(θs − θm) = 0 (2)

τu + τapp + Juθ̈u + buθ̇u = 0 (3)

τb + Jbθ̈b + bbθ̇b + bd(θ̇b − θ̇s) + τcb = 0, (4)

where τs, τu, and τb are the torques of the spring, user,
and brake bodies of the differential, respectively. Subscript
u refers to parameters associated with the user differential
body, subscript s and b relate to the spring and brake
planetary gears in the differential, respectively. Js, Ju, and Jb
are the moments of inertia, and bs, bu, and bb are the viscous
friction components, bd is the viscous friction coefficient
between the satellite and planetary gears in the differential,
θ̈s, θ̈u, and θ̈b are the angular accelerations, θ̇s, θ̇u, and
θ̇b are the angular velocities, θs, θu, and θb and are the
angular positions about the planetary gear axis, ks is the
spring constant of the custom-made torsion spring, τapp is the
torque applied by the user, and τcb is the controlled braking
torque of the magnetic particle brake. To model the actuator,
the differential law of motion about θ̇s can be described
as a function of the remaining velocity components: θ̇s =
2θ̇u − θ̇b.

Considering the total power in the differential, coupled
with efficiency coefficients ηu, ηs, and ηb to modulate for
additional losses in the user-side and spring side differential
gears, and the braking system, respectively, yields:

ηuθ̇uτu + ηsθ̇sτs + ηbθ̇bτb = 0. (5)

Combining the torque balance in the differential τu + τs +
τb = 0 with (5), and by postulating that the efficiency in the
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system is to be ideal, results in a set of split torque equations
τs = τb = τu

2 , which combined with (2) to (4) provide:

(Ju+4Js)θ̈u−2Jsθ̈b+(bu+4bs+4bd)θ̇u−(2bs+4bd)θ̇b

− 2ksθm + 4ksθu − 2ksθb = τapp (6)

and:

−2Jsθ̈u+(Jb+Js)θ̈b− (2bs+4bd)θ̇u+(bb+bs+4bd)θ̇b

+ ksθm − 2ksθu + ksθb = τcb (7)

Taking into consideration that Ju, Jm, and Jb are dominating
inertial components and bd, bm, and bb are the most promi-
nent frictional components in the actuator, the remaining
inertia, friction, and other dynamic losses can be neglected.
The resulting equations of motion from (1), (6), and (7)
become:

Jmθ̈m + bmθ̇m + ks∆θs = τcm (8)

Juθ̈u + 4bdθ̇u − 4bdθ̇b − 2ks∆θs = τapp (9)

Jbθ̈b − 4bdθ̇u + (4bd + bb)θ̇b + ks∆θs = τcb, (10)

where ∆θs = θm − 2θu + θb is the deflection of the spring.
Therefore, by controlling the deflection of the elastic element
in the actuator, one can actively control the amount of torque
delivered to the user, i.e., τapp.

A. Free Motion

In this mode, θm is zero under the assumption that a motor
with a large gear reduction is used in the actuator, where any
reasonable amount of torque provided by the user will not
cause the motor shaft to rotate. Thus, one can assume that
when the motor is disengaged, its position remains constant.
Due to the gearing in the differential, the angular position
of the brake can be approximated to be twice that of the
output shaft, i.e., θb ≈ 2θu. The actuator inertia and viscous
frictional components do cause a small deflection in the
spring and, therefore, combining (9) and (10) to produce
τapp as a function of θu:

τapp = (Ju + 4Jb)θ̈u + (4bd + 4bb)θ̇u, (11)

showing that the torque experienced by the user stems from
the inertia and viscous friction in the output housing and
brake bodies of the differential.

Fig. 4. Experimental setup: (a) Scenario 1: Measuring torque from the
load cell with static output housing. (b) Scenario 2: Measuring torque from
the inferred spring deflection with variable user position.

B. Elastic Mode

When the motor is disengaged (θm = 0) and the brake
is fully engaged (θb = 0), this mode fully engages the
differential clutch and, therefore, nearly all energy introduced
by the user is transferred to the spring. This can be shown
in (9) by:

τapp = Juθ̈u + 4bdθ̇u + 4ksθu (12)

C. Active and Resistive Mode

Active mode and resistive mode can be achieved by
adjusting motor torque τcm and braking torque τcb. When
these modes are desired, τcm and τcb work in tandem to
produce, reduce, or maintain the torque stored in the spring.
The resultant torque felt by the user can be approximated to
be twice the torque stored in the spring due to the differential
gear ratio. The motor is used to compress the spring and
engage the output shaft, where the brake provides a means
of quickly and efficiently dissipating any unwanted energy
introduced in the system. The equations of motion used for
the actuator to follow a reference torque τapp = τref is:

τref = Juθ̈u + 4bdθ̇u − 4bdθ̇b − 2ks∆θs, (13)

where either:

ks∆θs =

{
τcm − Jmθ̈m − bmθ̇m, if ks∆θs < τref/2

τcb − Jbθ̈b + 4bdθ̇u − (4bd + bb)θ̇b, otherwise
(14)

can be used to reach the reference torque, provided that
τcm and τcb are operating within the rated motor and brake
torques, respectively. The first line in the above equation
corresponds to the condition in which there is not suffi-
cient torque in the spring. Since the brake is not able to
provide any energy to the system, the commanded motor
torque must be increased. The difference between active and
resistive modes lies within the direction of the force provided
to the user. Active or assistive mode applies a torque in
the same direction as a particular angular positional goal,
while resistive mode counteracts the motion of the user and
attempts to hinder the user in reaching a particular goal.
For active mode, the motor must be engaged as the brake
has no way of providing energy to the user. When resistive
mode is required, the bulk of the load is dissipated by the
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brake, increasing efficiency. By measuring the deflection
in the spring, the required torques for both active and
resistive modes can be achieved and maintained according
to a professional therapist’s recommendation.

IV. EXPERIMENTAL RESULTS

The prototype of the DC-SEA and the experimental setup
used to validate the model are shown in Fig. 4. Two exper-
imental scenarios are tested.

In Scenario 1 (Fig. 4(a)), a handle is attached to the
output housing which is then rigidly connected to a load
cell to measure output torque. The load cell measurement
point is located at the same height as the central axis with
a perpendicular distance of 150 mm. The angular position
of the output shaft is fixed to characterize the actuator and
validate the model.

In Scenario 2 (Fig. 4(b)), the user rotates the output
shaft while the actuator attempts to maintain a reference
output torque pattern, as will be shown, this is equivalent
to maintaining a deflection in the spring.

A. Characterization and Model Identification

The first experiment was ran in Scenario 1 to identify
model parameters including stiffness of the spring. In this
experiment, the motor was commanded to run at a constant
velocity while the current of the brake was ramped from 0 A
to 0.1 A and then back to 0 A following the temporal signal
shown in Fig. 5(a). The measured and filtered output torque
as a function of the brake current is shown in Fig. 5(b). The
results obtained in Fig. 5(b) indicate a non-linear relation
between the output torque and the brake current. This is
due to the magnetic saturation of the brake and its magnetic
hysteresis. The resultant measured spring deflection from this
experiment is shown in Fig. 5(c). Furthermore, it can be seen
in Fig. 5(c) the stiffness of the custom-made spring is non-
linear and the effects of the magnetic hysteresis become more
prominent. From this experiment, the stiffness of the spring
in the linear range is estimated to be ks = 0.56 Nm/rad.

The inertia in the different differential bodies was calcu-
lated analytically to be Ju = 3.75 kg·m2, Jb = 0.25 kg·m2,
and Jm = 0.20 kg·m2. The viscous friction was determined
to be bd = 0.2 Nm·s in the differential gears, bm = 0.1 Nm·s
in the motor, and bb = 0.1 Nm·s in the brake.

B. Model Validation

This experiment, also run in Scenario 1, is used to show
the accuracy of the model. In the experiment, the actuator
was commanded to follow a square reference signal with
a period of 8 seconds and a duty cycle of 50% with an
amplitude of 1.5 Nm. In this experiment, the motor was
open-loop controlled by providing a reference voltage and
the current of the brake was used as the closed-loop control
input. The spring used for this experiment had a constant
of ks = 1.7 Nm/rad. The parameters of the previous
experiment, with the exception of the spring, were input into
the model to estimate the required brake current to follow
the desired output torque. A PID controller was used to
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regulate the brake current as shown in the block diagram in
Fig. 6 (Scenario 1). The simulated and experimental results
are shown in Fig. 7.

Fig. 7(a) shows the simulated and measured output torque
response. The simulated output torque represents the torque
estimated using the same model parameters and PID con-
troller gains as the experiment. Also shown in Fig. 7(a), the
output torque can be inferred from the spring by multiply-
ing the measured spring deflection to the estimated spring
constant from the previous experiment. Both the simulated
and spring-inferred output torques show agreement with the
measured output torque. The accuracy of the model can be
confirmed by noticing that the simulated and measured brake
current follow a trend as shown in Fig. 7(b). Fig. 7(c) shows
the spring deflection measured from the experiment.

C. Torque Control Through Spring Deflection

From the previous experiments, it is confirmed that the
output torque can be accurately represented by the deflection
of the spring provided that the spring is operating within its
linear range. Turning the focus to Scenario 2 (Fig. 4(b)), the
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objective now is to adhere to a specific reference torque as
a user manipulates the output shaft.

A PID controller, as illustrated in Fig. 6, was implemented
to maintain a specified output torque by controlling the
deflection in the spring. Provided a reference torque τref ,
the required spring deflection can be determined by: ∆θs =
τref/2ks where τref = 1 Nm is the desired reference torque.
The simulated and experimental results are shown in Fig. 8.

Fig. 8 (top) presents the measured angular position of
the output shaft. Fig. 8 (bottom) illustrates the measured
and simulated response of the actuator to a reference torque
signal. As can be seen in the figure, the actuator was able to
achieve the required spring deflection to maintain the refer-
ence output torque. The response shown in Fig. 8 (bottom)
makes use of the spring deflection as a way to infer the
output torque experienced by the user.

D. Discussion

The experiments showed the validity of the DC-SEA to
provide reasonably accurate torque control. There are three
methods to control the output torque. In the first method,

the motor is open-loop controlled to introduce energy to
the actuator while the output torque can be controlled by
adjusting the current in the brake. When a motor with a high
gear reduction is used, this provides a faster response and the
output torque can be accurately inferred by measuring the
compression in the torsion spring. Accurate characterization
of the system is crucial since non-linear effects in the spring
constant, magnetic hysteresis of the brake, and viscous and
static friction can strongly affect the accuracy of the model
and hence that of the controller. The second method, which
is not presented in this paper, relies on fully engaging the
brake and controlling the deflection of the spring through
the motor as in a conventional SEA. The third method
makes use of closed-loop control of the motor and brake
torques in tandem to provide optimal control performance in
more complex reference torque patterns, such as a sudden
directional change in an output torque. The proposed design
allows for any of the three control methods to be used,
offering a greater level of control over traditional SEAs.

The increased versatility of the actuator does come at
a cost. The addition of a differential clutch increases the
complexity of the mechanical design. Some notable dis-
advantages of the differential clutch include friction losses
between the satellite and planetary gears, additional inertia,
and potential backlash between the differential gear teeth.

V. CONCLUSIONS AND FUTURE WORK

This paper introduced a proof-of-concept differentially-
clutched series elastic actuator (DC-SEA) to be used for
musculoskeletal rehabilitation. The main goal of the DC-SEA
is to encompass the performance requirements for differ-
ing phases of musculoskeletal rehabilitation while ensuring
safety through hardware compliance. The concept consists
of a brake connected to a motor-spring assembly through
a differential clutch. The clutch allows both devices and the
output shaft to rotate at different speeds. The proposed design
adds to the functionality of classical series elastic actuators
and is able to reproduce the operation capabilities of a range
of preexisting elastic actuators.

A dynamic model of the proposed actuator was developed
and tested in two different experimental scenarios. A simple
torque control method was implemented to show that the
output torque of the actuator can follow a specific reference
dynamically by measuring the deflection of a spring. In
future work, robust control methods will be explored to
account for all nonlinearities caused by the spring, static
friction, and the magnetic hysteresis in the particle brake.

The proposed actuator will be implemented in a home-
based rehabilitation regime to assist patients with muscu-
loskeletal disorders under the direct supervision of a clini-
cian. Having access to rehabilitative devices at home could
decrease recovery time and also allow therapists to take on
a larger number of patients.

REFERENCES

[1] A. Bicchi and G. Tonietti, “Fast and” soft-arm” tactics [robot arm
design],” IEEE Robotics & Automation Magazine, vol. 11, no. 2, pp.
22–33, 2004.

1512



[2] H. Vallery, J. Veneman, E. Van Asseldonk, R. Ekkelenkamp, M. Buss,
and H. Van Der Kooij, “Compliant actuation of rehabilitation robots,”
IEEE Robotics & Automation Magazine.

[3] C. Rossa, J. Lozada, and A. Micaelli, “Design and control of a dual
unidirectional brake hybrid actuation system for haptic devices,” IEEE
Transactions on Haptics, vol. 7, no. 4, pp. 442–453, Oct 2014.

[4] S. Zhang, S. Guo, Y. Fu, L. Boulardot, Q. Huang, H. Hirata, and
H. Ishihara, “Integrating compliant actuator and torque limiter mech-
anism for safe home-based upper-limb rehabilitation device design,”
Journal of Medical and Biological Engineering, vol. 37, no. 3, pp.
357–364, 2017.

[5] G. A. Pratt and M. M. Williamson, “Series elastic actuators,” Intelli-
gent Robots and Systems 95.’Human Robot Interaction and Cooper-
ative Robots’, Proceedings. 1995 IEEE/RSJ International Conference
on, vol. 1, pp. 399–406, 1995.

[6] P. Maciejasz, J. Eschweiler, K. Gerlach-Hahn, A. Jansen-Troy, and
S. Leonhardt, “A survey on robotic devices for upper limb rehabilita-
tion,” Journal of neuroengineering and rehabilitation, vol. 11, no. 1,
p. 3, 2014.

[7] A. J. Veale and S. Q. Xie, “Towards compliant and wearable robotic
orthoses: A review of current and emerging actuator technologies,”
Medical engineering & physics, vol. 38, no. 4, pp. 317–325, 2016.

[8] N. Nordin, S. Q. Xie, and B. Wünsche, “Assessment of movement
quality in robot-assisted upper limb rehabilitation after stroke: a
review,” Journal of neuroengineering and rehabilitation, vol. 11, p.
137, 2014.

[9] H. Yu, S. Huang, G. Chen, Y. Pan, and Z. Guo, “Human–robot in-
teraction control of rehabilitation robots with series elastic actuators,”
IEEE Transactions on Robotics, vol. 31, no. 5, pp. 1089–1100, 2015.

[10] N. T. Pham, N. D. K. Nguyen, T. T. Nguyen, S. B. Kim et al.,
“Development of series elastics actuators for physical rehabilitation
devices,” in International Conference on Advanced Engineeringá
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