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Abstract— This paper presents the mechatronic design and
experimental validation of a novel powered knee-ankle orthosis
for testing torque-driven rehabilitation control strategies. The
modular actuator of the orthosis is designed with a torque
dense motor and a custom low-ratio transmission (24:1) to
provide mechanical transparency to the user, allowing them to
actively contribute to their joint kinematics during gait training.
The 4.88 kg orthosis utilizes frameless components and light
materials, such as aluminum alloy and carbon fiber, to reduce
its mass. A human subject experiment demonstrates accurate
torque control with high output torque during stance and low
backdrive torque during swing at fast walking speeds. This
work shows that backdrivability, precise torque control, high
torque output, and light weight can be achieved in a powered
orthosis without the high cost and complexity of variable
transmissions, clutches, and/or series elastic components.

I. INTRODUCTION

Physical training is often needed for patients to relearn how
to walk after a stroke [1]-[3]. However, the frequency and
availability of physical training are limited by finite medical
resources. To address this, researchers are investigating
powered lower-limb rehabilitation orthoses to relieve the
repetitive and physically tasking duties of therapists as well
as to improve patient recovery efficacy [4]. Currently, most
lower-limb rehabilitation orthoses are stationary and only
available in a small number of hospitals, due to high cost
and large size. A personal mobile lower-limb orthosis that
can be used in the clinic or at home is desirable for different
rehabilitation purposes [5].

Due to the high torque requirements of lower-limb joints,
past research has focused on increasing the torque density of
powered orthoses to provide enough output torque within an
acceptable weight. Consequently, the combination of a high-
speed motor and a high-ratio transmission, e.g., ball screw or
harmonic drive, is common in powered lower-limb orthoses
[6]-[11]. However, the use of a high-ratio transmission results
in high mechanical impedance, which means that the user
cannot move their joints without help from the orthosis.
An orthosis is said to be backdrivable if users can drive
their joints without a high resistive torque from the orthosis.
Backdrivability may not be necessary for patients who cannot
contribute to their walking gait, e.g., patients with spinal cord
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injuries. For patients who still have some control of their
legs, a backdrivable orthosis can promote user participation
and provide comfort during physical therapy. In particular, a
mobile powered lower-limb orthosis for stroke rehabilitation
purposes should be as mechanically transparent as possible.

In addition, advanced torque control methods for emerging
physical therapies (e.g., [12]-[16]) require the orthosis to
accurately control its torque output during locomotion [17].
Series Elastic Actuators (SEA) have been widely researched
[18] and applied in mobile orthoses to address the above two
requirements: backdrivability and torque control [19]-[23].
In particular, a torque control system can be implemented
by measuring the displacement of elastic components. Active
backdrivability can then be achieved by servoing the spring
displacement to zero. However, current orthoses with SEA
suffer from various limitations, such as low output torque
[19], [20], complex system architecture [22], [24], bulky size
[23], or limited force/torque control bandwidth [20], [25].

This paper presents the design of a novel powered knee-
ankle orthosis that achieves 1) high output torque without
a high-ratio transmission and 2) precise torque control
and backdrivability without series elastic components. To
eliminate the need for a high-ratio transmission, the presented
orthosis uses a high torque density electrical motor. A
distributed low-ratio transmission is designed to reduce the
mechanical impedance and allow the user to easily move their
joints. The compact, lightweight actuator provides enough
torque and power output to assist the knee and ankle joints
during human locomotion. In particular, the orthosis can
achieve a continuous output torque of 30 Nm (and 60 Nm
peak torque) at each joint during normal walking speeds. Each
actuator weighs less than 1.2 kg and thus has a higher torque
density than previous low-ratio orthosis actuators [26], [27].
A closed-loop torque control system with a reaction torque
sensor can precisely achieve assistive or resistive torques for
different physical therapies.

Although high torque output and backdrivability are typi-
cally considered tradeoffs in wearable robots, the presented
orthosis successfully balances the core requirements of
rehabilitation training: backdrivability, torque control, high
torque density, and light weight. Our experimental results
demonstrate that high torque output during stance phase and
low backdrive torque during swing phase can be achieved
without using a clutch [28] or variable transmission [29].
Instead of increasing the ratio of the transmission as in
previous designs, the presented orthosis achieves a high
output torque by increasing the torque density of the electrical
motor. This work demonstrates that the core requirements
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of a powered orthosis can be met with a nearly direct drive
actuation system, which has several advantages in the context
of legged locomotion [30]. In particular, the custom low-
ratio transmission of the presented orthosis provides intrinsic
backdrivability without the cost and complexity of variable
transmissions, clutches, and/or series elastic components.
The designs of the actuation, torque control, and feedback
systems are presented in Section 2. Several experiments are
presented to verify key features for the orthosis system in
Section 3. Concluding remarks are given in Section 4.

II. DESIGN OF ORTHOSIS SYSTEM

This section presents the design of the powered unilateral
lower-limb orthosis, including the actuation system, electrical
system, and torque control system. A photo and rendering of
the overall system are shown in Fig. 1. The ankle and knee
are actuated to dynamically offload body weight from the
affected leg of a stroke patient as proposed in [12]. The two
actuator modules are attached to a knee-ankle-foot orthotic
brace to drive the knee and ankle joints. Torque is transferred
to the human ankle through a carbon fiber shoe insert. Several
sensors are installed on the brace and the actuator modules to
monitor key variables of the gait cycle. A block diagram for
the whole orthosis system is shown in Fig. 2. The different
systems are described below.

Knee
-
Actuator

Ankle
V/Actuator ™~

Shoe
Insert

Fig. 1. Orthosis System: Two modular actuators are attached to a knee
brace and provide torque to the knee and ankle joints of the affected leg.
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Fig. 2. Schematic of the Powered Orthosis System: A servo motor generates
a torque, which is then amplified by a timing belt and a planetary gear
transmission. A orthosis control system is built with a myRIO controller
and a motor controller.
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Fig. 3. Requirements for the Powered Orthosis: 30% torque and power of
healthy human joints over a complete gait cycle during level-ground walking.

A. Actuation System Design

To provide a sufficient torque output for gait training, the
actuation system is designed to generate 30% of the torque and
power of healthy human joints during level-ground walking
according to previously reported data [31]. The targeted
requirements are shown in Fig. 3. To avoid using a high-
ratio transmission, the motor needs to generate higher torque.
A high torque density PMSM (i.e., AC servo motor) is used to
provide sufficient input torque and power to the transmission.
By optimizing the motor winding configuration, the custom
motor (MF0096008, Allied Motion, Inc.) can produce 7.2 Nm
peak torque and 200 W power. The PMSM has distributed
windings to reduce the torque ripple and produce a smoother
torque output [32].

A distributed two-stage low-ratio transmission is designed
for the actuator. A poly chain GT carbon timing belt (3MR,
ratio 4:1, Gates Industry, Inc.) is used to amplify the motor
torque and to move the actuator weight closer to the user’s
center of mass, which minimizes the metabolic burden of
added weight during locomotion [33]. A custom 6:1 planetary
gear transmission is built inside the driven sprocket of the
timing belt to minimize weight and size. The overall ratio of
the two-stage transmission is 24:1 with an estimated efficiency
of 90%. The schematic of the actuator is shown in Fig. 4.
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Fig. 4. Schematic of Actuator: A frameless electrical motor is integrated with
the mechanical structure of the presented orthosis. A timing belt connects the
output shaft of the motor to the sun gear. A planetary gear set is built inside
the driven sprocket. The actuator driver controls and drives the actuator.

This actuator design achieves the required torque output
by increasing the torque density of the electrical motor rather
than the ratio of the transmission. The reflected inertia is
dramatically reduced by using the low-ratio transmission.
Consequently, intrinsic backdrivability is achieved without
any sensing or control. The combination of the torque dense
motor and the distributed low-ratio transmission can produce
156 Nm output torque in theory. However, the motor’s torque
is limited by a thermal condition, and the motor’s velocity
output is limited by working voltage. To balance the torque
and velocity requirements, the actuation system is designed to
provide 30 Nm continuous torque output with peak velocity
80 RPM. The motor driver’s maximum current (30 A) and
the mechanical structure limit the peak torque to 60 Nm.

TABLE I

ORTHOSIS WEIGHT SPECIFICATION
Weight [kg]

Actuators 2.4
Mechanical Structure 1.12
Attachment 0.84
Electrical System 0.52
Total Weight 4.88

The mechanical structure of the actuation system is mainly
manufactured with aluminum alloy. Several carbon fiber
mechanical pieces are used to reduce heavy metal material
and enhance the strength of the actuation system. With the
use of a frameless motor and a custom transmission, all
core components are integrally designed with the mechanical
structure to further reduce the weight of the orthosis. For
instance, the motor housing is part of the main structure of
the orthosis. The final weight of each actuation system is
less than 1.2 kg. The orthosis weight specification is shown
in Table I.

B. Electrical System Design

The electrical system of the lower-limb orthosis has two
main parts: a high-level gait control system and a low-level
actuator drive system. The gait control system monitors the
key variables of the user’s gait to implement any given torque-
based rehabilitation algorithm. The actuator drive system
drives the actuator to track torque commands from the gait

control system. The block diagram of the electrical system
is shown in Fig. 5.
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Fig. 5. Block Diagram of Electrical System: The gait control system

receives feedback related to the user’s gait and sends torque commands. The
two actuator drive systems control and drive the knee and ankle actuators.
A buck DC-DC converter provides power to the gait control system.

The gait control algorithm is implemented on a myRIO
1900 microcontroller (National Instruments, Inc.), which
has a dual-core ARM microprocessor and a Xilinx FPGA.
To achieve different torque based rehabilitation control
algorithms, several features from the user’s gait cycle (e.g.,
gait phases and joint angles) are measured by the following
sensors. The phase of gait, e.g., stance vs. swing, is detected
with two force sensing resistors (FlexiForce A301, Tekscan,
Inc.) embedded into a flexible insole, which is placed beneath
the user’s foot in their shoe. These two force sensors are
placed along the normal path of the center of pressure, with
one under the heel and the other under the ball of the foot. The
insole is printed from a rubber-like polyjet photopolymer by a
Connex 350 3D printer. Two magnetic incremental encoders
(6400 CPR, LM13, Renishaw, Inc.), which are located at
the output shaft of the actuator, measure the ankle and knee
angles. The components and I/O channels of the high-level
gait control system are integrated through a custom Printed
Circuit Board (PCB).

The actuator drive system is designed to precisely control
each actuator. The PMSM is driven by a field oriented
motor controller (G-TWI-25/100-SE, Elmo Motion Control,
Ltd.), which has faster response time and less torque ripple
compared to trapezoidal motor control [34]. Three hall-
effect sensors (SS461A, Honeywell, Inc.) and a magnetic
incremental encoder (6400 CPR, LM13, Renishaw, Inc.) are
attached to the motor to obtain accurate absolute position
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feedback for the field oriented motor controller. A reaction
torque sensor (M2210E, Sunrise Instruments Co., Ltd.) is
installed at the output shaft of the actuator to measure the
real torque output from the actuator. A custom low-level PCB
for each joint integrates the I/O signals from sensors and
motor drivers and communicates with the high-level PCB
through a HD-15 cable. The following section describes how
the actuator drive system controls the joint torque output.

C. Torque Control System Design

A common method for torque control is based on estimating
the actuator’s output torque through the motor phase currents
and the transmission ratio and efficiency. The electromagnetic
motor torque 7, and actuator output torque 7, are given by
the following equation:

T(L:Te'T'n:(3p/2)'>\m'lq'7'777 (1)

where P is the number of motor poles, \,, is the motor
flux linkage, I, is the active current in the d-q rotating
reference frame and is calculated by the Clark and the Park
transformation [35], 7 is the transmission efficiency, and 7 is
the transmission ratio. Equation (1) determines the reference
motor current to achieve the desired output torque, and the
reference motor current is regulated by a proportional-integral
(PD) control loop around the motor driver (the inner loop in
Fig. 6).

Typically, the transmission efficiency 7 is not constant
during dynamic motion, causing inaccurate torque estimates
from equation (1) and thus inaccurate actuator output torques.
One of the potential benefits of low-ratio transmissions is
a more constant transmissions efficiency for more accurate
current-based torque control. For comparison, we also imple-
mented a second (outer) torque control loop to compensate
the torque error measured by the reaction torque sensor. Both
loops (inner current loop and outer torque loop) use PI control
to enforce the commanded torque. The control schematic is
shown in Fig. 6.
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Fig. 6. Torque control system schematic, where 6; represents joint angles,
Fy and Fy are ground reaction forces, T’ is torque reference, Ty is actuator
torque output feedback, I is current reference, and I is motor active current
[35]. The phase selector detects the stance and swing phase. The stance and
swing controllers produce the torque reference. The actuator drive system
contains two closed-loop PI controllers. The inner loop is the current PI
controller which controls the motor’s current. The outer loop is the torque
PI controller to compensate for the actuator’s torque error.

D. Actuator Bandwidth Test

Before experimenting with human subjects, a closed-loop
velocity bandwidth test of the actuation system’s dynamic
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performance was performed. Although the control objective
may vary between different rehabilitation algorithms, actuator
velocity is an important variable to evaluate system dynamic
performance. In the closed-loop velocity bandwidth test, the
motor was controlled by field oriented control over various
frequencies, and the actuator’s output velocity was recorded.
A simple PD velocity control loop was implemented through
the motor controller. During this long experiment time, the
motor was limited to its continuous working current of 10 A
for safety reasons. The target velocity of the bandwidth test
is set to 1000 RPM, which is a normal operating velocity
during walking. The experiment results in Fig. 7 show that
the actuator’s bandwidth frequency is 12 Hz, which is higher
than that required for normal human walking (4-8 Hz) [31].
Fig. 7 is a conservative estimate based on the continuous
current of the motor, and the bandwidth frequency would
increase with peak current above 10 A.
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Fig. 7. Magnitude of the Velocity Closed-loop Bandwidth: The frequency
at -3 dB is 12 Hz, which shows that the presented orthosis has sufficiently
fast dynamic performance for gait assistance.

III. HUMAN SUBJECT EXPERIMENTS AND RESULTS

The orthosis design was validated in two experiments with
a healthy human subject wearing the orthosis while walking
on a treadmill. A passive walking test (i.e., zero command
torque) was conducted to demonstrate both intrinsic and active
backdrivability. A high torque walking test (using a high-level
quasi-stiffness controller [36]) then demonstrated the output
torque and power capabilities of the orthosis.

A. Experimental Setup

The experimental setup is shown in Fig. 8. The orthosis
was attached to a knee brace and tightened with four flexible
straps around the subject’s right leg. The subject wore a back
brace which carried the gait control system. A strap connected
the orthosis and the back brace to help suspend the weight
of the orthosis.

The human subject experiment was approved by the
Institutional Review Board of UT Dallas. A safety harness was
attached to the subject’s torso to prevent falling. Additionally,
a safety button was held in the subject’s hand during the
experiments. If the button were to be released, the actuation
drive system would be deactivated.
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Fig. 8.  Human Subject Experiment Setup

Passive and high torque walking tests were conducted with
this experimental setup. The treadmill speed was set to 2.0
miles per hour (MPH) for passive walking test and 2.7 MPH
for high torque tests, which is faster than a stroke patient’s
normal walking speed. The faster walking speed was chosen
to examine dynamic backdrive conditions and to demonstrate
the high power capabilities of the device. Data was recorded
once the subject reached a steady gait (after about 5 steps).
A supplemental video recording is available for download.

B. Passive Walking Test

The command torque for both joints was set to zero for the
passive walking test. The subject began this test with active
torque compensation enabled, i.e., using the double-closed-
loop torque controller. After several steps, the user released
the safety button and deactivated the actuator. The torque
sensor, located at the actuator’s output shaft, measured the
torque between the human and the orthosis during walking
on the treadmill. The backdrive torques with and without
torque compensation are shown in Fig. 9. Each curve was
calculated by the average absolute value of 10 steady steps
before and after the button releasing moment. The shaded
regions represent +£1 standard deviation about the mean.

The amplitudes of the intrinsic backdrive torques were
lower than 8 Nm. The peak backdrive torque of the ankle
joint occurred during early stance, primarily due to heel
contact. The ankle’s intrinsic backdrive torque during swing
was only 2.5 Nm. The intrinsic backdrive torques would likely
be smaller in a clinical application, where slower walking
speeds are expected.

By using the double-closed-loop torque controller, the
backdrive torques were further reduced. The mean value
of the average absolute torque was reduced by 22.9% for
the ankle joint and 63.13% for the knee joint. The peak
backdrive torque was reduced by 57.87% for the ankle joint
and 63.56% for the knee joint. Aside from the actuation
system, misalignment of the orthosis brace and heel contact
contributed to the remaining backdrive torque.
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Fig. 9. Measured Backdrive Torque during Passive Walking: Average
absolute values and error bars (41 standard deviation shown in shaded
regions).

C. High Torque Walking Test

The high torque walking test aimed to validate the output
torque and power capabilities of the orthosis. We adopted
Quasi-Stiffness Control as an example control strategy, which
implements a virtual spring at each joint based on the slope
of the desired torque-angle curve for healthy human walking
[36], [37]. Quasi-stiffness directly maps the measured joint
angle to the command torque, providing a simple high-level
controller for high torque testing. Quasi-stiffness determined
the command torque during the stance period, whereas the
reference torque was set to zero during swing to further
validate backdrivability. To simplify implementation, we
adopted the average of the knee quasi-stiffness values of
the stance phase presented in [38] for the knee joint. Two
different ankle quasi-stiffness values from [39] were used for
the ankle joint. The control law is given by

If stance
Uknee = CkKka,
aKalé’a if 9a S é
0

Uankle = .
aK 00, if
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If swing
Uknee = Uankle = 07

where uynee and uankie denote the torque being applied at
the knee and ankle joints, o = 0.3 denotes the 30% support
ratio, 0, and 6y denote the relative angles for the ankle
and knee joints, and Ky = 6.29 Nm - deg ™' is the quasi-
stiffness value for the knee joint. An angular threshold 6 was
manually tuned to trigger the transition from ankle dorsi-
flexion with K,; = 6.53 Nm - deg_1 to plantar-flexion with
Koo =21.16 Nm - deg_l. The stance and swing transitions
were detected using two force sensors located at the heel
and toe part of the shoe insert. We defined ankle plantar-
flexion and knee flexion as the positive angular directions.
To guarantee safety and smooth transitions, we applied a
fading process when switching between phases, i.e., using
the weighted sum of the stance and swing torque laws.

We implemented two different low-level actuator drive
modes with this high-level control strategy. The current
control mode only used the inner current loop in Fig. 6 to
control the actuator torque output. The second mode used the
double-closed-loop torque controller in Fig. 6 to compensate
the measured torque error. The parameters of the torque PI
controller were manually tuned to minimize backdrive torque,
whereas the current PI parameters were tuned to minimize
response time. The ankle’s torque reference was set to zero
at the beginning of each stance phase to avoid vibration from
heel contact.

Before beginning the high torque test, the feedback for the
two force sensors was calibrated for detecting the transitions
between stance and swing. The angle feedback for all joints
was initialized while the subject stood in a upright position.
The mean and variance over 10 steady steps with both low-
level actuator drive modes are shown in Fig. 10.

The orthosis produced high torque and power outputs at the
selected walking speed. The peak value of the positive power
and torque output reached 30 W and 27 Nm, respectively.
The peak torque output of a single step was up to 30 Nm at
the ankle. The demonstrated output torque and power could
aid stroke patients in a variety of therapies and rehabilitation
stages, including progressive walking speeds.

The peak ankle power (30 W) was lower than expected
during late stance. By comparing with the passive walking
case, we found that ankle dorsiflexion during early stance was
reduced by the high extension torque command of the quasi-
stiffness controller. The reduced ankle motion resulted in less
power output. The performance of the orthosis will likely
be improved in the future with more advanced torque-based
control algorithms, e.g., potential energy shaping control [12].

The torque controller tracked the torque reference well
during stance phase and swing phase. The current controller
only tracked the torque reference accurately during stance
phase, and had a large torque error during swing phase, which
is shown in Fig. 10(a). The low-ratio transmission allowed an
almost linear torque constant between the motor current and
the actuator output torque. This allowed the current controller
to estimate the actuator torque output accurately during stance
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Fig. 10. Torque Outputs of Normal Walking: Mean values (reference and
tracking) and error bars (1 standard deviation shown in shaded regions)
of the actuator torque with quasi-stiffness control.

phase. The torque error of the current controller during swing
phase was mainly caused by the intrinsic backdrive torque.
The performance of the current controller shows the possibility
to implement a torque control system without using a torque
sensor if the intrinsic backdrive torque can be further reduced
in the mechanical design.

IV. CONCLUSION AND FUTURE WORK

This paper presented the design and validation of a
light-weight, mobile, powered knee-ankle orthosis for gait
rehabilitation training. By designing the orthosis with a
torque dense motor and a low-ratio transmission, intrinsic
backdrivability and high torque and power output are achieved
with a simple structure. At the same time, the presented
orthosis can maintain and track a high torque output at
a high walking speed. These advantages affirm that the
presented orthosis is a suitable platform for testing different
rehabilitation control strategies.

Since the actuator is nearly a direct drive system, it
demonstrates several advantages, such as improved dynamic
performance, reduced intrinsic backdrive torque, and an
almost linear torque constant. If intrinsic backdrive torque
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can be further decreased in the design, it will be possible
to control the actuator’s output torque with motor current
feedback instead of torque sensor feedback. This would allow
the cost and weight of the torque sensors to be removed from
the orthosis design.

Future work will involve implementing more advanced
torque control algorithms such as [12] and performing
experiments with patient subjects. Design improvements will
be investigated to enhance the motor torque density and
intrinsic backdrivability. A battery system with regenerative
power electronics will also be added to the back brace for
untethered operation of the orthosis.

[1]

[2

—

[3]

[5

=

[6

=

[7]

[8]

[9

—

(10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

REFERENCES

H. Barbeau, K. Norman, J. Fung, M. Visintin, and M. Ladouceur, “Does
neurorehabilitation play a role in the recovery of walking in neurological
populations?” Annals of the New York Academy of Sciences, vol. 860,
no. 1, pp. 377-392, 1998.

C. Calautti and J.-C. Baron, “Functional neuroimaging studies of motor
recovery after stroke in adults a review,” Stroke, vol. 34, no. 6, pp.
1553-1566, 2003.

S. Hesse, C. Bertelt, M. Jahnke, A. Schaffrin, P. Baake, M. Malezic,
and K. Mauritz, “Treadmill training with partial body weight support
compared with physiotherapy in nonambulatory hemiparetic patients,”
Stroke, vol. 26, no. 6, pp. 976-981, 1995.

J. Hidler, D. Nichols, M. Pelliccio, K. Brady, D. D. Campbell,
J. H. Kahn, and T. G. Hornby, “Multicenter randomized clinical
trial evaluating the effectiveness of the lokomat in subacute stroke,”
Neurorehabilitation and neural repair, vol. 23, no. 1, pp. 5-13, 2009.
A. M. Dollar and H. Herr, “Lower extremity exoskeletons and active
orthoses: challenges and state-of-the-art,” Robotics, IEEE Transactions
on, vol. 24, no. 1, pp. 144-158, 2008.

J. E. Pratt, B. T. Krupp, C. J. Morse, and S. H. Collins, “The roboknee:
an exoskeleton for enhancing strength and endurance during walking,”
in Robotics and Automation, IEEE International Conference on, vol. 3.
IEEE, 2004, pp. 2430-2435.

J. A. Blaya and H. Herr, “Adaptive control of a variable-impedance
ankle-foot orthosis to assist drop-foot gait,” IEEE Trans. Neural Systems
and Rehabilitation Engineering, vol. 12, no. 1, pp. 24-31, 2004.

H. Kawamoto and Y. Sankai, “Power assist system hal-3 for gait
disorder person,” Computers helping people with special needs, pp.
19-29, 2002.

H. Aguilar-Sierra, R. Lopez, W. Yu, S. Salazar, and R. Lozano, “A
lower limb exoskeleton with hybrid actuation,” in IEEE Int. Conf.
Biomedical Robotics and Biomechatronics. 1EEE, 2014, pp. 695-700.
R. Lu, Z. Li, C.-Y. Su, and A. Xue, “Development and learning
control of a human limb with a rehabilitation exoskeleton,” IEEE
Trans. Industrial Electronics, vol. 61, no. 7, pp. 3776-3785, 2014.
K. Kiguchi and Y. Yokomine, “Walking assist for a stroke survivor
with a power-assist exoskeleton,” in IEEE Int. Conf. Systems, Man and
Cybernetics. 1EEE, 2014, pp. 1888-1892.

G. Lv and R. D. Gregg, “Orthotic body-weight support through
underactuated potential energy shaping with contact constraints,” in
IEEE Conf. Decision and Control. 1EEE, 2015, pp. 1483-1490.

A. E. Martin and R. D. Gregg, “Hybrid invariance and stability of a
feedback linearizing controller for powered prostheses,” in American
Control Conference, 2015, pp. 4670-4676.

D. Quintero, D. J. Villarreal, and R. D. Gregg, “Preliminary experiments
with a unified controller for a powered knee-ankle prosthetic leg across
walking speeds,” in IEEE/RSJ Int. Conf. Intell. Robots Syst., 2016.
G. Lv and R. D. Gregg, “Underactuated potential energy shaping with
contact constraints: Application to a powered knee-ankle orthosis,”
IEEE Transactions on Control Systems Technology, 2017.

——, “Towards total energy shaping control of lower-limb exoskele-
tons,” in American Control Conference. 1EEE, 2017.

G. Lv, H. Zhu, T. Elery, L. Li, and R. D. Gregg, “Experimental
implementation of underactuated potential energy shaping on a powered
ankle-foot orthosis,” in IEEE International Conference on Robotics
and Automation, May 2016, pp. 3493-3500.

510

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

[33]

[34]

[35]

[36]

(371

[38]

[39]

N. Paine, S. Oh, and L. Sentis, “Design and control considerations for
high-performance series elastic actuators,” Mechatronics, IEEE/ASME
Transactions on, vol. 19, no. 3, pp. 1080-1091, 2014.

K. Kong, J. Bae, and M. Tomizuka, “Control of rotary series elastic
actuator for ideal force-mode actuation in human-robot interaction
applications,” Mechatronics, IEEE/ASME Transactions on, vol. 14,
no. 1, pp. 105-118, 2009.

——, “A compact rotary series elastic actuator for human assistive
systems,” Mechatronics, IEEE/ASME Transactions on, vol. 17, no. 2,
pp. 288-297, 2012.

D. Accoto, G. Carpino, F. Sergi, N. L. Tagliamonte, L. Zollo, and
E. Guglielmelli, “Design and characterization of a novel high-power
series elastic actuator for a lower limb robotic orthosis,” International
Journal of Advanced Robotic Systems, vol. 10, 2013.

H. Yu, M. Sta Cruz, G. Chen, S. Huang, C. Zhu, E. Chew, Y. S. Ng,
and N. V. Thakor, “Mechanical design of a portable knee-ankle-foot
robot,” in Robotics and Automation, IEEE International Conference
on. IEEE, 2013, pp. 2183-2188.

C. Lagoda, A. C. Schou, A. H. Stienen, E. E. Hekman, and H. van der
Kooij, “Design of an electric series elastic actuated joint for robotic
gait rehabilitation training,” in IEEE Int. Conf. Biomedical Robotics
and Biomechatronics. 1EEE, 2010, pp. 21-26.

B. Brackx, J. Geeroms, J. Vantilt, V. Grosu, K. Junius, H. Cuypers,
B. Vanderborght, and D. Lefeber, “Design of a modular add-on
compliant actuator to convert an orthosis into an assistive exoskeleton,”
in IEEE Int. Conf. Biomedical Robotics and Biomechatronics. 1EEE,
2014, pp. 485-490.

D. W. Robinson, “Design and analysis of series elasticity in closed-loop
actuator force control,” Ph.D. dissertation, Massachusetts Institute of
Technology, 2000.

R. J. Farris, H. A. Quintero, and M. Goldfarb, “Preliminary evaluation of
a powered lower limb orthosis to aid walking in paraplegic individuals,”
IEEE Trans. Neural Systems and Rehabilitation Engineering, vol. 19,
no. 6, pp. 652-659, Dec 2011.

H. A. Quintero, R. J. Farris, and M. Goldfarb, “Control and implemen-
tation of a powered lower limb orthosis to aid walking in paraplegic
individuals,” in IEEE International Conference on Rehabilitation
Robotics, June 2011, pp. 1-6.

T. Lenzi, J. Sensinger, J. Lipsey, L. Hargrove, and T. Kuiken, “Design
and preliminary testing of the RIC hybrid knee prosthesis,” in Int. Conf.
IEEE Eng. Medicine Biology Society, Aug 2015, pp. 1683-1686.

M. Shepherd and E. Rouse, “Design and characterization of a torque-
controllable actuator for knee assistance during sit-to-stand,” in Int.
Conf. IEEE Eng. Medicine Biology Society, 2016.

G. Kenneally, A. De, and D. Koditschek, “Design principles for a
family of direct-drive legged robots,” IEEE Robotics and Automation
Letters, vol. 1, no. 2, pp. 900-907, 2016.

D. A. Winter, Biomechanics and Motor Control of Human Movement,
2nd ed. New York, NY: Wiley, 2009.

T. M. Jahns and W. L. Soong, “Pulsating torque minimization
techniques for permanent magnet ac motor drives-a review,” Industrial
Electronics, IEEE Transactions on, vol. 43, no. 2, pp. 321-330, 1996.
R. L. Waters and S. Mulroy, “The energy expenditure of normal and
pathologic gait,” Gait & posture, vol. 9, no. 3, pp. 207-231, 1999.

J. P. John, S. S. Kumar, and B. Jaya, “Space vector modulation based
field oriented control scheme for brushless dc motors,” in /EEE Int.
Conf. Emerging Trends in Electrical and Computer Tech., 2011, pp.
346-351.

R. Krishnan, “Permanent magnet synchronous and brushless dc motor
drives,” 2010.

K. Shamaei, P. C. Napolitano, and A. M. Dollar, “Design and functional
evaluation of a quasi-passive compliant stance control knee—ankle—foot
orthosis,” IEEE Trans. Neural Systems and Rehabilitation Engineering,
vol. 22, no. 2, pp. 258-268, 2014.

E. J. Rouse, R. D. Gregg, L. J. Hargrove, and J. W. Sensinger, “The
difference between stiffness and quasi-stiffness in the context of biome-
chanical modeling,” IEEE Transactions on Biomedical Engineering,
vol. 60, no. 2, pp. 562-568, 2013.

K. Shamaei, G. S. Sawicki, and A. M. Dollar, “Estimation of quasi-
stiffness of the human knee in the stance phase of walking,” PloS one,
vol. 8, no. 3, p. €59993, 2013.

——, “Estimation of quasi-stiffness and propulsive work of the human
ankle in the stance phase of walking,” PloS one, vol. 8, no. 3, p.
€59935, 2013.

Authorized licensed use limited to: CLEMSON UNIVERSITY. Downloaded on February 19,2024 at 18:56:46 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


