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ABSTRACT

Walking rehabilitation using exoskeletons is of high importance to maximize independence and improve the
general well-being of spinal cord injured subjects. We present the design and control of a lightweight and
modular robotic exoskeleton to assist walking in spinal cord injured subjects who can control hip flexion, but
lack control of knee and ankle muscles. The developed prototype consists of two robotic orthoses, which are
powered by a motor-Harmonic Drive actuation system that controls knee flexion-extension. This actuation
module is assembled on standard passive orthoses. Regarding the control, the stance-to-swing transition is
detected using two inertial measurement units mounted on the tibial supports, and then the corresponding
motor performs a predefined flexion-extension cycle that is personalized to the specific patient’s motor
function. The system is portable by means of a backpack that contains an embedded computer board, the
motor drivers and the battery. A preliminary biomechanical evaluation of the gait-assistive device used by
a female patient with incomplete spinal cord injury at T11 is presented. Results show an increase of gait
speed (+24.11%), stride length (+7.41%) and cadence (+15.56%) when wearing the robotic orthoses
compared to the case with passive orthoses. Conversely, a decrease of lateral displacement of the center of
mass (-19.31%) and step width (-13.37% right step, -8.81% left step) are also observed, indicating gain of
balance. The biomechanical assessment also reports an overall increase of gait symmetry when wearing the

developed assistive device.
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1. INTRODUCTION

Spinal cord injury (SCl) is a prevalent impairment in today’s society. Every year in the
world between 250 000 and 500 000 people suffer this injury; being traffic accidents, falls
and violence its three main causes [1]. Inability to walk after SCI decreases patients’
quality of life and increases sedentary lifestyle, which in turn lead to other secondary
complications like chronic pain, vein thrombosis, urinary tract infections, pressure ulcers
or respiratory complications; thereby increasing rates of depression and risk of death as
well [2, 3]. Furthermore, SCI carries substantial individual and societal health care costs
[1]. In order to improve general well-being and social inclusion of people with SCI, the
World Health Organization (WHO) recommends improving access to rehabilitation
services and to appropriate assistive devices that enable patients to perform daily living
activities like walking, reducing functional limitations and dependency [1]. Gait
rehabilitation after SCI has been reported as a high-priority issue for patients
independently of their age, time after injury and lesion severity [4, 5]. In addition, recent
studies have shown the utility and effectiveness of robotic assistance, in combination with
manual therapy, for lower limb motor function recovery through neuronal plasticity after
SCI [6].

The current gait assistive robots are either devices that support the user’s weight
and train walking over a treadmill or foot supports, or exoskeletons that assist over-
ground locomotion. Examples of the first kind of robots are Lokomat (Hocoma AG,
Switzerland) [7], Gait Trainer GT | (Reha-Stim, Germany) [8, 9], Haptic Walker (Fraunhofer

IPK, Germany) [9] and AutoAmbulator (HealthSouth Corporation, USA). These devices are
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expensive, bulky and complex to be used, and they are only found in the clinical setting.
Examples of the second group of gait trainers are Ekso (Ekso Bionics, USA) [10], ReWalk
(ReWalk Robotics, Inc., USA) [11] and Indego (Vanderbilt University, USA) [12]. An
extensive literature review on current powered exoskeletons for walking after SCl can be
found in [13]. Although exoskeletons are less heavy and costly, they are still out of the
reach of the patient, and so, they are principally used in hospitals and rehabilitation
centers. Moreover, these robots are used for locomotion rehabilitation during a relatively
short period (approximately 8 weeks) as soon as possible after the SCI, and most patients
do not receive more physical rehabilitation therapy due to its long-term cost.

Apart from the previous commercial robots, other powered gait-assistive
exoskeletal devices have been developed in research labs. There are active ankle-foot
orthoses (AFO), which are aimed at assisting the ankle rotation for clinical purposes [14,
15] or to provide push-off assistance during healthy walking [16]. There are also knee
exoskeletons or orthoses that provide knee assistance for gait rehabilitation or human
performance augmentation [17]. Examples of knee exoskeletons for clinical applications
are KNEXO [18], which uses pneumatic artificial muscles as actuators; the knee
exoskeleton by Kong et al. [19], which is based on a compact rotary series elastic actuator
(cRSEA) using a DC motor; EICOSI [20] and BioKEX [21], which both use direct actuation
with a DC motor followed by a transmission mechanism; and AKB [22], which presents a
motor and a magnetorheological brake working in parallel that allow energy harvesting
through regenerative braking. Knee-ankle-foot orthoses (KAFO) are devices that support

both lower limb joints. For instance, the KIT-EXO-1 [23] is a robotic KAFO with two linear
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series elastic actuators that control knee and ankle rotations using a force-based
approach, and a passive joint that allows foot pronation and supination. One particular
type of KAFO, which is particularly well suited for subjects with SCI that can control hip
flexion but cannot activate knee muscles, is the stance-control KAFO or SCKAFO [24, 25].
This type of orthosis includes a system to lock the knee rotation during the stance phase,
thus avoiding knee flexion and allowing weight bearing during gait. Different typologies
of locking systems have been used, e.g., mechanisms that lock rotation at a certain fixed
position, electromagnetic wrap-spring clutches, or systems based on friction [24]. Finally,
it is worth mentioning the active pelvis orthosis (APO) presented in [26], which is a
lightweight bilateral device that employs two series elastic actuators to assist hip flexion-
extension.

To assist the gait of patients whose neuromuscular function is affected at all lower
limb joints, exoskeletons with actuation up to the hip level are needed. This is the case of
HAL (Hybrid Assistive Limb) [27, 28], which is a versatile exoskeleton conceived to assist
the gait of people that have suffered stroke or SCI. Another example is LOPES (lower
extremity powered exoskeleton) [29], a robot with 8 impedance controlled degrees of
freedom (DOF) that actuate pelvis motion and hip and knee rotations over a treadmill
using fixed motors and flexible “Bowden cable” transmissions. Finally, H2 [30] is an
exoskeleton for over-ground gait training that has the six joints (hip, knee and ankle at
both legs) actuated with electrical motors, which are controlled through an impedance

control approach.
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This work presents the design, control and pilot study of a novel robotic
exoskeleton for walking assistance after spinal cord injury, which consists of two separate
powered orthoses. The prototype is designed for patients with SCl who are able to control
hip flexion, but lack motor control at the knee and ankle joints. The presented device is
based on the standard passive orthoses that patients use after rehabilitation at the clinical
setting, which include a knee locking system to allow patient’s weight bearing during
stance and an ankle compliant joint to prevent foot drop. The developed robotic orthosis
adds to the passive one two mechatronic modules: a motor-Harmonic Drive actuation
system at the knee and an inertial measurement unit (IMU) at the tibial support. The latter
serves to detect the user intention to step forward during gait. The main innovations of
this system are lightness, since it only adds the essential systems to the existing passive
orthopedic supports; modularity, because the actuation system and the IMU are modular
and can be assembled to any orthotic support; and intuitiveness, since the user learns
how to walk autonomously in cooperation with the device with only a few sessions.
Furthermore, the event detection algorithm based on the IMU measurements represents
an innovation compared to current exoskeletons, which generally use foot pressure
sensors for this purpose.

The objectives of the work are to present the mechanical design and the control
architecture of the developed robotic orthosis, and to perform a pilot biomechanical
assessment of the walking kinematics of a single patient using that device. Particularly,
the kinematics of walking with standard passive orthoses is compared with that obtained

using the robotic gait assistive device after six training sessions for adaptation. Patient
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kinematics is computed using a state-of-the-art optical motion capture system together
with a subject-specific three-dimensional multibody model. In the kinematic analysis, we
have investigated gait spatiotemporal parameters and symmetry in those parameters

related to right and left lower limbs.

2. ROBOTIC ORTHOSIS DESIGN

The main requirements for the robotic orthosis design are two: 1) to minimally modify
the conventional passive supports, so that all components can be mounted on them with
low added cost; and 2) to obtain the simplest design possible, yet fully functional for the
target patients, regarding actuation and sensing. The developed robotic orthosis has two
joints: the knee joint is powered by an electrical motor in series with a Harmonic Drive
gearbox (knee actuation system), and the ankle joint is passively actuated by a plastic
support to avoid drop-foot walking. This exoskeletal device is intended for over-ground
gait assistance either at the clinical center or at patient’s home. Preliminary designs of
this system were previously reported in [31, 32].

The current device, named ABLE, weights 2.3 kg per leg along with a 1.7 kg
backpack containing an ARM-based single board computer BeagleBone Black board
(BeagleBoard.org Foundation, Oakland Twp, MI, USA), the motor drivers and the battery.
The bilateral tibial and femoral supports are articulated at the knee using a standard
revolute joint at the medial side and the motor-gearbox module at the lateral side.
Rounded leg braces and velcro straps are used to adjust the orthoses to the lower limb.

Foam pads are used to minimize pressures and avoid tissue injuries. Finally, it is important
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to highlight that the orthosis structure is custom-made for the patient to avoid the
problem of fitting a unique design to the wide range of lower limb morphologies in the
SCI population. Fig. 1(a) shows the right orthosis with the knee actuation system and the

sensors described in the following subsections.

a) b)

Knee actuation system (0N

and encoder\ /;
£ _‘-'I" .

Encoder
AN

Motor /

Harmonic
Drive gearbox

Figure 1. a) General view of the right robotic orthosis of the ABLE exoskeleton showing

the knee actuation system and the IMU. b) CAD design of the knee actuation system.

2.1. Knee actuation system

The actuator technologies present in lower limb robotic exoskeletons and orthoses are
electric, pneumatic and hydraulic [33]. These actuators might sometimes be used with
series or parallel elastic systems for energy efficiency, safety and comfort purposes [26,
34-36]. The design of the knee actuation system and the selection of mechanical
components are based on kinematic, dynamic and energetic data (i.e., angular velocity,

torque and power) of the knee joint during gait assisted by passive orthoses and crutches
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[37]. The main requirements for selecting the actuation system components are high
power to weight ratio, reduced system dimensions and good portability of the power
supply system (i.e., compact and lightweight).

Based on these criteria, a 70 W brushless DC motor (EC45 flat, Maxon Motor AG,
Sachseln, Switzerland) is selected to actuate the knee joint. This motor provides a
maximum continuous torque of 128 mNm (nominal torque) when it is powered at 24 V
(direct current). In order to increase torque and reduce angular velocity, a Harmonic Drive
gearbox (SHD-20-160-2SH, Harmonic Drive AG, Limburg-Lahn, Germany) is coupled to the
motor output. We have selected this transmission because it offers a large gear ratio,
160:1 in our case, with a reduced volume. The chosen gear ratio allows to produce a
continuous net torque of 20.5 Nm at the gearbox output and instantaneous peak torques
of 60 Nm (taking into consideration the motor driver current limit). Fig. 1(b) shows the
mechanical design of the knee unit containing the actuation system plus the encoder. To
ensure modularity, this unit uses attachments that perfectly fit standard orthopedic

braces and supports.

2.2. Control architecture

All the sensors are attached to the orthosis structure to avoid issues related to comfort,
safety, reliability and donning/doffing [30]. The sensors used in the prototype are one
angular encoder (coupled to the motor) and one IMU per orthosis, Fig. 2. The low-cost 9-
DOF IMU (SparkFun Electronics, Niwot, CO, USA) operates at 3.3 V and is placed on the

tibial support. The IMU incorporates a triple-axis gyro, a triple-axis accelerometer and a
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triple-axis magnetometer. Their outputs are processed by an on-board ATmega328
microcontroller, and orientation and acceleration data are then sent to the BeagleBone
Black board through serial interface. A WiFi connection is used to interface the
BeagleBone board with an external computer or a smartphone. A graphical user interface
(GUI) was built to monitor IMU measurements and to provide controller parameters

either using a computer software or a mobile app.

External computer

(" BeagleBone board

222V LiPO
battery OOOOO
O0000

OO0000O

Graphical User Interface (GUI)

. X EPOS2 driver

Motor + Enoder

Figure 2. Overall control architecture. The sensors used are one IMU and one angular
encoder coupled to the knee motor. A WiFi connection is used to interface with an

external computer.

The algorithm to control the two knee motors (right and left) during walking has
been implemented in two layers. The outer layer is a swing detection state machine that,
based on the IMUs measurements (vertical acceleration and sagittal inclination),

identifies the time instant when the knee flexion-extension cycle must be triggered at
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initial swing. On the other hand, the inner layer consists of a PID position control with
feedforward in velocity and acceleration that keeps the knee in full extension during
stance (straight leg, knee locked) and performs a predefined knee flexion-extension
trajectory during swing. That trajectory is initiated at the time instant identified by the

outer algorithm. Figure 3 presents a block diagram showing the implemented control

strategy.
84 | Acceleration
) ”| Feedforward
Swing
o, Detection 0y Velocity
— T >
State Feedforward
Machine 0 e 74
d 0 iti
Position Current | 7] MOt.or Orthosis
PID PI Windings

Figure 3. Block diagram of the implemented control strategy. Variables: 8,; stands for
the desired knee angle, 6,,, stands for the measured knee angle (encoder), &g stands for
the knee angle error, i; stands for the desired current, i,, stands for the measured
current, ; stands for the current error, V stands for voltage, a,,, stands for measured
vertical acceleration (IMU), a,,, stands for measured shank inclination (IMU), and a;,,

stands for the measured shank inclination in the opposite leg (IMU).

2.2.1. Outer layer: swing detection state machine
As said before, each tibial support integrates an IMU that provides its absolute
orientation, angular velocity and linear acceleration at a 100 Hz frequency. The algorithm

identifies the user intention to swing the leg forward by relying uniquely on the two
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inertial measurement units (one per leg). For the sake of safety, the knee flexion-
extension cycle of a certain leg is only triggered when the next four conditions are all met:
e The vertical acceleration (positive in upward direction) measured at the same leg
is higher than a trigger value;
e The vertical acceleration measured at the same leg has remained below a
threshold during a certain time interval;
e The tibial support of the same leg has a minimum forward inclination angle;
e The tibial support of the opposite leg has a minimum backward inclination angle.
The first condition indicates that the patient has the intention of lifting the leg
from the ground to swing it forward. Note that the target patients have this capacity
because they preserve motor function at the hip muscles. However, this condition might
be fulfilled in other situations apart from the stance-to-swing transition. To ensure a
robust detection of that event, the second to fourth conditions have to be met as well at
atime. The second condition guarantees that the foot has been in contact with the ground
during a certain time, i.e., during stance phase, just before the trigger occurs. Finally, the
third and fourth conditions ensure that the posture of the patient is that corresponding
to human walking, i.e., the trailing leg leaning forward and the leading leg leaning
backward. The latter prevent the knee cycle from being launched if the patient is in
standing position and raises a foot.
The threshold values associated to the four conditions above are calibrated for
each patient during the adaptation sessions. At the beginning of each session, the patient

walks with the knee locked and the IMUs record angular velocity and acceleration data
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during walking. Then, the outer layer algorithm is simulated off-line to calibrate the

threshold values, so that the swing flexion-extension cycles are launched appropriately.

2.2.2. Inner layer: knee angle control
The knee angle @ is kept equal to zero during stance, so that the joint is locked and the
leg straight. Then, once the stance-to-swing transition is detected through the outer
algorithm, the knee angle is set to follow a predefined trajectory such that:

k, 21

9(t)=7 1 —cos t—t—(l)(t) , 0<t<t, (1)
c

where k, stands for the maximum knee flexion angle, t.. is the duration of the cycle, and

¢(t) stands for a time-dependent phase angle that allows tuning the cycle by deforming

the shape of the 6(t) curve:
¢(t) = kgsin (E t) + k,,sin <2—n t) (2)
t, t,

In Eq. (2), parameter k; is used to move the peak (maximum flexion) forward or
backward in time (Fig. 4(a)), modifying in this way the relative duration of flexion and
extension, and parameter k,, is used to increase or decrease the peak width (Fig. 4(b)).
The four parameters defining the 8(t) curve (t., kq, ks, k,,) can be modified in real time
through the developed GUI in order to personalize the knee robotic assistance to the

specific walking pattern of the patient. It is important to mention that when defining the

parameters for a selected patient, the cycle duration has to be chosen such that swing
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flexion-extension ends before the heel-strike of the swinging leg. In such a case, when the
flexion-extension cycle finishes the leg is kept fully extended until the next initiation of

swing, i.e., terminal swing and stance phase.

a) b)

0(t) [°] 0() [°]

70 70

60 ky =0 60 ks=0

50 50

40 40

30 30

20 20

10 10

0 tls] o - t[s]
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
—kg=0 — kg=-0.75 kg=1.5 —ky=0 —k, =-05 ky =05

Figure 4. Evolution of 6(t) versus t for t. = 0.5 s and k, = 60°. a) Effect of varying k, (in
rad) with k,, = 0. b) Effect of varying k,, (in rad) with kg = 0.

2.3. Power supply

The orthosis is powered by a compact lithium polymer (LiPo) battery pack with six
cells giving a nominal voltage of 22.2 V (direct current) and a capacity of 4500 mAh. In
continuous operation mode, the battery life is approximately 3 hours. As mentioned, the
battery pack is placed inside the backpack worn by the subject and it powers two motors,
one per leg, the motor drivers plus the BeagleBone board, which is powered with 5 V
using an adjustable switching regulator (R-625.0P, RECOM, Gmunden, Austria). The WiFi

adapter and the IMUs are directly powered by the BeagleBone.
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3. METHODS

In this pilot study, the designed robotic orthoses were tested on a subject with SCI during
one session after conducting 6 one-hour training sessions and specific exercises at home.
The gait kinematics of the subject with the designed orthoses was compared to the one
with the passive conventional orthoses. The Ethics Committee of the University of La

Coruia approved all study procedures and the subject gave her informed consent.

3.1. Subject and experimental protocol

The device was tested on an adult female with incomplete SCI at T11 (age: 41 years old,
mass: 65 kg, height: 1.52 m). Before the pilot study, the patient was able to walk with her
pair of passive KAFO, which included the knee locking mechanism and the compliant
plastic support to prevent ankle plantarflexion (foot drop).

In this preliminary evaluation of the gait assistive device two experiments were
performed (Test 1 and Test 2). In Test 1, the patient was asked to walk using her pair of
passive KAFO with the aid of parallel bars at self-selected speed. After this test, the subject
followed six training sessions (one hour of duration per session) wearing the robotic
orthoses, in which the maximum knee flexion angle k, was progressively varied from 0,
mimicking the case of wearing passive supports, to 35°. In parallel with these sessions,
the patient did specific physical exercises at home to enhance adaptation to the
developed device. This training was prescribed by a team of physiotherapists to increase
strength in hip flexors and improve adaptation to the device. After this period, a second

experiment (Test 2), in which the subject was asked to walk using the robotic orthoses
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with the aid of parallel bars at self-selected speed, was performed, Fig. 5(a). In this test,
the selected parameters of the inner layer control algorithm were: t. =0.56 s, k, = 35°,
ks =0.16rad, k,, =-0.10 rad. In both Test 1 and Test 2, the walking trials were performed
under the supervision of engineers and physiotherapists. A questionnaire regarding
functional aspects of the device, usability and comfort was provided to the patient after

performing Test 2, and its main conclusions are reported in the Discussion session.

Figure 5. a) Walking test of the subject with SCl assisted by the designed robotic
orthoses and using parallel bars (Test 2). b) Subject-specific skeletal model for kinematic

analysis of assisted walking.

Four consecutive gait cycles were captured for Test 1 and four more cycles for Test
2 using a state-of-the-art optical motion capture system that measured the three-
dimensional position of a set of reflective markers. Then, one average cycle per test was
computed with the aim of comparing the walking kinematics in the two cases. A three-
dimensional skeletal model was used to determine several spatiotemporal parameters of

the subject’s gait: gait speed, stride length, cadence, lateral displacement of center of
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mass, step width (right and left), leg circumduction (right and left), hip flexion range of
motion (right and left), knee flexion range of motion (right and left), and swing phase
duration (right and left).

For those parameters related to right and left limbs, a symmetry index (SI) was
calculated to account for the gait symmetry during Test 1 and Test 2. This index was

calculated according to [38, 39] as:

Xp — X,

o) —__ R 7L |
SIA) = 5507 x)

100 (3)

where Xi and X; represent a generic gait spatiotemporal parameter for the right and left
limb, respectively. In our study, these parameters are step width, leg circumduction, hip
flexion ROM and swing phase duration. A symmetry index equal to zero represents
symmetry, while a non-zero (positive or negative) index represents asymmetry. The larger

its absolute value, the lower the symmetry.

3.2. Three-dimensional skeletal model and signal processing
A subject-specific skeletal model was created to represent the mentioned individual with
SCI, Fig. 5(b). In both tests the subject walked on a walkway with parallel bars to keep
balance and her motion was captured by 6 optical infrared cameras (OptiTrack Flex:V100,
NaturalPoint, Inc., Corvallis, USA) sampling at 100 Hz that computed the position of 37
reflective markers.

The human body was modeled as a three-dimensional multibody system
composed by rigid bodies. It consisted of 18 anatomical segments (two hindfeet, two
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forefeet, two shanks, two thighs, pelvis, torso, neck, head, two arms, two forearms and
two hands) linked by ideal spherical joints, thus defining a model with 57 degrees of
freedom (DOF), Fig. 5(b). The global axes were defined as follows: x-axis in the posterior-
anterior direction, y-axis in the medial-lateral direction, and z-axis in the vertical direction.
The geometric parameters of the model were obtained, for the lower limbs, by applying
correlation equations from a reduced set of measurements taken on the subject,
following the procedures described in [40]. For the upper part of the body, data from
standard tables in [41] were scaled according to the height of the subject. More details
about the implementation of this model can be found in [37, 42].

The kinematic information of the motion was obtained from the trajectories of
the 37 markers attached to the subject’s body (white dots in Fig. 5(b)), which were
captured at 100 Hz frequency by means of the 6 infrared cameras. Position data were
filtered using an algorithm based on Singular Spectrum Analysis (SSA) [43] and the model
coordinates were calculated using algebraic relations. Afterwards, a minimization
procedure ensured the kinematic consistency of such coordinates [44]. From that
information, the histories of the set of 57 independent coordinates (corresponding to the
system’s DOF) formed by the Cartesian coordinates of the position vector of the lumbar
joint and the 18 x 3 angles that define the absolute orientation of each body, were
kinematically obtained and approximated by B-spline curves. Analytical differentiation
yielded the corresponding velocity and acceleration histories. More details about the

treatment of the captured data can be found in [37].
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4. RESULTS OF THE KINEMATIC ANALYSIS

Table 1 shows the previous spatiotemporal parameters for the two averaged gait cycles
(Test 1 and Test 2). It is shown that the gait speed in Test 2 increased, mainly due to an
increase of walking cadence and stride length in a lower degree. Regarding movement in
the frontal plane, the mediolateral displacement of the center of mass (COM) and the
step width were reduced in Test 2. Limb circumduction increased for the right limb and
decreased for the left limb. As for joint mobility, the hip flexion range of motion (ROM)
increased significantly for both legs, and obviously the same happened for the knee joint
(which was locked in Test 1). The knee flexion ROM in Test 2 were 37.50° (right) and
33.30° (left). Finally, the swing phase duration was reduced in Test 2, which is consistent

with the fact of increased cadence.

Table 1. Computed spatiotemporal parameters in Tests 1 and 2. R stands for right limb

and L stands for left limb.

Parameter Test1 Test 2 % change
Gait speed (m/s) 0.17 0.21 +24.11
Stride length (m) 0.53 0.57 +7.41
Cadence (step/min) 38.46 44 .44 +15.56
COM lateral displacement (cm) 7.89 6.37 -19.31
Step width R (cm) 29.57 25.62 -13.37
Step width L (cm) 27.26 24.86 -8.81
Leg circumduction R (cm) 5.82 6.64 +14.09
Leg circumduction L (cm) 7.87 7.30 -7.16
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Hip flexion ROM R (°) 34.32 46.07 +34.22
Hip flexion ROM L (°) 23.41 29.46 +25.84
Swing phase duration R (s) 0.87 0.70 -19.54
Swing phase duration L (s) 1.10 0.80 -27.27

For those gait parameters in Table 1 associated with right and left limbs, the
symmetry index Sl in Eq. (3) was calculated for Test 1 and Test 2. This index is reported in
Table 2. The lower the Sl in absolute value, the more symmetric is the gait characteristic.
From this table, it can be observed that step width, leg circumduction and swing phase
duration became more symmetric when walking with the robotic orthoses. However,
even though hip flexion increased in Test 2, this gait parameter is more asymmetric in

Test 2. Finally, for the knee flexion ROM in Test 2, SI = +11.88%.

Table 2. Symmetry index (SI) for bilateral parameters in Test 1 and Test 2.

Parameter Slin Test 1 (%) Slin Test 2 (%)
Step width +8.13 +3.01

Leg circumduction -29.93 -9.54

Hip flexion ROM +37.80 +43.97
Swing phase duration -23.35 -13.33

5. DISCUSSION

This work presents the design concept and functioning of a novel robotic orthosis for

walking assistance after spinal cord injury. In particular, this system is intended for
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patients that preserve motor function at the hip level. The main advantages of such
exoskeleton, compared to the current robotic exoskeletons on the market, are its
lightness, modularity and easiness of use. Those advantages come from the fact that
instead of building a robotic system from scratch, the device is built over the current
passive orthopedic supports that the patient has. Specifically, the knee actuation system
and the IMU are mechatronic add-ons directly mounted on the passive supports. By
applying this design approach, we intend to improve patient acceptability and reduce
time to market. Note that the weight of similar robotic knee exoskeletons for clinical
applications range between 2.3 kg and 4.5 kg [17], so our 2.3 kg active KAFO lays in the
lower part of this weight range. Moreover, the system is easy to don/doff and to operate
through a computer or smartphone interface. Using this interface, the physiotherapist or
the user can set the threshold parameters to detect the stance-to-swing transition (outer
layer algorithm) and to define the knee flexion-extension desired trajectory (inner layer
algorithm). Finally, a unique feature of the presented prototype is its event detection
algorithm based solely on IMU measurements. As far as the authors know, this is the only
lower limb exoskeleton using this technology to detect gait events.

The patient selected for the preliminary pilot study is a female with incomplete
spinal cord injury at T11. The patient showed full engagement and motivation during the
tests with the robotic device. The progression during the six training sessions was very
satisfactory. At the end of these sessions it became very intuitive for the patient to walk
with the robotic orthoses, since the stance-to-swing transition (user intention to step

forward) was accurately detected in all steps. Along the sessions, the knee flexion range
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of motion was increased from 0 to values around 35°. When asked in the questionnaire
about functional aspects of the device, the patient felt her gait was more natural with the
robotic orthoses, felt comfortable with the knee flexion assistance, and was also very
satisfied with the possibility of adjusting the control parameters independently for each
leg. Regarding usability and comfort, the user found correct the weight of the device and
the donning/doffing process, and highlighted that it was easy for her to learn how to use
the exoskeleton. A less positive aspect was safety, since the patient reported fear for
losing balance during walking and suggested the inclusion of an emergency stop button
for locking the knees. Other improvements suggested by the user were the elimination of
cables from the orthoses to the backpack, the adaptation of the device to other tasks
(e.g., sit-to-stand, stair climbing), and the use of more flexible supports to avoid skin
injuries due to high pressure. Another interesting aspect arisen by the subject was that
the sound of the motor and transmission was positive because she related it to the fact
of taking steps.

Regarding the biomechanical assessment of walking with the robotic exoskeleton,
as compared to the use of the passive KAFO, results in Table 1 show an increase of stride
length (+7.41%) and cadence (+15.56%), resulting in an increase of the gait speed
(+24.11%) as well. So, the gait when wearing the presented robotic device is more
dynamic than the previous one with the passive supports for the patient at hand.
Moreover, the reduction of lateral displacement of the COM (-19.31%) and step width (-
13.37% right step, -8.81% left step) indicate gain of balance in the assisted walking. This

gain of balance is directly correlated with the knee flexion assistance provided by the
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robotic orthosis. Without such assistance (i.e., when wearing the passive KAFO), the lack
of knee flexion implies the introduction of body compensatory movements to allow the
leg swinging forward, such as hip hiking or circumduction [30, 45]. These movements
introduce instability in the walking pattern. Finally, in Table 1 it is also noticeable the
increment of hip flexion ROM (+34.22% right step, +25.84% left step), which facilitates
the leg swing motion. Note that swing phase duration is reduced for both legs (Table 1),
because the overall gait is more dynamic and involves less compensatory movements.

Table 2 shows the results regarding symmetry for the gait parameters commented
above. It can be observed that most parameters (step width, circumduction, swing phase
duration) are more symmetric in Test 2. Only hip flexion ROM is more symmetric in Test
1, although the two Sl values are high for such parameter. Both in Tests 1 and 2, the right
hip has significantly more mobility than the left one. We believe that this asymmetry in
hip flexion might be reduced with some specific training of the patient’s left hip flexor
muscles, which still preserve some activity after the injury. To conclude, the gain in
symmetry of most analyzed parameters results in a more physiological gait pattern that
reduces the risk of suffering secondary musculoskeletal lesions, like hip or shoulder
osteoarthritis, as compared to walking with the passive supports.

This study presents some limitations that we should acknowledge here. The first
one is related to the fact that only one subject was considered for this pilot study.
Therefore, although the results obtained are positive, they must be considered with
caution. The authors are planning to conduct a longer study with a larger sample of

patients to prove the gait pattern improvements reported above for this pilot case. In
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such study, other functional outcome measures (e.g., 10 meter walk test, 6 minute walk
test, timed up and go), and clinical scales to assess balance (e.g., Berg balance scale) and
motor function will be used to investigate neurorehabilitation after using the robotic
orthosis.

Regarding the robotic device, some improvements are envisioned for the near
future. After the user comments, it is planned to work on making the device safer. As
mentioned above, in the current version the knee motor needs to reach full extension of
that joint before heel strike. If that didn’t occur, i.e., if the foot contacted the ground
before full extension, then there would be the risk that the motor didn’t support the
patient’s weight. To cope with this situation, the authors are working on a newer version
with a more powerful motor. Moreover, the incorporation of the emergency stop button
suggested by the user is also considered. Other improvements are the miniaturization of
the electronics contained in the backpack, and the incorporation of new functionalities to
ease the donning/doffing process and to support other tasks like sit-to-stand/stand-to-sit

or stair climbing.

6. CONCLUSIONS

This article presents a novel low-cost, lightweight and modular knee-ankle-foot robotic
orthosis designed for patients that have suffered a spinal cord injury and preserve hip
motor function. The work focuses on the mechanical design of the knee actuation system
and the device control system. The knee actuation module is composed of a DC electrical

motor and a Harmonic Drive gearbox. On the other hand, the autonomous control
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architecture is based on two inertial measurement units to detect the stance-to-swing
transition at each step and a PID position control to track a desired knee flexion trajectory
during swing (during stance the knee is locked at the full extension position). The system
is portable and the user wears a backpack that contains a BeagleBone Black board, the
motor drivers and the power supply unit. Furthermore, the device has been thought to
be used independently by the patient in a domestic environment and can be operated
through a computer interface or a mobile app.

The work reports the findings of a pilot study to evaluate the performance of the
developed exoskeletal device on a female subject with incomplete spinal cord injury at
T11. In this study, the kinematics of walking using the robotic orthoses was compared to
that of walking using standard passive KAFO (with locked knee). In both cases the patient
walked with the support of parallel bars. For this study, a full-body patient-specific
biomechanical model was developed. Kinematic gait analysis showed that the subject
walked faster, more balanced and overall with a more symmetric gait when wearing the
developed robotic exoskeleton. While the results obtained through this pilot evaluation
were very encouraging, a larger sample of subjects should be analyzed to prove the
statistical significance of the found improvements. In such case, functional and clinical
outcome measures will also be considered to investigate potential neurorehabilitation
after using the device.

As future work, we plan to improve the current device towards the commercial
prototype by increasing its robustness, portability and usability. Other future lines of work

involve the inclusion of functional electrical stimulation (FES) to the device, to artificially
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activate patient’s muscles that would cooperate with the robotic actuation, and the use
of elasticity in series with the knee actuator to store and release energy during the gait
cycle. Finally, the device will also be considered for other patients suffering neurological
impairments, such as stroke, traumatic brain injury, cerebral palsy, multiple sclerosis or
post-polio syndrome. As in the studied case, preserving hip function will be an inclusion

requirement, but the case of unilateral impairments will be considered as well.
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Figure Captions List

a) General view of the right robotic orthosis of the ABLE exoskeleton
showing the knee actuation system and the IMU. b) CAD design of the

knee actuation system.

Overall control architecture. The sensors used are one IMU and one
angular encoder coupled to the knee motor. A WiFi connection is used to

interface with an external computer.

Block diagram of the implemented control strategy. Variables: 8, stands
for the desired knee angle, 8,, stands for the measured knee angle
(encoder), &g stands for the knee angle error, i; stands for the desired
current, i,, stands for the measured current, ¢; stands for the current
error, VV stands for voltage, a,, stands for measured vertical acceleration
(IMU), a,,, stands for measured shank inclination (IMU), and a;,, stands for
the measured shank inclination in the opposite leg (IMU).

Evolution of 6(t) versus t for t. = 0.5 s and k, = 60°. a) Effect of varying
ks (in rad) with k,, = 0. b) Effect of varying k,, (in rad) with kg = 0.

a) Walking test of the subject with SCI assisted by the designed robotic
orthoses and using parallel bars (Test 2). b) Subject-specific skeletal model

for kinematic analysis of assisted walking.
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Table Caption List

Table 1 Computed spatiotemporal parameters in Tests 1 and 2. R stands for right
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limb and L stands for left limb.

Table 2 Symmetry index (Sl) for bilateral parameters in Test 1 and Test 2.
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