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Abstract — In this paper, we present the design, control,
and preliminary evaluation of the Symbitron exoskeleton,
a lower limb modular exoskeleton developed for people
with a spinal cord injury. The mechanical and electrical
configuration and the controller can be personalized to
accommodate differences in impairments among individuals with spinal cord injuries (SCI). In hardware, this personalization is accomplished by a modular approach that
allows the reconfiguration of a lower-limb exoskeleton with
ultimately eight powered series actuated (SEA) joints and
high fidelity torque control. For SCI individuals with an
incomplete lesion and sufficient hip control, we applied a
trajectory-free neuromuscular control (NMC) strategy and
used the exoskeleton in the ankle-knee configuration. For
complete SCI individuals, we used a combination of a NMC
and an impedance based trajectory tracking strategy with
the exoskeleton in the ankle-knee-hip configuration. Results
of a preliminary evaluation of the developed hardware and
software showed that SCI individuals with an incomplete
lesion could naturally vary their walking speed and step
length and walked faster compared to walking without
the device. SCI individuals with a complete lesion, who
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could not walk without support, were able to walk with the
device and with the support of crutches that included a
push-button for step initiationOur results demonstrate that
an exoskeleton with modular hardware and control allows
SCI individuals with limited or no lower limb function to
receive tailored support and regain mobility.

Index Terms — Exoskeleton, modular, orthosis, SCI,
series elastic actuation (SEA), neuromuscular control
(NMC).

I. I NTRODUCTION

I

NDIVIDUALS with spinal cord injuries (SCI) experience
reduced or complete loss of mobility, but wearable technologies such as lower-limb exoskeletons could be used to
assist gait and help improve their quality of life. Several
commercially available exoskeletons have been developed for
and used by subjects with a complete SCI [1]. They mostly
consist of a structure that allows actuation of knee and hip
flexion and extension movements. The exoskeleton joints are
typically controlled in a position control mode, where the
motions of the human joints are enforced and cannot be
influenced by the user. However, about 60% of individuals
who have suffered a spinal cord injury only have an incomplete lesion and have some remaining function in their lower
extremities [2]. The remaining movement capabilities depend
on the severity and location of the lesion; the lower (the more
inferior/caudal) the lesion, the more remaining function in the
lower leg joints starting from the most proximal joints (the
hip) to more distal joints [3]. Exoskeletons also have great
potential to improve the walking ability of individuals with a
incomplete lesion (in terms of speed, endurance and stability)
if they can substitute for the lost or impaired function and
leave control of the unaffected joints to the individual. This
approach requires a different class of exoskeletons that can be
tailored to the individual’s needs and provides assisting forces
without enforcing movements.
Traditionally, exoskeletons are controlled using predefined
trajectories, which has resulted in reliable support of people
with a complete lesion during walking over flat ground.
However, predefined trajectories are inflexible when it comes
to adapting to varied terrain (e.g., uneven sidewalks, unpaved
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TABLE I
PART OF THE U SE C ASES TABLE FOR THE E XOSKELETON . P RIORITY
I S I NDICATED BY M: M ANDATORY, D: D ESIRED ; OR O: O PTIONAL .
ACHIEVEMENTS IS INDICATED BY IL: ACHIEVED BY SCI PILOTS
WITH INCOMPLETE LESION , CL: A CHIEVED BY SCI
PILOTS WITH COMPLETE L ESION

Fig. 1. SCI test pilots using the modular exoskeleton in knee-ankle
configuration (KA) on the left and hip-knee-ankle configuration (HKA) on
the right.

roads, slopes) and walking speed. Also, for people with
some remaining walking capabilities, control would ideally
be shared between the person and the exoskeleton. The
reflex-based musculoskeletal model proposed by Geyer and
colleagues [4], [5] has the potential to tackle both problems.
In this model, joint torques are generated by local reflex loops
in such a way that natural gait emerges. The local reflex
loops react to changes in leg motion, for example to deviations due to uneven terrain, or when the person voluntarily
initiates movement by using their remaining motor function.
Previously we have incorporated these models as controllers
(called neuromuscular controllers, NMC) for a powered ankle
exoskeleton [6]. In a follow up study, we demonstrated with
this wearable Achilles ankle exoskeleton that incomplete SCI
individuals improved their walking speed and step length
wearing the device over different training sessions, and we
also found an unexpected increased walking speed using no
device after a brief training period with the exoskeleton [7].
NMC controllers for the knee and hips were also rendered
on the haptic robotic gait trainer LOPES II [8], where we
showed the first application of NMC controllers on alower
limb exoskeleton.
We aimed to develop a personalizable Wearable Exoskeleton
that enables individuals with incomplete or complete SCI to
walk again. The exoskeleton consisted of a set of powered
modules, one for each lower limb joint. Personalization was
accomplished by selecting only those joint modules required
to compensate for the loss of function for that specific personand tailoring the control and human-machine interface.
This paper encloses for the first time the full details about
the mechanical and electrical hardware and on the low level
control of the modular Symbitron exoskeleton, in addition
to CAD drawings of the ankle and knee modules that were
disclosed before [9]. We also show for the first time that
walking speed in incomplete SCI individuals can be increased
with a wearable ankle-knee exoskeleton utilising a biological
inspired neuromuscular control approach.
In this paper, we describe the use cases and requirements for the exoskeleton (section II), the mechatronic

design (section III), and the low-level and high-level control
(section IV). The device was preliminary evaluated for SCI
individuals with a complete or with an incomplete lesion
(section V). Analogous to those who control prototypes of
airplanes or race cars, we prefer to call our exoskeleton users
SCI test pilots instead of ’individuals’ or ‘patients’ and will
use this term in the remainder of the paper.
II. R EQUIREMENTS
Before starting the design process, the requirements for
the device were specified. First, use cases were specified and
structured (Table I). Requirements were all rated according
to priority:
M Mandatory (essential to function of the device),
D Desired (will be aimed for in the design but should not
hinder achieving the mandatory requirements),
O Optional (would be nice to have, but no great effort will
be done to achieve it).
The table was created from a discussion among clinicians,
researchers, and engineers that were involved in development
of the exoskeleton. The aim of this discussion was to find
a compromise between what is most important for our SCI
test pilots, exceeds or matches the state-of-the-art, and is
technically achievable.
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TABLE II
D ATA , I NCLUDING S PEED IN R PM , T ORQUE IN N M , P OWER IN W, AND
R ANGE OF M OTION (R OM ) D EG , FOR VARIOUS U SE C ASES F ROM
TABLE I. B ASED ON A M AXIMUM B ODY M ASS OF O UR SCI P ILOTS
OF 85 Kg AND A H EIGHT OF 1.8 m. T HE D OTTED VALUES
A RE N OT R EPORTED IN THE S OURCE

From the use cases combined with various data sources,
a table with maximum velocity, torque and power was compiled (see Table II). Note that every use case sets additional
design constraints for the system
III. M ODULAR H ARDWARE D ESIGN

A. Overview
The exoskeleton has 8 powered joints and 4 passive joints
(Figure 2). Some parts of the exoskeleton can be electrically
and mechanically disconnected from the others and controlled
independently. Due to the position of the attachments to
the user (cuffs, belts, etc.), the following configurations are
possible:
• Ankle (A configuration),
• Knee-ankle (KA configuration),
• Hip-knee-ankle (HKA configuration),
• Hip (H configuration).
Each configuration can be used for one leg or for both legs. .
The backpack module is always needed because it contains
the control computer, power management, and batteries. When
the hip module is not used, it is worn as a normal backpack
that is not mechanically attached to the knee or ankle modules.
Each powered joint contains a custom designed series elastic
actuator (SEA) unit that will be discussed in more detail in
the next section. Table III shows the mass of the exoskeleton
and its sub-assemblies.
B. The Series Elastic Actuator (SEA)
All actuated joints of the exoskeleton are powered by
a rotary series elastic actuator. The actuator consists of a

Fig. 2. Rendered CAD-model of the Symbitron exoskeleton showing the
joints hip abduction and adduction (HAA), hip internal and external rotation (HIE), hip flexion and extension (HFE), knee flexion and extension
(KFE), ankle dorsiflexion and plantarflexion (ADP), and ankle inversion
and eversion (AIE). The joints with an electricity icon are powered by a
SEA and the joints without are passive. The HIE joint is loaded with an
adjustable spring and can be locked. The AIE joint can be free or locked.
This picture shows the hip-knee-ankle (HKA) configuration. The orange
region indicates the right leg Knee-ankle (KA) configuration. The straight
grey arrows show the size adjustments available on the exoskeleton.
TABLE III
M EASURED M ASS OF THE E XOSKELETON C OMPONENTS

cylindrical housing with an envelope φ100 × 70 mm. The
main components are:
•

Brushless Motor (Tiger-Motor U8 PRO 170Kv). The
maximum continuous output power is 520 W.

MEIJNEKE et al.: SYMBITRON EXOSKELETON: DESIGN, CONTROL, AND EVALUATION OF A MODULAR EXOSKELETON

•

Strain wave gear (Leader drive, LCSG-20). In HKA
configuration, all ratios are chosen to be 100, except
the knee, which is 50. The peak torque and speed are
102 Nm and 3.14 rad/s for gear ratio 100, and 69 Nm
and 6.28 rad/s for ratio 50, respectively.
• Custom design titanium spring. The spring can be loaded
up to 120 Nm with a life of 107 cycles (these specification
were obtained from finite element analysis) and has a
spring constant of 1500 Nm/rad.
• Cross-roller bearing (THK, RA 7008). It supports the output rotation including the external and internal moments
in all directions.
• Three absolute encoders. These encoders measure the
joint output angle, spring deflection (2 × RLS Aksim
20 bits BiSS), and motor angle (IC-Haus MHM 14 bits
BiSS).
To implement the actuator basis in a joint, the drive electronics can be oriented and positioned in the most suitable way,
and the housing and output flange are manufactured with the
desired connections to the surrounding parts. The weight of
one actuator including electronics is 1.6 kg. The drive electronics for each drive consist of a motor drive with EtherCAT
interface (Technosoft, iMOTIONCUBE). A custom EtherCAT
slave was developed to read the joint and spring deflection
encoders, temperature, and an Xsens Inertia Measurement Unit
(IMU).

C. The Structure
The main goal of the exoskeleton structure is to connect
the actuators to each other and to the human body in such
a way that the actuator’s torque (and external forces) are
conveyed to the wearer in a safe and stable manner. In addition,
the structure facilitates joint-to-joint routing of power and
communication cables. This means that the actuator rotation
center has to coincide with the human joint center as much
as possible. An important constraint for the design of the
structure is to keep the exoskeleton close the body to ensure
that there is minimal interference with the wearer or environment. As SCI test pilots have different body sizes and shapes,
the exoskeleton structure needs the ability to be resized to each
individual pilot.
The exoskeleton can be tailored to a SCI test pilot by
changing 23 settings (see Figure 2). Most of the components
(such as the bars connecting the knee joint and ankle joint)
are manufactured in multiple sizes and can be interchanged to
change the size of the exoskeleton. This approach was chosen
to reduce weight by omitting telescopic mechanisms and to
create a truly personalized exoskeleton.
D. The Backpack
The electrical components that are not needed on the leg are
placed in the backpack. The description of its contents and the
design choices made are described below.
Two Li-ion batteries (Energus; Vilnius, Lithuania) with a
total mass of 2.5 kg are situated in the backpack: one 7S2P
for the logic power and one 13S3P for the motor power.
Interestingly, operation time is entirely limited by the logic
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battery. The power-hungry EtherCAT slaves together with the
internal PC and all other electronics drain the logic battery in
about one hour. In contrast, the motor battery usually lasts for
a multitude of that.
A custom PCB inside the backpack was developed to be
able to switch motor and logic power on or off, and to provide
an extra guard over the battery voltage. This board also
provides: (1) DC power to the PC, EtherCAT splitter , and
IMU interface, and (2) an interface to the emergency stop
button. When the emergency button is pressed, all motor drives
are disabled, and the motor battery is switched off.
Computational power is provided by a small PC (Intel
NUC5i5RYH). The communication protocol used in the
exoskeleton is EtherCAT.
Because the purpose of the exoskeleton was enabling
experiments using novel control strategies, it is likely that
interfaces to additional devices are required. Therefore there
is room within the backpack for additional EtherCAT slaves.
Several of these were made, and used in different combinations
throughout the experiments:
• IMU box. This is an interface between the Xbus master
of Xsens (Xsens, Enschede, the Netherlands) and EtherCAT. This device makes the quaternion data of 3 IMUs
available on the EtherCAT bus.
• Crutch interface. Two buttons were integrated in the
handle of a crutch to initiate steps in experiments with
the HKA configuration. An EtherCAT slave was made to
read those buttons.
Apart from the backpack and the actuator electronics,
a small PCB was designed to read the pressure insoles (IEE;
Contern, Luxembourg) and determine heel and toe contact
with the ground.
IV. C ONTROLLER D ESIGN
The control PC, situated in the backpack, runs Windows 7.
For the EtherCAT master software, TwinCAT 3.1 was chosen
to allow detailed diagnosis of low-level EtherCAT communication without having to implement additional diagnostics
software. The controllers were developed in Simulink (2015b,
Matlab, Mathworks). The Simulink models were compiled for
real-time usage in TwinCAT. Simulink itself is used as GUI
by running it in ‘external mode’. The model runs at 1000 Hz.
The control can be separated into two hierarchical levels: low-level and high-level control, which are described
separately below.

A. Low-Level Joint Control
Low-level control refers to the control of individual joints
to ensure that each joint generates the desired torque on its
output shaft. It includes drive control (turning the drive on
and off), a closed-loop torque controller, software end-stops,
signal logging and safety checks.
The goal of the torque controller is to command the actuator
to exert a desired torque τdes on its output shaft. The motor
torque required for that, τdes,mot, is determined by a Disturbance Observer (DOB) [16], which is an improved version of
the work described in [17] and [18]. The actual torque that the
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joint exerts, τact , is determined by measuring the deflection of
the actuators’ spring.
The joint is velocity-limited by a damping controller, which
limits the commanded torque to the motor as τlimited,mot =
min[τdes,mot, −D · (v − v max )]. Software end stops are
based on the ‘PVA limiter’ as described in [19]. The end
stops were implemented by making the maximum velocity
 v max dependent on the joint position ϕ as v max (ϕ) =
2 amax (ϕ − ϕendstop). This ensures constant deceleration
(with a = −amax ) behavior close to the end stops. Beyond
the end stop (ϕ > ϕendstop), v max becomes negative to escape
from the region if it was accidentally entered. The main
advantage of this software end stop algorithm over the conventional spring-damper implementation is that the commanded
torque to the motor stays within reasonable values, even when
approaching the end stop with high velocity. Still, the end
stop feels very stiff for low velocities. Also, the penetration
depth beyond the end stop does not depend on the approaching
velocity (and is, theoretically, zero), and it does not suffer from
the ‘sticky effect’.
The end stop behavior takes precedence over the torque
control. Therefore, close to the end stop (and also close to the
maximum allowed velocity), the torque tracking of the joint
may seem poor, but this is because it is more important to
adhere to the end stops (or maximum velocity) to guarantee
safety and to prevent damage to the device than to track the
desired torque well.

B. High-Level Control
On top of the low-level controller, a high-level controller
needs to be implemented, which determines how much torque
should be exerted on each of the joints. In order to facilitate
different experiments with the exoskeleton, the high-level controller was implemented as a separate Simulink model which,
after compilation, runs in TwinCAT next to the low-level
controller. Communication between the two was handled by
the TwinCAT ADS server. For each experiment, a separate
Simulink model was developed and loaded into TwinCAT.
1) The Neuromuscular Controller for Incomplete SCI Test
Pilots: The neuromuscular controller (NMC) was based on a

sagittal-plane (2D), reflex-based simulation model developed
by Geyer and Herr [4] and its 3D extension [5] (Figure 3). The
sagittal model is actuated by seven Hill-type muscles per leg to
control the ankle, knee, and hip, including the tibialis anterior,
soleus, gastrocnemius, vasti, hamstring, gluteus maximus, and
hip flexors. The 3D model includes four additional muscles —
biceps femoris short head, rectus femoris, hip abductors, and
hip adductors. Locomotion is produced by simple reflex rules,
which engage depending on whether the leg is in stance or
swing. During stance, the reflexes serve to provide weight support and to build positive force feedback to prepare for pushoff. During swing, the reflexes utilize flexor muscles to allow
the leg to swing forward and clear the ground. The neuromuscular model achieves reasonable predictions of human gait
characteristics such as joint kinematics, kinetic measures, and
muscle activations [4]. It is also robust against perturbations
and environmental disturbances in simulation [5]. Controller

Fig. 3. Overview of wearable exoskeleton controlled by the NMC.
The NMC uses joint kinematics and foot contact measurements to
command joint torques to the device. Stance and swing reflexes are
activated based on contact information.The muscles in the model are
tibialis anterior (TA), soleus (SOL), gastrocnemius (GAS), vasti (VAS),
hamstring (HF), gluteus maximus (GLU), hip flexors (HF), biceps femoris
short head (BFSH), rectus femoris (RF), hip abductors (HAB), and hip
adductors (HAD).

versions of the model have previously been implemented and
evaluated on lower limb prostheses [20] and on assistive
devices [6], [8], [21] with promising results for restoring
walking function for impaired individuals.
Internally, the NMC consists of multiple muscle reflex
control modules; each of which acts on one or more joints [6].
For the modular exoskeleton, this is an advantage because
it can easily be tailored for the different configurations by
activating only those modules for the joints used. For instance,
for incomplete SCI test pilots having sufficient hip control, only the sagittal ankle and knee reflex modules were
activated — modules governing hip movement were excluded.
The NMC reacts to the movements of the thighs, resulting
in a synchronized and natural gait. The NMC is nominally
set to provide joint torques for a human simulation model
to walk at 1.3 m/s but can be modified to address specific
SCI test pilot needs. Controller gains, given as a percentage
from zero to hundred percent, modify these nominal torques.
Zero gain reduces to minimal impedance mode (a condition
in which the robot seconds user’s intention without delivering
any assistive torques). At the broadest level, controller gains
can be applied symmetrically (to both left and right legs)
or asymmetrically. Joint level gains can also be modified to
augment or reduce the level of assistance at each joint (e.g. the
soleus and tibialis anterior for the ankle). Additionally, each
muscle may be modified individually. For example, the soleus
can be modified separately to yield the level of plantarflexion
needed. A graphic user interface was set up to provide easy
control and modification of controller settings.
2) Combined Trajectory Controller and NMC for Complete
SCI Test Pilots: Whereas NMC might be very well suited

for individuals with incomplete lesions, the implementation
for individuals with complete lesions faces some challenges.
First, initiating gait from stand still cannot yet be appropriately
modelled with NMC. Second, NMC does not directly control
joint trajectories, which could result in potential unsafe trajectories. In order to overcome these challenges for complete
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TABLE IV
SCI T EST P ILOT E PIDEMIOLOGICAL D ATA (B OTH HKA
AND KA C ONFIGURATION )

Fig. 4. The top panel visualises the concept of the combined NMC and
trajectory controller in which the amount of deviation of the actual joint
angle (red solid line) from the reference joint angle (dashed black line)
determines whether the NMC controller (green region), the trajectory
controller (blue region), or a weighted combination of both (grey area)
is active. In the bottom panel, the relative weighs of the NMC controller
(dashed green line) and trajectory controller (blue solid line) are shown
for this example.

SCI test pilots, the NMC was combined with an impedance
based trajectory controller. The hip and knee joints were
fully trajectory controlled with a speed-dependent reference
joint trajectory generation algorithm based on the work by
Koopman et al. [13]. The algorithm by Koopman generates
reference joint trajectories for continuous walking. For usage
in the exoskeleton, it was adapted to pause after each step so
that the user can shift their weight and adapt their posture to
be ready for the next step. By pressing a button integrated in
the crutch handle, the user could initiate a step that moves one
foot for the other to step or keep on walking, or a step that
put one foot next to the other to end in standing posture.
The ankle joints were controlled by a combination of NMC
and trajectory control (Figure 4): when the joint angle is
close to the reference joint angle as dictated by the (above
mentioned) reference joint trajectory (i.e., within a ‘tunnel’
around the reference trajectory), the NMC is in full control
and the trajectory controller is switched off. When the joint
angle deviates too much from the reference joint angle, the trajectory controller (a proportional-derivative or PD controller to
reduce the error between actual joint angle and reference joint
trajectory) gradually takes over to make sure that the deviation can be limited. This results in natural, NMC-governed
behavior and trajectory-governed behavior if the ankle makes
unexpected movements. Note that the software also allows this
combination of NMC and trajectory control for the knee and
hip joint, but this option was not tested on the SCI test pilots.
For the combined NMC-trajectory controller, the stiffness
and damping of the trajectory controller and its tunnel width
can be adjusted with the GUI (default: 750 Nm/rad; slightly
overdamped).
V. P RELIMINARY E VALUATION W ITH SCI T EST P ILOTS
Walking tests with the exoskeleton were performed by SCI
test pilots with incomplete and complete spinal cord injury

(Table IV; Figure 1 left). The incomplete test pilots (S2 and
S3) used the knee-ankle (KA) configuration of the exoskeleton,
controlled by the NMC. The NMC gains were pre-defined;
the tuning was based on pilot experiments to simultaneously
assess performance and perceived usability. We compared
NMC gait to their shod gait (free walking without wearing the
device). We evaluated the biomechanical gait changes, such as
walking speed, joint kinematics, and joint torques from walking with the NMC-controlled exoskeleton. For gait analysis for
shod conditions, joint angles and torques were retrieved based
on motion capture data (OptiTrack, NaturalPoint, Corvallis,
OR, recorded at 120 Hz) and ground reaction force data (BTS
Bioengineering, Milan, Italy, recorded at 500 Hz) through
inverse kinematics and dynamics (Opensim [22]). We evaluated the exoskeleton-assisted and shod joint angles and torques
through qualitative comparisons with healthy gait patterns at a
slow speed of 0.6 m/s (Fig. 7). The healthy data was derived
from the average across eight healthy individuals walking on
a treadmill [23].
The complete SCI test pilot (S1) used the hip-knee-ankle
(HKA) configuration. Because the complete SCI test pilot was
not able to walk without the exoskeleton, we only show results
of the NMC combined with the trajectory controller. S1 was
also supported by the FLOAT (Lutz Medical Engineering,
Rüdlingen, Switzerland), a body weight support system that
allows overground walking in a rectangular workspace and
safe intervention in case of falls [24].
All SCI test pilots used crutches during the experiments
and gave their informed consent for participation in the
experiments and publication of photos with their image. The
experiments were performed with approval of local ethics
committee, the Comitato Etico Indipendente of Fondazione
Santa Lucia, under approval reference CE/GROG.509.
VI. R ESULTS
This section shows the results of the experiments described
in the previous section. We will show improvements in walking speed of the SCI test pilots and the joint kinematics
and kinetics during experiments. But first we will show the
accuracy of the low-level torque tracking since this is a
prerequisite for impedance and NMC controllers.

A. Torque Tracking
The high-level controller commands desired torques to the
low-level controller, which should then track these torques as
closely as possible. We define torque tracking error as the
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Fig. 5. Times series for the joint angle, the actual and desired torques and the torque error of the right leg for two typical strides of complete SCI
test pilot S1. The grey areas indicate the time period in which a joint limiter was active.

measured actual torque τact minus the commanded torque τdes .
Figure 5 shows the torque tracking of two typical strides of
complete SCI test pilot S1. For this test pilot the root mean
square tracking error (RMSE) when the software end-stop was
not active was 0.6, 0.7, 1.4, and 1.8 Nm for the hip abduction/adduction, hip flexion/extension, knee flexion/extension,
and ankle plantar/dorsal flexion, respectively.
By design, sometimes the torque tracking error could be
large. This occurs when the joint nears the software end stop.
Then the end stop controller, which minimizes the penetration
beyond end stop, takes precedence over the torque tracking
goal (which minimizes torque error). In Figure 5 the hip
abduction angle approaches its maximal value and so is limited
in two epochs, which is clearly reflected in the drastic increase
of the torque error.

B. Complete SCI Test Pilot
For S1, the complete SCI test pilot was able to walk
with the combined NMC and trajectory controller with an
average speed of 0.1 m/s (Table V.) Torques exerted by the
exoskeleton are shown in Figure 5. The joint angles of the
hip and knee tracked the reference joint angles reasonably

well when the software end-stop were not active. Ankle joint
angles were not very well tracked since the NMC controller
was relatively more active than the trajectory controller. We
also collected data after the Symbitron project ended from a
complete SCI individual completing all tasks of the Cybathlon
competition, mostly without body weight support. In the
Supplementary materials, videos and joint angles and torques
from the exoskeleton can be found for standing up and down
and for walking while crossing a tilted path, up and down stairs
and ramps, opening and closing a door, slaloming through
poles, and stepping over stones.

C. Incomplete SCI Test Pilots
When used in KA configuration (incomplete SCI pilots
S2 and S3), the NMC-controlled wearable exoskeleton could
support a wide range of walking speeds for each SCI test pilot
(Table V). The pilots were able to dictate the walking speed
by varying their (still intact) thigh behavior; the NMC automatically adjusted the knee and ankle behavior accordingly.
Both test pilots walked faster with the aid of the robot
than without it. The NMC allowed the SCI test pilots to
change their walking speed and stride length. The individual’s
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TABLE V
R ANGE OF WALKING S PEEDS

Fig. 6. Speed and stride length for S2 and S3 for the shod (triangle) and
NMC (plus) conditions. Inset: boxplot of walking speeds for S2 and S3.
The middle line in the box is the median speed while the bottom and top
edges represent the 25th and 75th percentile, respectively. The whiskers
extend to the minimum and maximum speeds. Strides with stride times
t < 0.8 s and t > 3 s and speeds < 0.2 m/s were discarded to avoid any
turning or very small steps at the beginning or end of trials.

stride length increased with speed (Figure 6). Incomplete SCI
test pilot-specific NMC parameters were kept constant during
all trials, and the NMC successfully supported variations in
walking speed within and among each test pilot without any
pre-defined trajectories.
NMC provided incomplete SCI test pilots with supporting
torques that resulted in joint kinematics and kinetics that were
similar to healthy gait (Figure 7). Healthy data at a walking
speed of 0.6 m/s was used for qualitative comparisons [23].
Similar to healthy profiles, the NMC provided both complete
SCI test pilots with a peak ankle plantarflexion torque to
assist in ankle push-off and knee extension and flexion torques
during stance. Without the exoskeleton, both S2 and S3 walked
with a more dorsiflexed ankle angle. With the NMC, the ankle
angles of both test pilots were less dorsiflexed and closer to
normative ankle patterns. For S2, knee angles with NMC were
similar in profile with shod condition and healthy data but
with less knee flexion during swing. For S3, the knee torque

Fig. 7. Mean joint angles and torques for the right ankle and right knee
for S2 and S3 as a function of stride. Walking conditions include shod
(dashed or double-dashed) and NMC (solid or solid-dotted) with two different speeds (fast: dark, slow: light). Data from healthy persons (dotted)
are included for comparison. Heel-strike at 0%; vertical lines indicate
toe-off. Legend indicates the number of strides over which the mean was
taken.

profiles with and without robotic assistance were different,
but the NMC-provided torques were closer to natural healthy
torque patterns with extension during the early part of stance
and flexion in late stance. S3’s own knee torques during stance
could arise from the lack of knee flexion during stance.
Differing methods for recording kinematics and determining
joint torques could account for some of the disparities between
shod and NMC conditions. For the NMC conditions, exoskeleton ankle and knee angles and torques were measured from
the wearable exoskeleton encoders and torque sensors. For the
shod conditions, human joint angles and torques were retrieved
based on motion capture data through inverse kinematics and
dynamics. In particular, the NMC torque is the external torque
exerted by the exoskeleton while the shod torque is the net
joint torque based on a rigid body model through standard
inverse dynamics calculations.
VII. D ISCUSSION
Our aim was to develop an exoskeleton for individuals
with a SCI that can be personalized to a broader range of
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lesion levels and gradations. We have developed a modular
system that can be customized for each person by selecting the
relevant joint modules and by adjusting the 23 length settings
appropriately.
Experiments were done with different configurations: HKA
(Hip/Knee/Ankle) and KA (Knee/Ankle) on test pilots with
different impairment levels. For people who still had remaining
walking ability , we found an increased walking speed when
wearing the exoskeleton. The NMC controller enabled the
exoskeleton to automatically adapt to changes in walking
velocity. The emerging gait and torques were mostly similar
to those found in healthy people. People who fully lost their
walking ability could also walk again when wearing the
exoskeleton.
We conclude from these preliminary results that the NMC
can support gait for a large range of speeds and is capable
of generating healthy-like gait for SCI test pilots with various
levels of mobility during overground walking. In particular,
for S2 and S3, NMC ankle and knee torque profiles were
similar to healthy ones. While there were some differences
in joint angles, the NMC produced more normative ankle
angles than the SCI test pilots could achieve without the aid
of the exoskeleton. Using only a fixed set of controller gains
tailored to each user’s needs, the diversity of gaits achieved
demonstrates the versatility and capability of a bio-inspired
controller. The modularity of this controller is also particularly
suitable for use in a modular exoskeleton, such as the one
detailed in this paper. From the results we presented and
data in the supplementary materials, it is evident that for the
incomplete SCI test pilots all requirements were met, while
for complete SCI test pilots all mandatory requirements were
achieved (see Table I).
In addition to the experiments presented in this paper,
we also used the exoskeleton to support standing balance
in our SCI test pilots [25]. Using the exoskeleton in the
ankle-knee configuration, we tested how various low-level controllers (PD control on center of mass and a momentum-based
controller [26]) performed in assisting individuals with incomplete SCI with maintaining their balance while standing. The
centre of mass was estimated from the joint angles of the
exoskeleton and IMUs attached to the chest and right thigh.
Results were promising since all SCI test pilots improved
their balance recovery after being perturbed. One of the
SCI test pilots could only stand stably with help of the
exoskeleton [25].

A. Comparison to Other Exoskeletons
In Table VI, the main characteristics are shown for some
exoskeletons. Care should be taken with comparisons because
the exoskeletons have been developed for different purposes
(e.g., commercial/home usage vs research), therefore large
differences are to be expected. The Symbitron exoskeleton is
heavier due the higher number of actuators. The exception is
the Atalante exoskeleton with 12 actuated degrees of freedom.
With this exoskeleton, complete SCI individuals were able to
walk slowly at 0.1 m/s without using crutches. Other devices
do (mainly) use direct actuation, while we employ SEA. The

TABLE VI
C OMPARISON OF M AIN C HARACTERISTICS FOR
VARIOUS E XOSKELETONS∗

advantage of using SEA is to have much better force control
capacity, which is essential for implementing bio-inspired
controllers and for partial support of gait and balance. Most
lower-leg exoskeletons for SCI do not actuate the ankle, while
we do. An ankle-only exoskeleton evaluated in individuals
with SCI showed improved push off kinematics and a small
reduction of activity in muscles involved in push off [27].
We recently found similar advantages of such a device [7].
IHMC’s Mina v2 exoskeleton [28] also includes actuation of
the ankle. In their report about IHMC’s participation in the
Cybathlon 2016, the authors state that the addition of the
powered ankle to Mina v2 indeed propelled the patient forward
during walking and made walking more stable. Also, in the
Atalante exoskeleton, active control of the ankle is necessary
to maintain balance. So, inclusion of ankle actuation holds
promise to improve walking efficiency in individuals with SCI
and is essential to include for supporting balance.

B. Future Work
Future development for the exoskeleton will be aimed at
reducing weight, increasing robustness, and increasing maintainability and further developing high level control software.
Weight reduction was a major goal in design of the actuators. The structure, however, was harder to optimize due
to the many available size-adjustments of the exoskeleton.
Additionally, its modularity needs to be reconsidered because
it increases the number of interfaces even further. Future
development will be aimed at finding fast and low-cost ways
to produce a one-to-one structure for each SCI test pilot to
minimize mass and volume. Also the weight of the backpack
will be reduced significantly.
Large sources of failure in the exoskeleton were the cables
and connectors. Again, because of the number of available size
adjustments, the cables were running external to the exoskeleton structure, creating vulnerabilities. Here, modularity also
creates additional complexity by demanding an additional connection and requiring variable cable length. More effort needs
to be made in the integration of the cables and connectors
in the structure. Finally, design for maintenance was greatly
underestimated in the project. In future designs, electronics
should be accessible and easily replaced.
To improve the functionality of the exoskeleton, we will also
improve the high level controller to support balance during
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walking to reduce the reliance on crutches for complete SCI
individuals when wearing the exoskeleton. We are also developing a flexible path planner such that the exoskeleton can
cope with more challenging environments, such as those used
in the Cybathlon competition. While our future improvements
will further advance exoskeleton performance and usability,
the Symbitron exoskeleton shown here demonstrates that tailored assistance through modularity in hardware and control
is promising for restoring the gait of individuals with a spinal
cord injury, whether they required targeted aid or full support.
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