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Abstract—In this paper, we present our research study
concerning the design and development of an exoskeleton that
aims to provide 3D walking support with minimum number of
actuators. Following a prior simulation study, the joint config-
uration was primarily determined. In order for the exoskeleton
to possess advanced characteristics, the following design criteria
were investigated: i) all the actuators (hip/knee/ankle) were
deployed around the waist area to decrease leg weight and im-
prove wearability, ii) custom-built series elastic actuators were
used to power system for high fidelity torque-controllability,
iii) 3D walking support is potentially enabled with reduced
power requirements. As a result, we built the first actual
prototype to experimentally verify the aforementioned design
specifications. Furthermore, the preliminary torque control
experiments indicated the viability of torque control.

I. INTRODUCTION

Paraplegia is a particular type of disease that affects the
lower extremity motor and sensory functions. To provide mo-
bility for people with paraplegia, low cost and practical sys-
tems, e.g., wheelchairs, can be utilized. However, solutions as
mentioned earlier become ineffective on uneven or inclined
terrains and may also cause pressure sores due to long term
usage [1], [2]. In this regard, wearable exoskeletons can be
a more favorable solution owing to their walking support
abilities that enable improved neuroplasticity [3].

Most state-of-the-art lower body exoskeletons possess
2 active Degrees of Freedom (DOFs) along the Flex-
ion/Extension (F/E) axis through the knee and hip joints
[4]-[6]. Such a kinematic configuration is designed with
the intention of moving the user’s leg forward with the
least number of actuators. While this strategy may minimize
cost, weight and energy requirements, it enforces the user
to actively engage its upper body via crutches to maintain
static balance.

Indeed, the aforementioned 2 active DoF per leg exoskele-
tons demonstrated successful walking support for human
users; yet, the long term use of such devices is argued to
be questionable due to limited gait capability and extensive
upper body effort [7]-[9]. These problems may be prevented
with the expense of increased active DoFs. For instance,
Ugurlu et al. developed an exoskeleton via the addition of an
active ankle joint along D/PF (Dorsi/Plantar Flexion) to ad-
dress self-balancing capability in the sagittal plane [10]. For
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Fig. 1.
support phase, b) single support phase (left foot swings), ¢) swinging left
foot lands.

A single step from our simulation studies [14]: a) double support

the Mindwalker exoskeleton, the researchers further added an
active joint along the hip A/A (Adduction/Abduction) joint
to enable CoM (Center of Mass) shift [11]. Further efforts on
this matter led to fully actuated exoskeletons with 6 active
DoFs per leg [12], [13].

Obviously, increasing the number of active joints paves
the way for improved walking gait support; however, the
long term use of exoskeletons dictates reduced power con-
sumption and light mechanical design requirements. In other
words, there are contradictory requirements for the enhanced
gait capability objective. With this trade-off in mind, we
ran simulation studies in MSC ADAMS environment [14]
to determine the minimum number of active joints to ensure
3-D walking while considering gait determinants [15]. Three
snapshots from the simulation experiment are displayed in
Fig. 1. As a result, we observed that 3D walking could be
achieved via 4 active joints per leg configuration, namely, a
2 DoF hip joint along the F/E and A/A axes, a 1 DoF knee
joint along the F/E axis, and a 1 DoF ankle joint along the
D/PF joint; see Fig. 2.

Considering the findings discussed above, the main re-
search study in this paper is the mechatronics hardware
design and development for an exoskeleton system, namely
CoEx, with the following advanced properties : i) all the
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Fig. 2. Joint configuration of the exoskeleton, displayed only for a single
leg. Note that actuator axes do not directly indicate the joint axes; see Fig.
3. A simplified human leg kinematics is considered.

actuators are deployed around the waist area to enhance
inverted pendulum analogy and to decrease leg weights for
enhanced wearability, ii) long term 3D walking support is
potentially enabled with the least number of actuators for
reduced power requirements, iii) torque control is made
possible with the help of stand-alone SEA (Series Elastic
Actuator) units with high torque-to-weight ratio and high
torque resolution. Developing such an exoskeleton prototype
enables us to investigate whether these advanced properties
can be satisfied with the proposed system, and if not, it
would lead us to further improvements to pursue these design
objectives.

The remainder of this paper is organized as follows, In
Section II, the development of mechatronics hardware is
explained in details with a particular emphasis on SEA
units, mechanical structure, manufacturing process, electron-
ics design, and user safety. Section III presents preliminary
torque control experiments. Finally, the paper is concluded
in Section V.

II. MECHATRONICS HARDWARE DEVELOPMENT
A. Leg Design Approach

Due to multi-dimensionality, discontinuous contacts, and
uncertainties associated with the exact dynamic models of
legged robots, researchers often prefer reduced-order ab-
stracted models that encapsulate the dominant characteristics
of the system. In these models, the whole body is represented
as a single body that is attached to the ground via a massless
telescopic leg [16]. Therefore, if the real physical system
mass is accumulated around the upper torso, these approx-
imations can represent the dynamic system behavior more
accurately compared to models with distributed mass [17]. In
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Fig. 3. CAD structure of the CoEx exoskeleton as the position of the
actuators highlighted. Various four-bar mechanisms are utilized to transmit
power from motors which are deployed around the waist area.

recently developed systems were adopted this pendulum-like
structure by taking the knee (F/E) actuator to hip level and
the toe (ankle) joint actuator to knee level, and connecting
all these transferred actuators with a four-bar-linkage [18].
This actuator design is also implemented in other systems to
reduce leg inertia [19].

We believe that we can make use of such a strategy
in exoskeleton actuation as well. With this in mind, we
followed a design approach in which all the actuators, even
including ankle actuators, are deployed around the waist area;
see Fig. 3 for the overall CAD of the robot and Fig. 4
for the manufactured exoskeleton. The remainder subsection
discloses the design blocks we bring together to realize the
CoEx hardware.

B. SEA-Powered Joint Units

Torque control and physical elasticity properties are cru-
cial in systems like exoskeleton robots, where a robot and
a human work within a physical contact [20]. Controlled
elasticity plays an important role when compensating the
reaction forces from the ground [4]. Importance of the
torque-controlled actuators become prominent by its straight
forward relation to torque control, which strengthens the
interaction competence [21].

Even though all previous SEAs showed sufficient perfor-
mance, a new SEA which capable of actuating the proposed
exoskeleton was required. The CAD model of the devel-
oped SEA; CoEx-SEA-B is displayed in Fig. 5. A custom
made torsional spring was designed to and connected to
the output of the gearbox (Harmonic Drive CPL-25A-100-
2A2). The output cap of the SEA unit is attached to the
outer circle of the spring. Two 23-Bit (Broadcom Avago



Fig. 4. Manufactured exoskeleton system, worn by a male able-bodied.

AS38 H39ES135) encoders are integrated to measure the
motor angle and torsional deflection (on the link side),
respectively. Advantages of encoder-based system’ torque-
control capacity against load-cell integrated systems have
been highlighted in the literature [22].By considering the
weight Frameless Brushless DC Motors (Kollmorgen TBM-
7615) were integrated, due to their easy to customize nature.
For further details, see [23].
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Fig. 5. CoEx-SEA-B unit CAD section view

TABLE I
SEA MODULE PROPERTIES

Specification CoEx-SEA (B)
Max. Angular Speed (rpm) 44.09
Max. Continuous Torque (Nm) 96
Mass (kg) 2.45
Dimensions (r x L) (mm x mm) 50 x 175
Stiffness (Nm/deg) 45.5
Torque Resolution (mNm) 7.8
Torque-to-mass Ratio (Nm/kg) 39.2
Cost (Euro) ~ 3100

C. Exoskeleton Design

The design requirements related to reaction forces and
torque requirements from the current literature were in-
vestigated. However, minimal information was found on
such design requirements. Therefore, design requirements
were investigated with the aid of numerical simulations.
Towards that goal, an integrated human and exoskeleton
model was co-simulated using MATLAB and MSC.Adams.
Details of the simulation model can be found in [24]. A
human, with the height and weight of 190cm and 90kg,
respectively, was placed with an exoskeleton concept which
was created using CAD software. The model is simulated
under harmonic excitation with 1.5 Hz, which corresponds
to the half of human gait frequency (=~ 1.5Hz2) Thus, the
maximum velocities at the joints have been set to 9.55rad/s.
Finally, the maximum joints forces were identified from the
numerical integration.
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Fig. 6. FEA result of the exoskeleton knee joint

In the joint design process, the most vulnerable joint of
the robot was used as the selection criterion for the motion
components (bearings, shafts, bushings). The worst possible
scenario for each joint was calculated using the transverse
and frontal axis values, see Fig. 6 for the effects of the
loading on a joint. By considering the maintenance, the
bearing selection is made in accordance with the most critical
joint was made. The same bearing is also used for all other
joints. In this study, approximate maintenance life for the
design was chosen as one year. However, considering the
fact that possible daily usage of a regular user is less than 24
hours per day, it is likely that the actual life of the bearing is



much longer than one year. Load rating (C1¢) of the desired
bearing was calculated for this given lifetime and maximum
possible load value with a stochastic safety factor of 1.5.

The adjustable limb was an essential feature of the de-
sign to consider. Thus, the literature has been reviewed to
determine the required limb dimensions, especially, for the
thigh and the shank [25]. A range of different link lengths
were set in accordance with these collected values as; Thigh
459mm —316mm and Shank 473mm —373mm. Bartenbach
et al. suggested a two hollow carbon-fibre centred design
in [26]. In this design, designers considered adjustability
of the different links of the robot with respect to the size
of the human limbs. Additionally, it was observed that
designers used similar joint structures for each link. Even
though this strategy creates many advantages, especially for
manufacturing and maintenance, since each joint has unique
needs, such a strategy can lead to overly safe designs. Hence,
by considering features like adjustability, joint sequence,
and manufacturability, two tube design without the further
joint design was selected for the base of our lower body
exoskeleton.

Inverted pendulum structure of the exoskeleton caused a
challenge, in the transmission of the power from the actuator
to its related joint. Rigidity must be the key component
at this point since the designed system leans on the elas-
tic actuators power transmission with relatively soft power
transmitters like belts and chains could eventually affect the
compliance of the system. Because of these reasons, already
suggested [27], [28] structures were not preferred. However,
robots and exoskeletons use rigid four-bar and five-bar mech-
anisms to transfer motion [18], [19], [29]. By considering
these aforementioned linkage structures power transmission
of the joints was done through four-bar mechanisms.

It is also an important design consideration to make sure
that there a firm grip between the robot and human since
the user has lower body paralysis. There is a vast body of
exoskeleton design in the literature with such design attribute
[10], [27], [30]. In general, orthosis molds are made of
polyethylene, polypropylene, and polycarbonate. Due to their
flexibility, plastic and its derivatives are the most preferred
materials for that kind of equipment. However, polyethylene
orthosis attachments were chosen in this study considering
better durability performance.

D. Manufacturing Process

The manufacturing process of the exoskeleton can be
divided into two distinct sections. The initial section includes
the manufacturing of the motor casings, foot plates, size
adjusters of the hip section, joint shafts and other auxil-
iary support structures. These parts are manufactured using
three main manufacturing techniques: i) turning, ii) milling,
and iii) laser cut. Aluminium 6000 series is used for the
aforementioned parts except for the joint shafts, which were
manufactured from stainless steel.

The later section is realized via adhesion. The carbon-fibre
telescopic leg structures are fused using adhesives into the
aluminium connector caps, which maintains the connection

of the legs with the rest of the system and act as a lock for
the size adjustable leg structures.

E. Electronics Design
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Fig. 7. Electronic hardware implementation with the communication

structure

Electronic implementation of the exoskeleton consists of
various modules based on STM32 microcontrollers. These
modules are the main board, motor control (MC) boards,
and load cell (LC) boards respectively, see Fig. 8. The main
board communicates with the MC and LC via I2C standard.
This connection was designed with a loop as shown in Fig.
7. MC board has a PWM output pin to send commands to
the motor driver, a digital pin to enable and disable the motor
and two encoder inputs to measure the motor position and
the deflection. The LC board amplifies the analog output
of the load cells and converts the analog signal into digital
data. COM Express is the main computation unit of the
exoskeleton and the communication with the main board is
serial communication.

Fig. 8.

Integrated electronic board on left thigh link

FE Safety

Considering that safety is one of the most important
design considerations in the exoskeleton development, a
three-layered safety protocol including mechanical, electrical
and software, suggested by Otten et al. has been implemented
[31]. As part of the mechanical safety layer, each joint of the
CoEx is limited to a level, lower than the human joint range,
as mentioned in [23]. Besides, the thermal structure of the
SEAs is evaluated against the potential burn hazard. Finally,



it is ensured that the parts in motion (four-bar’ crank and
rocker parts, joint shafts) are widely spaced such that they
do not cause harm to the user.

As the second layer of the safety precautions, electronic
boards were designed to be connected as a loop. Onboard
LEDs are programmed to blink in case of any connection
setbacks between the boards. If the slave boards cannot
deliver the requested data, e.g. encoder position, or if it fails
to perform the required action e.g, enabling the motor, an
error code is sent to the main board. Based on the error code,
the program is expected to disable the motor via a digital
signal. In addition to the mechanical and electrical safety
measures, a software-based motor emergency algorithm was
implemented in order to take account the instability of the
exoskeleton. If the motor command signal is at maximum
for a finite amount of cycles, the emergency counter is
incremented by one until it reaches the safety limit. If the
safety limit is exceeded, the motor is disabled until the
program is reset.

III. PRELIMINARY EXPERIMENTS: TORQUE CONTROL

To demonstrate the torque control performance of the
SEAs, results from preliminary experiments are presented
in this section. Experiment results were conducted on a
single joint system controlled via a Cascaded PID controller
proposed in [32]. While the outer loop performs the torque
control of the actuator with a PID controller, the inner
loop achieves the velocity control of the motor side with
a PI controller. In other words, the outer loop generates a
motor velocity reference for the inner loop. The controller
configuration can be seen in Fig. 9 where K is the spring
constant, 74 and 7, are the output torque of the actuator
and motor torque, 0, and ém are the deflection and motor
velocity respectively. Ty is the time constant for the low-pass
filter and "¢/ indicates the reference value.
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Fig. 9. Cascaded PID controller block diagram

Tuning of the Cascaded PID controller was achieved
intuitively with respect to stability criteria defined in [32].
Controller parameters can be seen in Table II where ;
stands for PID and 5 stands for PI controller. Sinusoidal
tracking performance of the controller can be seen in Fig. 10.
Tracking and RMS errors were given for three frequencies
that are 3, 6 and 12 rad/s. The controller bandwidth was
calculated as 17 Hz.

TABLE I
CASCADED PID CONTROLLER PARAMETERS

Parameters Explanation Value
— Sampling rate 2 kHz
Kp1 Outer loop proportional gain 16
Kip Outer loop integral gain 7
Kg1 Outer loop derivative gain 0.8
Kpo Inner loop proportional gain 0.045
Ko Inner loop integral gain 0.012
Ty LPF time constant 0.00167
|— = = Reference Rcsponse|
RMS=0.2835 RMS=0.3133 RMS= 0.3667
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Fig. 10. Sinusoidal tracking with frequencies of 3, 6, and 12 rad/s

IV. DISCUSSION

In this paper a new lower body exoskeleton design is
presented, as every new design has its own, this new design
does bring some further questions too. A few selected
question can be named here with our perspective on these
topics; the higher center of the mass structure is a common
property in many of the humanoids, which does not cause
stabilization problem, with the same characteristic we expect
a stabilized walking quality. As different than the other
exoskeleton designs more weight is carried on the level of
the upper leg and the hip, this may bring the question of
the effects of the increasing joint load for the knees and
etc.. However, as an exoskeleton designed specifically for the
paraplegics, the exoskeleton does not reflect any load on the
human counterpart. Finally, the apparent difference between
the human musculoskeletal and the exoskeleton simplified
the joint-link structure, this is a question require further
attention and experimental data.

V. CONCLUSION

This paper presented our research for the mechatronics
hardware realization of CoEx, an exoskeleton that can po-
tentially provide 3D walking support with the least possible
number of active joints. To improve wearability and achieve
pendulum analogy, all the actuators are deployed around
the waist area. Its joints are actuated via custom-built SEA
units with a high torque-to-weight ratio. The preliminary
experimental results indicate that torque-controllability is
viable for the proposed exoskeleton system.

Currently, we are investigating feasible 3D walking exper-
iments with the proposed exoskeleton system. Therefore, we



consider experimental verification as future work.
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