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Abstract: This paper presents the design and development of a whole-body active
orthotic system (exoskeleton) for rehabilitation and interaction with virtual reality.
The wearable structure comprises upper-limb, lower-limb and central torso
modules with 29 degrees of freedom, 14 of which are actuated by antagonistically
acting pneumatic artificial muscles that mimic the human muscle—tendon—
ligament structure. Lightweight prototypes in aluminum, plastic and carbon fulfil
the design requirements for low mass and inertia, safety and an anthropomorphic
range of motion. A distributed control system with multiple microcontroller units
implements joint torque and impedance control using feedback from position,
force and pressure sensors. The system operates in three modes: as a haptic and
rehabilitation device, as an assistive orthosis in cases of impaired muscles, and as
a motion tracking system exchanging data with virtual reality. The graphical user
interface Exolnterface provides calibration, communication and real-time
bidirectional data exchange with a virtual avatar at 170 Hz. Experiments
performed in a virtual environment demonstrate accurate motion reproduction and
force feedback, confirming the system’s potential for assistive and rehabilitation
applications for people with limited mobility.

Keywords: active orthosis, artificial muscles, exoskeleton, haptic device, joint
articulation, rehabilitation robotics.
1. Introduction

Exoskeletons are currently being developed for the military and medical
applications, to assist in rehabilitation, to increase the mobility of the elderly or to
support factory workers while performing manual work. An exoskeleton is a
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wearable robotic device with joints and limbs corresponding to those in the human
body. The main purpose of the exoskeleton is to compensate the lack of force in
the joints and support the user’s body weight so as to minimize the loading on the
joint [1] or for gait assistance [2-4] by supplying assistive torque at the knee joint
during dynamic activities of daily living [5]. There are different prototypes of
exoskeletons that use different actuators, e.g. ultrasonic motors, pneumatic rubber
artificial muscles, and air bag actuators [6-8] etc.

Haptic or force-reflecting interfaces are robotic devices used to display
touch or force-related sensory information from a virtual or remote environment
to the user [9], [10]. Many upper limb exoskeletons with different mechanical
structure and actuation, with or without force feedback haptic devices, have been
presented in the literature [11-19]. The known exoskeletons working in virtual
reality are commonly for one or both upper limbs. In most cases, these devices are
grounded and they provide a limited range of interaction in virtual reality. Lower-
limb exoskeletons are also currently being developed to assist elderly or disabled
people in walking.

The main task of our project was to create an exoskeleton for the whole
body with a wearable structure and anthropomorphic workspace including:
exoskeleton for upper limbs as a haptic device providing force feedback of the
limbs during the interaction in a virtual reality; exoskeleton for the torso and lower
limbs that minimize the load on the lower limb joints by providing assistive
torques and control the virtual avatar movements.

2. Description of the system

A model of the whole exoskeleton was designed in Solid Work. Based on the
structure scheme in Figure 1, the device was build-up like a branched serial
kinematics structure consisting of rotational joints and functioning as a powered
exoskeleton. The whole exoskeleton structure includes left and right upper limb,
left and right lower limb and central exoskeleton structure corresponding to
human torso and waist, supporting upper and lower limbs. Antagonistic acting
pneumatic muscles are used for moving the limb units. The total number of
degrees of freedom for the whole exoskeleton structure is & =5+5+6+6+7=29 and
the number of actuated joints is 4, =4+4+3+3=14. The Upper limb exoskeleton
has 4 d.o.f. corresponding to the natural motion of the human arm from the
shoulder to the elbow but excluding the wrist and the hand. The Lower limb
exoskeleton has 6 d.o.f. corresponding to the natural motion of the human lower
limb from the hip to the foot. The exoskeleton mechanical structure as a wearable
device has to fulfil the design requirements for low mass/inertia, safety, comfort,
anthropomorphic extensive range of motion, etc. Emergency stop and user
activated alarms are fitted to the system hardware and linked to the overall control
system to ensure that the user will not be injured by the system.
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Fig. 1. Whole body exoskeleton: a) Kinematic structure; b) CAD design.

The Active Orthotic Systems (AOS) can operate in three modes:
e Haptic and rehabilitation device;
e Assistive Mode with active orthosis in cases of impaired muscles;
e Motion tracking system with data exchange with virtual reality.
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Fig. 2. Real prototype: a) Upper limb exoskeleton; b) Lower limb exoskeleton.

The work includes:

o An Active Orthosis for Upper Limbs — haptic device with force-feedback

that can display sensory information from a virtual reality to the user. The
orthosis consists of a novel construction produced by carbon, actuated by
pneumatic actuators and controllers with force-reflecting interface;



o An Active Orthosis for Lower Limbs — assistive locomotion device actuated
by pneumatic artificial muscles and adjustable joint torque;

o A Control System for joint actuation and force feed-back from VR. Joints
actuation is achieved by producing appropriate antagonistic torques through
antagonistic action of pneumatic actuators applying impedance control;

e FExolnterface — graphic user interface for exoskeleton -calibration,
communication and interaction with virtual reality.

Fig. 3. Active exoskeleton for upper and lower limb actuated by pneumatic muscles.

The first prototype was designed from aluminum (Fig. 2) and actuated by
pneumatic muscles working in antagonistic manner. The second and third
prototype is constructed from plastic and carbon to fulfil the design requirement
for lightness and structure with low mass/inertia characteristics (Fig. 3). The main
details are manufactured using a 3D printer from PLA plastic. The most loaded
parts like axes and bearings are manufactured from steel. The exoskeleton arm
segments are designed so that it can be easily used by the ‘typical adult’ with only
minor changes to the set-up.

3. Control system

The control system of the exoskeleton contains multiple micro-controller units
(MCUs) to support the following tasks for each joint: actuation, sensing, signal
processing and control. The proposed control technology is based on feedback
information from visual and pressure sensors, position (magnetic encoders) and
force sensors (strain gage) mounted in each joint of the exoskeleton. The body
balancing and supporting exoskeleton system is provided also with two insoles
with tactile switches and a set of accelerometers. The prototype sensor system
provides information for joints rotation in real-time. The Master controller
determines the position of the limb and exchanges the data with the PC
Exolnterface program and virtual environment (Fig. 4).
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Fig. 4. Distributed control.

Exolnterface program transfers the data through the internet by UDP protocol in
order to map the avatar in the virtual reality. The avatar in the virtual reality may
perform an action or movement and thereby activate the corresponding limb
sending new information about forces applied to the end effector. The Control
algorithm analyses the motion and received information and decides an
appropriate joint position or new orientation of the body.

The Upper limb exoskeleton acts as a haptic device that displays force-
related sensory information from the virtual avatar. The Local control system
interprets the applied forces at the end effector of the avatar and sends the
commands to drive the corresponding segments of the exoskeleton. The MCU
determine the joint position by computing the torque and carry out commands to



the pneumatic muscles by signalling the solenoid valves to open or close. As a
result, a Joint torque control is implemented in each joint.

The joint control is achieved by producing appropriate antagonistic torques
through antagonistic action of pneumatic actuators applying Impedance Control

(Fig. 5).
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Fig. 5. Joint torque control.

Impedance controlled systems detect the motion commanded by the operator and
control the force applied by the haptic device. When the system operates in force
feedback mode, it can generate a virtual kinematic constraint to the user
movements corresponding to the contact with a surface.

A group of two or more pneumatic muscles can be used for actuation of
different joints. Establishing a maximum torque in the joint of antagonists muscle
actuators, it is assumed, that one muscle group is active in one direction, when the
other is passive and vice versa. This is achieved by switching the filling valve to
achieve the desired joint moment. However, the muscle bundles with zero
pressure always participate with a force in the joint antagonistic equilibrium, as
they are elastic. If we denote by P, and P; forces in passive muscle groups (at zero
pressure), the desired force of an active muscle bundles is calculated by equations:

dP, =Py+| dP|
dPy = P,+| dP|
dP=AQ/r

where | dP | is the force module set by the desired torque Oy in the joint, » is the
radius of the pulley, Z/ represents the dynamic model of the exoskeleton in joint
space.

The range of each muscle depends on the operating pressure, p. The torque
regulation in the joint position are analysed by means of pressure variation
Pa=1(0,q), pp=1p(0,q) which are used to control the moments in the joints.



Gravitational components of joint moments were rated according to the
model for gravity compensation of the exoskeleton arm.

Antagonistic acting pneumatic muscles are used at the same manner to
move the lower limb units. The design task here was to create a lower limb with
active joints, where the torque can be adjusted within wide limits according to the
needs of the operations. The design problem was solved with BG Patent Reg. No
112139/06.11.2015, “Lower limb with active joints” [20]. The actuation structure
includes pneumatic artificial muscles and tensioning pulley to reduce variable
moment in the leg joints.

4. Motion tracking system and data exchange with virtual reality

A Graphical User Interface, Exolnterface has been created for exoskeleton
calibration, communication and data exchange with the virtual reality (Fig. 6).
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Fig. 6. Exolnterface — graphic user interface for exoskeleton calibration, communication
and data exchange with virtual reality.

Exolnterface program is the main interface between the exoskeleton’s controller,
the virtual reality environment and the user. Data transfer between the exoskeleton
and virtual avatar has been performed in 3D Unity Virtual Engine trough the
VERE Platform server. The server is located at the University of Barcelona. The
communication is realizing through the internet and bidirectional data exchange
between the Exolnterface program and virtual reality is performed in real time.
HMD Oculus Rift is used for visualization in the virtual system. A first optical
tracker (HMD Oculus Rift) is used to track the head position and orientation, and
a second (Exoskeleton system) to track the rigid frame of the upper-limb
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exoskeleton. The two reference frame are fused in a single reference system and

together are used to track the position and orientation of all human body (Fig. 6,
7).

Fig. 7. Exoskeleton data exchange with virtual avatar.

Actual tests have been performed between IM-BAS in Sofia and UB in Barcelona
with very low latency between the Exoskeleton and the Virtual avatar. The avatar
and the exoskeleton were moving in the same way and speed. Data transfer is
performed at 170 Hz.

5. Results and discussions

A GIM virtual environment suitable for the realization of the physical exercises
Virtual Weight Lifting and Pilates (from a first person perspective) has been
created. An experiment has been completed in virtual reality where participants
were either embodied in a weak or strong body. The measurements have been
taken and the following set of variables recorded — forces applied and retrieved
from the exoskeleton, tracking data for later playback and evaluation, embodiment
questionnaires. The effect of embodiment with different types of bodies on
personal strength has been examined. The torque regulation possibilities in the
joint or in the joint position are analysed by means of pressure variation. Three-
dimensional characteristics joint torque — muscle contraction — pressure are used
for torque control of the joints by monitoring the muscles pressure and positions
in the actuated joints (Fig. 8).

The values of the physical damping and stiffness of the actuators and
transfer elements of the exoskeleton are evaluated experimentally. When both
muscles groups work antagonistically in a single joint the system ensures easy
joint control, bidirectional actuation without backlash and possibility for stiffness
joint variation.
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Fig. 8. Characteristics in 3D: joint torque / joint position / pressure for a bundle of
muscles antagonists.

6. Conclusion

The design and development of an active/assistive orthotic system has been
carried out. The orthotic system consists of a novel lightweight wearable structure
for the whole body with anthropomorphic workspace and includes: exoskeleton
for upper limbs as a haptic device providing force feedback of the limbs during
the interaction in a virtual reality; exoskeleton for the torso and lower limbs that
minimize the load on the lower limb joints by providing assistive torques and
control the virtual avatar movements. Program “Exolnterface” for exoskeleton
calibration, communication and interaction with virtual reality has been
developed.

One of the main achievements of the active/assistive orthotic system is the
multifunctionality — AOS combines the motion tracking system, haptic and
rehabilitation device in one wearable structure with force feed-back and
anthropomorphic workspace covering the full range of human motions.

The proposed system can be used for application where both motion
tracking and force feedback are required, such as human interaction with virtual
environments. The system would be of great importance to people with limited
mobility for assistive and rehabilitation tasks.
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