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a b s t r a c t

The paper deals with design solutions for the elbow module of a haptic arm exoskeleton
used for remote control of robots in space. The haptic elbow exoskeleton module should
control the motion of the robot and have a haptic feedback from it. The design solutions
for achieving the mechanical feedback can use controlled mechanism structures or direct
actuators. Several proposed design solutions and a control strategy are shown in the
paper.
& 2016 International Federation for the Promotion of Mechanism and Machine Science
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1. Introduction

Robotics science started with the development of industrial robots [1] and evolved with several dedicated applications
such as medical robots [2,3], mobile robots [4], service robots [5–7] and several special structures as parallel robots [8],
reconfigurable robots [9] orthoses [10], exoskeletons [11–26], etc. The exoskeleton development started in the 1960 s, de-
fined as an anthropomorphic active mechanical device worn by an operator and augmenting his mechanical performances
[10]. Several applications of the exoskeletons are developed in the field of medical and entertainment telerobotics, but also
in space applications.

The haptic feedback allows the further development of several haptic devices for virtual reality in form of human-
computer interaction [11]. This interaction permits both tactile and force feedback. This feature opens a new applications
area implying the use of exoskeletons for teleoperation with haptic feedback, implicitly in telerobotics.

Exoskeletons were firstly developed for rehabilitation of persons with limb injuries. A large number of patents propose
kinematic, design and control of such exoskeletons. For instance, Joutras et al. [12] patented a complex equipment including
an exoskeleton, which comprises of almost all joints of human body (shoulder, elbow, wrist, knee, foot joint and neck). The
equipment is conceived for rehabilitation by movements of body segments, which are controlled in amplitude and resistant
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loading. The whole system is designed for static functioning, as the patient sits in a special wheel-chair.
Dariush [13] focuses on getting a method of controlling an exoskeleton actuator. He developed a theoretical approach to

compute the equivalent joint torque for compensation of gravity and external forces, using anthropometric and exoskeleton
parameters and external forces.

Perry and Rosen [14] propose a 7-DOF (degree of freedom) exoskeleton arm with sEMG (surface electromyography)
neural control. The solution claims a better human-machine interface, which works at the neuro-muscular level, thus re-
ducing the effects of electro-mechanical delay. Patoglu [15] designed an entire exoskeleton, focusing on 3-DOF self-aligning
joint elements. Schena [16] proposes the electro-active polymer actuators as devices to provide haptic sensations, em-
phasizing the better efficiency and lower costs of this technology. The subject started to be treated previously by Bar-Cohen
[17].

New force rendering approach with variable feedback gain is proposed by Farkhatdinov et al. in [18], where haptic
feedback improves the quality of mobile robot teleoperation by smoothing the trajectory. Caldwell and Tsagarakis [19]
constructed and tested a 7-DOF prototype upper arm training and rehabilitation exoskeleton, weighing less than 2 kg due to
the use of pneumatic muscle actuators as power source.

Principle considerations and discussions on the potential tasks and limitations of haptic devices make the subject of
various works within the last two decades [20–23]. Recently, most European researches are developed within the frame of
ESA (European Space Agency) projects. The results of these projects are communicated in papers such as [24–26], whose
authors bring together the expertize of most European countries.

Letier et al. [24,25] focus on the opportunity of developing an upper limb exoskeleton. This is a 7-DOF haptic control
chain, for haptic teleoperation of slave robots. The conclusion of the research work is that haptic exoskeletons for outer
space teleoperation is still at the level of research developments, because of problems regarding global ergonomics (weight,
fixations) and robustness (hardware and software).

Gancet et al. [26] introduce the MINDWALKER project, where EEG (Electroencephalography) based kinematic control is a
central concept. The project proposes new technologies, such as EEG dry cap, new VR (Virtual Reality) based tools with
visual feedback, EEG-BNCI (Brain Neural Computer Interfaces) control. A lower limb exoskeleton structure was developed on
medical purposes, but there is prospect for implementation in space applications.

The conclusion which results by searching technical literature is that structure, kinematics and control of exoskeletons
exist in different variants. However, space applications require specific development or even new technologies. The present
paper focuses on the development of several design solutions for the elbow module of the haptic arm exoskeleton, meant to
enable force-feedback teleoperation with redundant robotic arm (slave robot). The design solutions use different angular
sensor/transducer to acquire the movement of the human arm and to transmit the converted signals to control remotely the
robotic arm movement and different actuators or devices to apply the haptic force feedback on exoskeleton´s joints. The
solutions are compared taking in to account several criteria required by space conditions and an optimal solution is
identified. A control strategy is developed for the optimal solution.

2. Modular haptic exoskeleton

In space it is necessary to perform extravehicular activities in order to maintain, to adjust or to assembly some devices. In
order to provide extravehicular activities safe for the human operator in the spacecraft, it is necessary to use an extra-
vehicular robot connected with a haptic arm exoskeleton actuated by him or her. The haptic force feedback on the arm
exoskeleton allows avoiding damages by excessive forces given by the extravehicular robot [22].

The task of the project EXORAS is the developing of a new lightweight, easy wearable and comfortable haptic arm
exoskeleton for teleoperation with a robot having equivalent kinematic chain and with force-feedback. The haptic arm
exoskeleton should have 2-DOF on the shoulder, 1-DOF on the elbow and 2-DOF on the wrist, that control the corresponding
robot joints as indicated in Fig. 1.

The developing strategy of the haptic device was a modular concept, in order to simplify the testing and control pro-
cedures and to allow various configurations adapted to the performed tasks and to the structure of the robotic chain to be
controlled.

Fig. 2 details the haptic control strategy of the arm exoskeleton modules. In order to transmit the angular movement of
the human arm, the exoskeleton must be able to acquire it with an angular sensor/transducer, to convert it in a signal and to
control remotely the robotic arm movement. For the force feedback will be used a force sensor/transducer, which transmits
remotely back to the exoskeleton and implicitly to the human arm the reaction force. Although in some applications the
motion control of the robotic arm and the force feedback to the human arm should be reversible (to allow direct and back
drive) in space applications it is not compulsory, because of lack of gravity.

The paper deals only with the haptic elbow exoskeleton module. The proposed design solutions for achieving the me-
chanical feedback can use controlled mechanism structures or direct actuators.

The imposed maximal rotation angle of the elbow should be 110° and a maximal reaction load on the operator’s hand of
F¼25 N is taken into account. Therefore, for a forearm length lf ¼400 mm, an equivalent haptic reaction moment MR

¼10 Nm results.
Some proposed mechanical solutions are designed in order to describe the control strategy.
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