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Energy-efficient control strategy of exoskeleton of upper limb
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The current research and effort in an improvement of exoskeletons can be partly divided into
two main areas, which are focused by muscle targeting on lower and upper limb exoskeletons,
respectively. A systematic review, which deals with the design, actuation and control of ex-
oskeletons, is shown in [3]. Moreover, exoskeletons can be also divided to wearable exoskele-
tons and stationary designs. An notable concept of stationary upper limb exoskeleton with
redundant cable actuation control implemented is CAREX-7 [1]. This concept was explored
further by topics such as self-identification and other topics connected with redundancy in ca-
bles as well as sensors. An interesting representative of the wearable exoskeleton is described
in [4], where a semi-active approach is proposed and studied. Besides the classic mechanical
strutures, there are also special cases. One of them is a lower limb exoskeleton with an active
and passive variable stiffness control system based on a shape memory alloy [5].
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Fig. 1. Simulation scheme of biomechatronic system composed from human upper limb and exoskeleton

The paper deals with the exoskeleton of upper limb. The main focus is targeted on the wear-
able type of exoskeleton, where the energy-efficient control strategy is crucial. The considered
approach is based on the natural motion of the upper limb with the exoskeleton mounted. In
the scenarios studied, these are mainly repetitive motions, which intuitively leads to the use
of energy storage elements such as springs. Tuning these elements to fully support the upper
limb during the repetitive motion demands (typically a rehabilitation procedures) is the basis
for a concept called “eigenmotion” [2]. The active control force is then used ideally only to
overcome the dissipation in the structure and to support the upper limb motion to stay on the
eigenmotion trajectory.

The arising system leads to the simulation scheme of biomechatronic system. The upper
limb and upper limb exoskeleton is considered planar for simplicity and for concept verifica-
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tion. The upper limb is modelled as a double pendulum with seven muscles projected to the
planar geometry. The Hill’s muscle model is used. The control of the upper limb is done using
computed torque control together with the PD (Proportional-Derivative) regulator and optimiza-
tion, which is implemented due to the muscle redundancy.

The upper limb exoskeleton is also modelled as a double pendulum and drives are placed in
joints. The dynamics of the upper limb exoskeleton is given as

M(q)d + N(q,q) + D(q) + K(q) + Qc(q) = Qp, (1)

where M(q) is the mass matrix, N(q, q) is a vector of nonlinear terms, D(q) represents damp-
ing, K(q) represents stiffness, Q¢(q) is a vector representing the gravitational forces and Qp
is a vector of drive forces. The connection of the upper limb and the exoskeleton is provided by
very stiff springs. The simulation scheme of arising biomechatronic system is shown in Fig. 1.
The biomechatronic system consisting of upper limb and upper limb exoskeleton is pro-
posed and studied. The exoskeleton is supposed to be a wearable one with is directly connected
with the energy-efficient control strategy. The considered approach is based on the concept
known as “eigenmotion”. The upper limb and exoskeleton are considered planar to verify the
considered approach and are based on a double pendulum. The computed torque control with
PD controller are implemented to both upper limb and exoskeleton, where inner optimization is
implemented to treat the muscle redundancy. Finally, the trajectory generation is done using the
eigenmotion concept to follow the natural motion of the upper limb and exoskeleton together.

Acknowledgements

The work has been supported by the Czech Science Foundation project 23-06920S “Function-
ally biomimetic exoskeleton of human upper limb for selective muscle augmentation” and partly
by the project SGS22/150/OHK2/3T/12 Mechatronics and adaptronics 2022 of the Czech Tech-

nical University in Prague structures.

References

[1] Cui, X., Chen, W., Jin, X., Agrawal, S. K., Design of a 7-DOF cable-driven arm exoskeleton
(CAREX-7) and a controller for dexterous motion training or assistance, IEEE/ASME Transac-
tions on Mechatronics 22 (1) (2016) 161-172.

[2] Krivosej, J., Benes, P., Zavfel, J., Balon, A., Halamka, V., Sika, Z., Energy efficient robots based
on structures with tensegrity features and cable-driven mechanisms, Mechanism and Machine
Theory 187 (2023) No. 105364.

[3] de la Tejera, J. A., Bustamante-Bello, R., Ramirez-Mendoza, R. A., Izquierdo-Reyes, J., System-
atic review of exoskeletons towards a general categorization model proposal, Applied Sciences 11
(1) (2020) No. 76.

[4] Zahedi, A., Wang, Y., Martinez-Hernandez, U., Zhang, D., A wearable elbow exoskeleton for
tremor suppression equipped with rotational semi-active actuator, Mechanical Systems and Signal
Processing 157 (2021) No. 107674.

[5] Zhang, J., Cong, M., Liu, D., Du, Y., Ma, H., Design of an active and passive control system for a
knee exoskeleton with variable stiffness based on a shape memory alloy, Journal of Intelligent &
Robotic Systems 101 (2021) 1-15.

102



	Krivošej J., Švadlena J., Daniel M., Šika Z.: Energy-efficient control strategy of exoskeleton of upper limb

