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EXTENDED ABSTRACT

Introduction

Physical therapy is a common approach to rehabilitation but has limitations regarding
accessibility and the intensity of exercises provided by the therapist. Additionally,
conventional exercises are time-consuming, expensive, and dependent on the therapist's
experience. In this context, robotic rehabilitation offers advantages such as repetitive
exercises with consistent performance over extended periods and quantitative
measurements for performance analysis.

Rehabilitation robots are generally categorized into three main types based on how they
connect to the user: end-effector, exoskeleton, and planar. End-effector robots are typically
attached to the user's body, while exoskeleton robots wrap around the body and
independently control each joint. Planar robots only allow movement in a specific plane
relative to the attachment points on the human body.

For motor therapy, three different rehabilitation modes exist:

Passive mode, where the robot moves the limb along a pre-defined path.

Active-assisted mode, where the patient moves the limb with assistance from the robot
along a pre-defined path.

Active-resistive mode, where the patient attempts to move the limb against a resistive
force generated by the robot.

Early studies on cable-driven rehabilitation robots were presented by Aldo Rossi at the
University of Padua, Italy, and have been applied in later years. Subsequently, Venkata et al.
designed a robot with four cables for axial movement aimed at ankle rehabilitation,
consisting of two platforms on the patient's foot and shin. In this robot, the control design
uses a constant torque to provide resistance in the active-resistive mode.

In this study, a cable-driven rehabilitation robot with four cables and two degrees of
freedom is examined, and a control algorithm is designed for rehabilitation in active-
resistive mode. Based on the simulation of joint movement, the pain threshold is considered
as a criterion for the patient's range of motion. Impedance control is used for rehabilitation.
The impedance control structure is designed so that the impedance coefficients used have
little dependency on the patient's ability level. Simulation results show that the designed
robot meets the expected goals with good accuracy, and the tracking error in joint angles is
minimal.

Methodology

Figure 1 shows the geometric parameters of the lower limbs and some of the forces and
torques applied. m: and mz are the masses of the thigh and knee, respectively, and g is the
acceleration due to gravity. The radii of gyration are Ri1 and Rz, respectively. Two linear
torsional springs with stiffness constants K1 and Kz are connected to the hip and knee joints,
respectively. Similarly, two linear torsional dampers with constants C1 and Cz are connected
to the mentioned joints. The torques applied by the body to these joints are denoted as taus
and tauy, respectively.
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Figure 1. Schematic of the lower limbs and their corresponding parameters

The cable-driven robot with four cables and two degrees of freedom is attached to the
leg. The parameters needed to describe the robot are shown in Figure 2. The distances
between the cable attachment points on the leg and the central axis of the corresponding
limb are represented by w1 to wa. These are considered positive for cables behind the
corresponding limb and negative for cables in front.

Cable 1

I, Cable3

Cable 4

Figure 2. Schematic of the cable-driven robot attached to the lower limb
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To derive the dynamic equations governing the movement of the lower limbs, the
Lagrange method is used. The torques applied by the body to the hip and knee joints must
be measured at each moment. Since measuring these torques accurately is either
impractical or very difficult, estimated values are used.

In the final stage of motor rehabilitation, the patient reaches a level of ability where they
can reasonably perform the pre-designed movement, but to reach the optimal state (as
determined by the therapist), the muscles involved in the movement of the hip and knee
joints need to be strengthened. For this purpose, the patient is first asked to perform a pre-
designed movement. Then, to increase the patient's effort, a control algorithm is needed so
that a torque is applied to these joints at every moment, opposing both the patient's
movement and the torque applied by the patient. To achieve this, the torques applied by the
cables to the patient's joints are first determined, and then the corresponding cable forces
are calculated.

Results and discussion
The physical and geometric parameters related to the patient are presented in Table 1.

Table 1. Physical and geometric parameters related to the patient

Parameter Value Parameter Value
m, 6.8 (Kg) m, 3.6 (Kg)
1, 0.472 (m) 1, 0.466(m)
R, 0.28 R, 0.26
C, 04 c, 0.45
K, 1 (N.m) K, 1 (N.m)
C, 0.2(N.m.s) C, 0.2 (N.m.s)

In Figure 3, the cable force diagrams are shown. As can be seen, for the defined
movement maneuver, except for a short interval at the beginning of the movement, Cable 2
is not significantly engaged. Since Cable 4 is connected to the front of the shin, it causes the
shin to move forward, implicitly moving the thigh forward as well.
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Figure 3. (a) Cable 1 force (-), Cable 2 force (--), (b) Cable 3 force (-), Cable 4 force (--)
Conclusion

In this paper, the simulation and control of a two-degree-of-freedom cable-driven robot
with four cables in the sagittal plane for lower limb rehabilitation in active-resistive mode
were studied. A method for estimating the torques applied to the joints by the patient was
presented, and a control algorithm using an impedance control approach was designed. The
algorithm can simultaneously control both the joint angles and the torques applied to them.
A suboptimal approach considering practical constraints was taken to determine the cable
forces.
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