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Abstract: Lower limb rehabilitation is an often-encountered need. This paper presents the design
process of an exerciser that combines robot-assisted physiotherapy with functional electrical
stimulation (FES) of the lower limb muscles. The exerciser features two degrees of freedom,
one focuses on the rehabilitation of the muscles responsible for dorsiflexion and plantar flexion,
the other one on the muscles responsible for the inversion and eversion of the foot. These motions
might be accompanied by FES, if the physiotherapist so recommends. The presented exerciser
constitutes a mechatronic device that seamlessly integrates mechanical design, electronics and
control engineering.

Keywords: rehabilitation engineering; medical robotics; lower limb rehabilitation

1. Introduction

Lower limb rehabilitation is a subject which, among rehabilitation engineers, is not as popular as
upper limb rehabilitation. A simple search query with the keywords “lower limb rehabilitation robot”
returns less than half the results for the keywords “upper limb rehabilitation robot” on the popular
science platform PubMed. This disparity can be explained by the fact that designing for the upper limb
is more challenging from a technical point of view than designing for the lower limb, and consequently
more palatable, yet there are many more situations that necessitate the rehabilitation of the lower limb
(e.g., prolonged inactivity due to a certain illness impacts much more the lower limb). Lower limb
orthoses are used to support the foot in a certain position and assist in recovery of gait; they are also
used to redistribute forces that occur when the foot comes in contact with the ground while walking
so as not to exert too much force on a specific affected area of the foot [1,2]. A robotized exerciser
empowers a physiotherapist by providing a tool for repeatable and reproducible results, enabling more
efficient and targeted procedures; moreover, provided the exerciser is affordable and meant to be also
used in non-clinical environments, it facilitates rehabilitation for the patient in a prescribed way.

This paper describe the critical milestones in the design of a two-degree-of-freedom (DOF)
hybrid lower limb exerciser [3]; the hybrid part is given by the fact that it combines the traditional
physiotherapy assisted robotically with the functional electrical stimulation (FES) of the relevant
muscle groups. The exerciser focuses on the ankle joint, namely, the dorsiflexion/plantar flexion and the
inversion/eversion of the foot. The designed exerciser does not mandate the usage of FES in conjunction
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with the robotically assisted physiotherapy, it merely provides the option of simultaneously usage.
The paper provides a description of the state of the art, after which it focuses on the mechanical design
and describes the electronics and coding involved in the control of the proposed exerciser.

2. State of the Art

In this chapter several examples of rehabilitation equipment will be discussed that are in accordance
with the object of the paper and which are considered representative.

In his patent [4], Stein presents an electronic stimulator with fixed electrodes attached to a textile
tape. This band must be positioned correctly on the leg so that the electrodes are placed in an area
over the nerve to be stimulated. The band also contains devices for monitoring body movement and
a system that operates the electrodes at certain intervals to stimulate the nerve and activate latent
muscles. This device can be used in the case of a person who suffers from "drop-foot" that may occur
as a result of a stroke.

Gil et al. [5] describe a unilateral hybrid orthosis-type exoskeleton intended to assist and recover
gait for patients who experience motor deficiencies due to central nervous system diseases. It consists
of an orthosis at the knee, ankle and foot that supports the lower limb and a functional electrical
stimulator that activates the affected muscles. The support part has the role of constraining the ankle
and knee joint and stopping their involuntary movements in certain directions. This ensures a stable
position of the lower limb while walking and while the patient is standing.

A platform presented by Liu et al. [6] is intended for patients who have suffered a stroke and
experience motor deficiencies as a result. In order to recover the functions of the lower limbs,
therapy based on exercises is needed, which has the role of strengthening the muscles and correcting
the position of the leg. The device proposed in this example assists the patient in performing certain
exercises that improve the ability to move the foot. The robotic platform consists of two symmetrical
plates that have the role of foot support, each with 3 DOF and can perform internal and external
rotation of the ankle, dorsal and plantar flexion and inversion and eversion of the foot. The patient can
use the device in three ways depending on the rehabilitation stage: exercises that involve maintaining
a constant speed, exercises that keep the motor speed constant and exercises that involve the proactive
involvement of the patient in training.

Erhan and Mehmet [7] elaborate a study on the design and control of a robot for therapeutic
exercises for the lower limbs of a patient who needs rehabilitation after a spinal cord injury. To control
this robot, a “human-machine interface” with a rules-based control structure was developed. The robot
manipulator can perform active and passive exercises, as well as learn specific exercise movements
and perform them without the physiotherapist through the human-machine interface. Moreover, if a
patient reacts against the robotic manipulator during an exercise, he may change position depending
on the feedback data.

An interesting application of orthosis is the ability to assist the transfer from a sitting position
to a standing one; Aroche et al. [8] proposed a computerized system for persons that suffer from
complete paraplegia, arguing that widespread adoption of powered orthosis among this demographic
is hampered by the fact that these orthoses does not provide equilibrium autonomy. Another system [9]
blocks all but one DOF of the lower limb and makes use of mechanical linkages and automation for
independentlocomotion; it is not entirely clear if it can also provide the transfer function. Roula etal. [10]
compared multiple operating conditions and concluded that PID controller might not perform well
enough due to various uncertainties presented by the complex interaction between a subject, their
orthosis and the environment.

3. Design Process

From a structural standpoint, the designed exerciser is composed of three interconnected
subsystems that are detailed in the following paragraphs. The integration of these parts makes
the device a mechatronic product.
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3.1. Mechanical Subsystem

The mechanical subsystem is designed to enable movement only in a predictive fashion; for a
correctly executed exercise, a proper attachment to the foot is necessary that lines the bones, muscles,
and tendons in an anatomically appropriate way. In order to achieve this goal, biomechanical data
were taken into account, namely, it was hypothesized that the exerciser is used by a person 1.65 m tall
with a mass of 50 kg; this gives a weight of the foot of 7.13 N and a position of the center of gravity (CG)
by the following coordinates in relationship to the heel: 0.098 m horizontally and 0.039 m vertically
(Figure 1a). The range of movement of the foot in relationship to the transverse plane allowed by
the exerciser is —35°; 20° for the plantar flexion/dorsiflexion; —20° and 15° for inversion and eversion,
respectively. Given these data and using the geometrical relationship between the foot CG and the
designed mechanism (Figure 1b), the result is a maximum necessary moment of 0.37 Nm for the first
DOF, and 0.27 Nm for the latter.

() (b)

Figure 1. Input biomechanical data: (a) range of motion and position of the center of gravity of the foot
(b) geometrical relationship between the center of gravity and exerciser.

The employed mechanism is a spatially stacked version of the well-known four bar linkage.
Its main purpose is to provide a way of simultaneously actuating both degrees of freedom; 4 four-bar
linkages are connected to form a parallelepiped, each vertex being formed out of two rotational
joints, their axes perpendicular to each other and parallel to the other 3 sister joints axes (Figure 2a).
The placement of a motor in one of the joints is trivial for actuating one DOF, but the second actuated
DOF (Figure 2b dotted line) raises additional issues, as the linkage has to be connected to a fixed
reference; if directly connected, the whole DOF is pinned. The designed solution was to incorporate
in the power train an universal joint coupled to a sliding shaft with parallel splines; this allows the
necessary tilt angle as well as accounting for the radial displacement. Due to the fact that the mobile
part of the exerciser has considerable mass, additional support mechanism is employed: two gas
cylinders, their ends connected by spherical joints add stability to the system (drawn with red on
Figure 2c).

Referring to the aforementioned figure, the immovable part (drawn with blue) is attached to the
leg by Velcro straps, which are not pictured, as to not overload the schematic. The foot is resting
on a specifically designated platform. The design is modular, so that the footrest is easily
changeable to accommodate various feet sizes by removing and reinserting the bottom U-shape
shaft (drawn in magenta on Figure 2c). The normal operation of the exerciser presumed oscillatory
movement, therefore the design does incorporate only plain bearings; the friction is dealt by using
polytetrafluoroethylene bushing, the low speed nature of the real life use case scenario allowing
sufficient time for cooling. The CAD model was designed using SolidWorks software package
published by Dassault Systemes.
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Figure 2. Design stages of the lower limb exerciser: (a) kinematic chain (b) mechanism, where FR is the
foot resting plate, Y is the yoke, with 1 are designated the vertical linkages (0.330 m) and with 2—the
horizontal linkages (0.143 m); dotted line represents the rotational axis (¢) CAD model of the exerciser.

3.2. Electronics Subsystem

The electronics subsystem is built around an ATmega328-P microcontroller (refer to Figure 3a)
that commands the actuation of the mechanical subsystem with two electrical motors, each powered
by an H-bridge. Each electrical motor is encapsulated with a 210:1 gear ratio transmission, capable
of delivering up to 3 Nm of torque, which is well above the computed necessary. The H-bridge
is compatible with PWM signals and also provides a quick response disable input. The angular
positioning of each DOF is monitored with a resistive absolute encoder that provides an accuracy of
+0.3°. For additional safety, each DOF has 2 normally-closed limit switches, each of them controlling a
normally-open relay in such a manner that if one of the limit switches is tripped, or the power to the
switches is somehow interrupted (rusted connection, torn wire, etc.) only one direction is stopped;
therefore, recovery of the system is still possible in normal operation and a high standard of safety
is employed. Each faulty state is signaled to the microcontroller galvanically insulated through an
optocoupler that drives the first interrupt pin to which an interrupt routine is attached.

x2/DOF
LS x1/DOF x1/DOF

x1/DOF

RE

2 channels

x1/DOF

(@
Figure 3. Electronics subsystem: (a) System architecture, where LS are limit switches, RE—resistive

encoder, SD-SD read/write module, UU-USB to UART converter, H-H-bridge, M—motors, R—relays,
FES—functional electrical stimulation unit and uC—the microcontroller; (b) PCB layout.

An SD-card module is included which allows for upload of different exercises; the file is a
simple text string, each row containing one command that contain the desired position and maximum
allowable speed for each motor as well as the necessary commands for the start/stop of FES system.
The FES system used by the exerciser is a commercially available 2-channel device interfaced with by
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relay; therefore, the pulse length, frequency and amplitude of the stimulation is manually dialed in
before commencing the exercise, the microcontroller merely starts or stops the device. The placement
for the FES electrodes on the skin is covered by the device user manual and might be performed either
by a physical therapist or the patient after receiving a precursory instruction. The exerciser’s main
electrical circuit was implemented on a single layer printed circuit board (PCB), pictured in Figure 3b,
using EAGLE (published by Autodesk); it is worth noting that this PCB is not entirely necessary
if an Arduino board were to be used. Furthermore, for programming as well as testing purposes,
communication over a USB to UART converter is employed.

3.3. Control Subsystem

ATmega328-P microcontroller is a popular microchip with the Arduino device family; therefore,
the Arduino IDE was used in code design for its easy-to-use libraries. The motors were controlled
using a PID algorithm implementation which reads the signal from the resistive absolute encoders
through the microcontroller integrated 10-bit ADC and compares it to the target position provided by
the exercise file that resides on the SD-card. The output from the PID controller is a PWM value that is
proportionally to the motors speed; it is worth noting that if the value is negative, which correlate
with the rotation in the opposite direction, a simple function remove the sign and invert the signal
before further processing. The sign triggers a flag that signalize the H-bridge which combination is
active, so that the motor can easily turn. In order to limit the speed in a safe range, the PWM value
is capped before writing it in the appropriate PWM register with the value specified in the exercise
file. The overall safely usage of the exerciser is ensured by the hardwired limiters described in the
precedent subchapter, but as a first line of secure operation there are also software-defined limits which
maintain a physiological range of motion.

Another mode of operation is by permanent connection via an USB-UART converter. At this stage
a simple graphical user interface was designed in Matlab GUIDE, but further development was halted
until prototype completion. If a limit switch is activated, an interrupt routine drives the H-bridge low
and throws an error; putting the H-bridge on hold is redundant, as the wiring, described in subchapter
3.2, already cuts the power to the motor; as a result, the system has triple redundancy for emergency
stop: software defined limits, external interrupt routine and hardware-defined limits, so even in case of
end-user interference with the safety checks, it is reasonable to expect that at least one remains active.

4. Conclusions

This paper presented the design stages of a hybrid 2-DOF lower limb exerciser; although the
work done so far is enough to grant the manufacture of a first prototype, several issues were identified
and are taken into account for a future iteration. First of all, it is necessary to make sure that the
exerciser is capable of serving a broader demographic; even though the selected motors have a 8-fold
power margin, there was no rigorous calculation of the needed torque in order to cover at least the
95th percentile for height and mass of the population. A useful improvement would be the addition
of strain gauges; not only would the operational safety increase (if an anomalous strain is detected,
the exerciser stops and avoid potential injury), but it would also enable active and passive mode usage.
Therefore, a patient might continue to use the exerciser for different stages of their rehabilitation; in the
beginning, when the musculature is still weak, the system might work in a passive mode to maintain
articular mobility; in the later stages, when the musculature begin to strengthen, the exerciser might
switch to an active mode, opposing the movement with a certain force controlled by the strain gauges.

Another design requirement for a future iteration is the simplification of the actuating system;
one of the DOF is directly connected to the motor, which makes the actuation very robust. The second
DOF is connected with a quite complex transmission which is prone to failure. There are already several
design solutions being investigated, but not fully explored at this time. Modern equipment tends
to have implemented diverse communication protocols that use the radio spectrum; in this regard,
a future development will be the addition of a Bluetooth module that will enable communication with
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a smartphone app. Another idea worth investigating is implementing Wi-Fi functionality, but this
direction must be carefully approached, as connecting a medical device to a computer network might
expose the patient to malicious actors over the internet. Another planned improvement is related to
multiple exercise selection: in preparation for the prototype, the designed code is capable of reading
only one file; a file management system has to be implemented, which will allow multiple exercise
files to be loaded on the SD card and chosen by the physical therapist or patient, presumably with
a Bluetooth-connected smartphone. As soon as full activity in the Biomechatronics Laboratory is
allowed (currently reduced by measures taken to stop the spread of SARS-CoV2), a prototype will be
build using the additive manufacturing technologies available; this prototype will be further used for
preliminary testing, and, if found satisfactory, pre-clinical testing using healthy volunteers.
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