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Abstract: In recent decades, many researchers have focused on the design and development of
exoskeletons. Several strategies have been proposed to develop increasingly more efficient and
biomimetic mechanisms. However, existing exoskeletons tend to be expensive and only available
for a few people. This paper introduces a new gravity-balanced upper-limb exoskeleton suited
for rehabilitation applications and designed with the main objective of reducing the cost of the
components and materials. Regarding mechanics, the proposed design significantly reduces the
motor torque requirements, because a high cost is usually associated with high-torque actuation.
Regarding the electronics, we aim to exploit the microprocessor peripherals to obtain parallel and real-
time execution of communication and control tasks without relying on expensive RTOSs. Regarding
sensing, we avoid the use of expensive force sensors. Advanced control and rehabilitation features
are implemented, and an intuitive user interface is developed. To experimentally validate the
functionality of the proposed exoskeleton, a rehabilitation exercise in the form of a pick-and-place
task is considered. Experimentally, peak torques are reduced by 89% for the shoulder and by 84% for
the elbow.

Keywords: exoskeleton; affordability; affordable robotics; rehabilitation robotics; 3D printing;
mechanical design; low cost

1. Introduction

Exoskeletons are mechanical structures that are mostly employed in industrial and
rehabilitation fields. In the first case, mechanical structures are used to help the operator
to execute heavy tasks. In the second case, rehabilitation requires structures that help
the patient to restore or recover lost motion abilities. Depending on the application,
exoskeletons can be designed for power amplification [1], neuromuscular impairment
compensation [2,3] and rehabilitation [4,5] and to support disabled people in activities of
daily living (ADL) [6].

In the context of rehabilitation, to fully or partially recover physiological motion
capabilities, patients receive rehabilitation treatment based on active and repetitive ex-
ercises [7-10]. In this context, upper-limb exoskeletons have attracted great attention
over the years, and several surveys on upper-limb rehabilitation robotic devices can be
found [11-15]. In fact, exoskeletons can be employed to assist the medical operator, in-
creasing rehabilitation performance [16-19] and diminishing healthcare expenses. Therapy
sessions can be performed in parallel supervised by a single therapist, patients can benefit
from a prolonged therapy time (increasing therapy effectiveness), and a greater repeatabil-
ity can be reached during the motion task execution. Even though several classifications
are proposed in the literature [20] (e.g., field of application, active or passive, degrees of
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freedom (DOFs) of the system, type of actuation and portable or fixed), two main categories
of devices can be found when comparing the mechanical structure: end-effector-based
systems and exoskeleton-based systems [21]. End-effector-based systems are in contact
with the human limb at its most distal part only (e.g., the hand). For this reason, they have a
simpler mechanical structure. However, it is not possible to impose specific movements to a
particular human joint. Typical end-effector-based systems include serial manipulators (e.g.,
MIT Manus [22] and ACRE [23]) and parallel (e.g., CRAMER [24] and InMotion ARM [25])
and cable-driven robots (e.g., NeReBot [26] and MACARM [27]). Unlike end-effector ma-
nipulators, exoskeletons have serial link chains, allowing one to exactly reproduce the
physiological movement of each joint of the limb. Moreover, they can fully or partially
compensate upper-limb weight. To reach these aims, they require adaptation of the length
segments to the patient limb, which may take a significant amount of time. Furthermore, to
avoid damage to the patient, proper designs are required to match the position of the center
of the rotation of the human limb with that of the mechanical structure [28]. Even if a high-
performance and a comfortable exoskeleton can be found [29], very little consideration has
been given to the minimization of system costs. To the best of our efforts, we were not able
to find specific literature on upper-limb complete systems (i.e., comprising the mechanical
structure, the software and the electronics) developed with the intention of being low cost
for rehabilitation purposes: a few low-cost exoskeleton mechanical structures were found
but in an embryonic state [30,31]. As a result, the vast majority of existing devices are cost
prohibitive for most people, preventing any personal or domestic use. Starting from these
considerations, this paper introduces a low-cost exoskeleton concept developed for the
rehabilitation of the upper limb. The main objective of the presented concept is to show a
significant cost reduction with respect to existing designs. This contribution describes our
mechanical, electronic and sensing designs. Although the main focus of this work is on
the mechanics, we need to consider that the choices of electronic architectures and sensing
can also lead to a significant cost reduction. From the point of view of electronics, high
costs are usually associated with real-time Oss (RTOSs), which are cost demanding in terms
of the required computational resources and/or in terms of licenses. From the point of
view of sensing, we need to acknowledge that commercial force sensors are usually very
expensive components.

As the first step in the direction of designing affordable exoskeletons, we consider a
simplified target application: rehabilitation exercises characterized by only two DOFs in
the sagittal plane (namely, shoulder and elbow flexion/extension). After a brief literature
review on the available exoskeletons (Section 1), the present paper focuses on the proposed
exoskeleton design—including the mechanics and electronics—and briefly describes ad-
vanced rehabilitation features (Section 2). Then, preliminary tests conducted on one healthy
subject are reported (Section 3), and conclusions are drawn (Section 5).

State of the Art

In this section, the latest developments in upper-limb exoskeleton technology for
rehabilitation are discussed. Some of them have been commercialized, while others are
research prototypes. The Harmony [5] exoskeleton consists of an active five-DOF shoulder
mechanism, one DOF elbow mechanism and one DOF wrist mechanism powered by series
elastic actuators (SEAs). It exhibits good kinematic compatibility with the human body
with a wide range of motion, and it performs task-space force and impedance control.
The Alex 2 exoskeleton [32] was developed based on a similar concept, but, unlike the
Harmony exoskeleton, it uses series elastic tendon transmission, which guarantees in-
trinsic mechanical compliance. Hsieh et al. [33] has proposed a mechanism specifically
designed for shoulder rehabilitation. It consists of two spherical mechanisms, two slider
crank mechanisms and a gravity-balancing mechanism. The side-by-side disposition of the
actuators ensures not only lower inertia properties but also compactness and less weight.
A mechanism with a passive joint is introduced to compensate the misalignment of the
exoskeleton with the human limb in the case of variable physiological parameters of the
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user. Linear SEAs have been used. Hunt et al. [34] proposed a spherical joint based on a
3-UPU (U and P are universal and prismatic joints, respectively) Gough—Stewart platform.
The three prismatic joints are actuated. Two additional passive joints (corresponding to a
translation and a rotation) connect the platform to the human limb. NEUROEXxos [35] is an
elbow-powered exoskeleton designed for post-stroke rehabilitation of the arm, ensuring
comfort for the patient. Misalignment problems have been addressed by mounting the
active rotational joint on a moveable translational passive mechanism, which decouples
the robot joint rotations from axis translations. Undesired forces resulting from a rigid
connection between the limb and the system are avoided, while assistive forces can be per-
formed. Oguntosin et al. [36] proposed the EasoftM, a 3D printed exoskeleton with passive
joints to compensate for gravity and with active joints to rotate the shoulder and elbow
joints. It resulted in a lightweight system that assists planar reaching motion. Wu et al. [37]
proposed a gravity-balanced exoskeleton with a flexible Bowden cable transmission system
for active rehabilitation training of the upper limb. Gravity balancing of the human arm
and mechanism is achieved using auxiliary links and zero free length. Those described
here are only a small selection of all the exoskeletons commercially available or presented
in the literature: high-performance and comfortable exoskeletons can be found [29]. A
more detailed description of the state of the art can be found in [38—41]. As mentioned
before, to date, very little consideration has been given to affordability arguments, and
the vast majority of existing devices are cost prohibitive. High costs are associated with
compact high-torque actuation [42,43]. (which often includes expensive harmonic drive
reduction stages), cable-driven systems [32] (which require high-precision manufacturing),
commercial force sensors [44] and high-performance RTOS solutions (which usually require
high computational resources to execute hard real-time processes at suitable control fre-
quencies) [45], [46]. For reference, the average cost for a complete upper-limb exoskeleton
with five—six actuated joints is in the order of USD 130,000 [47]. This price hinders the
availability of exoskeletons in small therapeutic centers or in domestic settings, which,
otherwise, could lead to longer lasting and more effective therapies.

2. Materials and Methods

The proposed exoskeleton concept (Figure 1) is meant to be attached to a fixed element
(i.e., a wheelchair), and it can be used for rehabilitation or as a daily life assistive device. In
this paragraph, the mechanical design and manufacturing are presented, and the balancing
spring system adopted to reduce the motor requirements is described. In addition, the ther-
apy features implemented in order to use this device in the context of robotic rehabilitation
are presented in Section 2.4.

Figure 1. Cont.
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Figure 1. The novel prototype, (a) overview and (b) mounted on a patient’s wheelchair.

2.1. Mechanical Design and Manufacturing

The upper-limb exoskeleton constructive design is shown in Figure 2. The mechanism
was designed to interface with the left arm and forearm of the patient. Considering that the
device is thought to help the subject in rehabilitation or in pick-and-place tasks of lifting
and lowering different objects, whose trajectories mostly take place within the sagittal
plane [48], the exoskeleton was designed to provide two DOFs on such a plane, namely,
shoulder and elbow flexion/extension.

Figure 2. Exoskeleton constructive design.
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The structure is composed of five links (namely, 1, 2, 3, 4 and 5), with each one
connected to the adjacent one by means of a revolute joint. The constraints imposed by
the revolute joints force the system to move on a plane. A parallelogram linkage O;0,AB
(constituted by the links 1, 2, 3 and 4) is used as the upper arm link (Figure 3), while link 5
is used in an open chain as the forearm link. A spring—pulley—cable-based compensation
system is employed to minimize motor requirements. Figure 2 illustrates the system based
on a zero-free-length spring: a cable, rigidly fixed to the frame (or to link 4), and the
extension springs, rigidly fixed on link 3 (or on link 5), are connected by a cable wrapping
on idle pulleys. The gravity-balancing system (GBS) was designed considering the weight
forces of the links and human limbs.

Figure 3. Parallelogram-based design.

With reference to Figure 3, ma and mp are the masses of the forearm and upper arm,
respectively, and m; and 1; (i=1, ... /4, 14 is equal to AO3) are the mass and length of the
i-th link, respectively. The center of the mass of each link is positioned in the centroid of
the link (for links 2, 3 and 5, the center of mass is in the middle of the link). The center of
mass of the limbs is positioned at points G and Gg. ra is the distance between G4 and
Oy, and rp is the distance between Gg and O3. Two springs, CD and EF, with stiffness k;
and kj, respectively, are adopted. Points C, D, E and F are the connection points of the
springs to the system. The two DOFs 6; and 0, are controlled by two equal electric motors
(Maxon Motor DCX22L with GPX22UP 103:1 reducer) connected to links 2 and 5 with the
axis normal to the motion plane and passing through points O, and Og, respectively.

The mechanical ranges of motion (ROMs) are 165° at the shoulder and 150° at the
elbow joint. The final exoskeleton was found to be lightweight (Table 1).

Table 1. Parameters of the mechanical system.

Link Length (mm) Mass (Kg)
1 100 -
2 300 0.52
3 300 0.6
4 - 1.3
O3A 80 -
5 270 0.52

The human-robot interface (HRI) connects the subject’s left upper arm and forearm to
the exoskeleton by a passive two-DOF mechanism: each body region is rigidly connected
to a support brace. Each brace is paired with the carry of a linear guide (carry: RMINUU—
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RBX and railway: RM9R 0140 10/10—RBX) through a revolute joint. The railway of the
linear guide is then rigidly connected to the exoskeleton link.

The fuse deposition modeling machine MarkTwo by MarkForged was chosen to
produce the patient-specific component of the mechanism, improving the system’s weight.
MarkTwo realizes carbon fiber-reinforced thermoplastic (CFRT) parts [49-55] by depositing
continuous fibers on a polymeric matrix made of the proprietary material “onyx” (whose
mechanical characteristics are listed in Table 2), which consists of nylon filled with chopped
carbon fibers.

Table 2. Onyx and carbon fiber-reinforced onyx mechanical characteristics.

Mechanical Properties Onyx CFRO
P 1180 kg/m? 1400 kg/m31
ot 36 MPa 986 MPa 2
E 1.4 GPa 62.5 GPa 2
of 81 MPa 485 MPa 2
E; 2.9 GPa 41.6 GPa ?

! The value refers to the density of the carbon fiber. The density of CFRO components is lower since they are
made of onyx and carbon fiber. 2 The value refers to CFRO specimen with 27% of carbon fiber [54].

Components requiring mechanical isotropic behavior (such as pins or motor housings)
were manufactured by 7075 Aluminum CNC machining.

2.2. Gravity Balance Compensation

A balancing compensation system was adopted to relieve the motor from the torque
component due to the weight of the links of the human limbs (whose values are reported
in Table 3) and of a 0.5 kg payload positioned in the tip of link 5.

Table 3. Human parameters of a 30-year-old male, who is an uncompromised, normal, healthy vol-
unteer. M and r express the human limb total mass and the distance between its center of gravity and
the flexion/extension axis, with A and B representing the forearm and the upper arm, respectively.

Human Parameters

My 0.7 kg
Mp 0.8 kg
TA 150 mm
B 150 mm

In general, balancing a mass at the end of a two-link open-loop chain is not an easy
task [56]. In this case, the position of the forearm link is defined by the angles 6; and 6, so a
two-link open-loop chain renders it impossible to relate the direction of the force exerted by
the forearm spring to parameter 6, only (defined as the angle between the vertical and the
forearm directions), making the forearm system dependent on both 6; and 6,. To decouple
the two motions, parallelogram linkage was adopted so that link 4 does not change the
orientation and to ensure that the forearm link depends only on 6,.

A parametric optimization was conducted to define the position of points C, D, E and
F, which minimize the motor requirements. Points C and F are along the direction defined
by links 2 and 5, respectively (c and f are the distances of points C and F with respect to
points O7 and Og, respectively), whereas points D and E are along the vertical direction
passing through points O; and Os, respectively (d and e are the distances of points D and E
with respect to points O; and O3, respectively).

According to the zero-free-length spring theory [56], the optimal value of the spring

stiffness is
g [z (mp + ms + my) + myry +mara + mar3)]
ki = 4 1)
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g (mprp + msrs) 2
ef
where 17, r3 and 5 correspond to half of the length of the links 2, 3 and 5, respectively.
The torques T (shoulder) and 1, (elbow) generated by the motors in order to stat-
ically balance the system can be written as a function of the parameters ¢ and d, and e
and f, respectively.
A parametric optimization was conducted with MATLAB, and the optimal values
obtained are shown in Table 4. The springs’ stiffness values k; and k; are 1.9 N/mm and
0.5 N/mm, respectively.

ky =

Table 4. Spring position optimal values.

Parameters Opt. Values (mm)
c 85
d 85
e 80
f 60

A dynamic rigid multi-body simulation was conducted with PTC Creo Parametric
Mechanism in order to determine the reduction in the motor peak torque. For the angles
61 and 0;, the trajectories shown in Figure 4 were considered (a worst-case scenario pick-
and-place task was considered), and the motor torques t; and 1, were compared with the
motor torques of the same mechanical structure considered without the GBS. No friction
was taken into account in the model. Figure 5 shows the motor torque considering the
shoulder and the elbow joints for the balanced structure (light green) and the unbalanced
structure (dark green).

The benefit of employing the GBS is significant: motor torque requirements are reduced
by 95% for the shoulder and by about 60% for the elbow (peak and RMS motor torque
values are shown in Table 5).

Indeed, in the case of a mechanically unbalanced design, the torque and power re-
quired at the actuator joint could be provided by the following solution (while maintaining
reasonable compact sizes):

e  Shoulder joint: Maxon Motor EC-90 flat (323772) with a 1:50 reducer, e.g., NLHSG-I 17-50;
e  Elbow joint: Maxon Motor EC-45 flat (397172) with a 1:50 reducer, e.g., NLHSG-I 14-50.

Due to the balancing system, a smaller size and, thus, (in general) cheaper motors can
be used.

JOINT POSITIONS

250

200

150

100

50

t s

Figure 4. Trajectories of 61 (shoulder joint angle) and 6, (elbow joint angle) during a pick-and-place

task simulation.
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Figure 5. Simulated required drive torques at the shoulder and the elbow joints (namely, T; and 1)
during a pick-and-place task. In light green, the gravity-balancing system (GBS), and in dark green, a
non-balanced system (NO GBS).

Table 5. Peak motor torque values for the balanced mechanical structure (BMS) and unbalanced
mechanical structure (UMS).

Torque Values BMS (Nm) UMS (Nm) Reduction (%)
Peak at shoulder 0.679 14.147 95
Peak at elbow 1.160 2.741 57

2.3. Electronics and Sensing

This section describes our efforts to reduce the cost of the hardware infrastructure
for communication, sensing and control. The whole infrastructure is composed of a
Raspberry PI, which communicates with two Actuation Boards (Figure 6c) via SPI over the
RS-485 protocol; one Interface Board (Figure 6a), which provides SPI connections between
the Raspberry and the Actuation Boards; and one Power Board (Figure 6b), which provides
the power supply to all the boards. Further details on the architecture are reported hereafter.
The objectives of this infrastructure are (1) to guarantee fast and hard real-time execution of
control processes, communication processes and oversampling processes; (2) to guarantee
soft real-time communication between the low-level control algorithms and high-level
centralized supervision algorithms; (3) to perform signal acquisition, logging and sharing
between boards; and (4) to ensure safety of the device in the case of an error or malfunction-
ing of one module. Instead of using expensive commercial solutions, these characteristics
were obtained using low-cost components and custom-designed boards thanks to firmware
and software modules, which maximize the use of microprocessor peripherals to guarantee
real-time execution and communication. One of the main issues we had to solve is the
hard real-time periodic execution of the following three processes on the Actuation Board
microprocessor: (1) the control process, which should run at least at 1-5 kHz, required for
closing a quality force control loop; (2) the communication process, which is responsible
for receiving control commands and sending back sensor data and should run at least
at 500 Hz, as it may involve some position feedback; and (3) the oversampling process,
which should run as fast as possible, up to the ADC sampling frequency, in order to filter
out the noise coming from the low-cost sensors and electronics. To reach this kind of
performance without relying on expensive commercial solutions, we made extensive use
of microprocessor DMA. In particular, we could guarantee hard real-time execution by
making the control process as the unique running process and by implementing communi-
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cation and acquisition tasks as DMA procedures, exploiting hardware parallel execution.
In particular, our design allows us to guarantee the following hard real-time execution
frequencies: 3 kHz for the actuator control process, 0.5 kHz for the communication process
(by using DMA in combination with the SPI interface) and 1.500 kHz for oversampling (by
using DMA in combination with ADCs). Such a high oversampling frequency allows us to
significantly reduce the sensor noise, where each sample of the clean signal is obtained by
averaging 128 samples. Such fast oversampling becomes of paramount importance in the
case of noisy low-cost sensors. Indeed, to further reduce the system cost, we substituted
high-end commercial force sensors with low-cost strain gauges directly attached to 3D
printed links. The link’s bending stiffness is sized by acting on its form factor and on the
quantity and arrangement of the carbon fibers in order to optimally exploit the strain gauge
sensitivity. Small link deflections produce variations in the strain gauge resistance, which is
then converted into a voltage using inexpensive electronics: a Wheatstone bridge in series
to an instrumentation amplifier. The advantage of fast oversampling is shown in Figure 7
(on the left side) together with a picture representing the arrangement of the strain gauges
(on the right side).

A detailed overview of the whole hw/sw infrastructure is described in below. High-
level supervision algorithms are implemented through dedicated ROS nodes that run on a
commercial Raspberry Pi4. The Interface Board (Figure 6a) provides input, output and SPI
interconnections with the Actuation Boards. Although only two joints are currently used,
the system supports up to six Actuation Boards. To ensure communication over longer
distances, the Interface Board implements SPI over the RS-485 protocol. Indeed, the SPI
standard is TTL—3.3 V, while the RS-485 protocol uses a differential channel —7.5 V to
+12 'V, allowing longer distances to be covered at the same baud rate. The Interface Board is
connected to the Power Board (Figure 6b), which provides supply to all the other boards.
It also implements a safety system allowing the motor power to be cut in the case of an
emergency or error. Each motor is driven by an Actuation Board (Figure 6¢), which includes
a low-cost microcontroller that executes the low-level control algorithms, a power driver
(ESCON 50/5) and interfaces to the electronics and sensors. The Actuation Board can read
one incremental encoder with the RS-422 interface, one 0-3.3 V signal, one —10 V/+10 V
signal and one USART or I2C sensor. The Actuation Board also allows SPI communication
over the RS-485 protocol.

(®)

Figure 6. The custom low-cost electronic design: (a) the Interface Board, (b) the Power Board and
(c) the Actuation Board.
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Figure 7. Figure representing (a) a raw strain gauge signal, (b) strain gauge signal read and filtered
exploiting DMA and (c) strain gauge attached to the exoskeleton 3D printed link.

2.4. Rehabilitation Features

In order to use the device in the context of robotic rehabilitation, advanced control
and rehabilitation features were implemented, and an intuitive user interface was devel-
oped. While force and impedance control aspects are discussed in [57], this section briefly
describes the rehabilitation features accessible through our graphical interface.

The interface is designed to ease system calibration and to manage rehabilitation
exercises, following the flowchart in Figure 8. A video of the system, including the graphical
interface, is attached, which is also available in [54].

I Exercise . Performance
Calibration ]—»[ selection ]—n[ Exercise ]—»[ feedback ]

Figure 8. Flowchart representing the Ul life cycle.

The software provides a real-time visualization of the human joints” configuration,
and different rehabilitation exercises are designed to help the wearer following a trajectory
in Cartesian space. Dynamic movement primitive (DMP) technology was used to record,
play back and customize trajectories in the task space [58]. Using DMPs, trajectories can
be pre-recorded and easily reconfigured by changing the target point and the velocity.
Moreover, DMPs allow patient-adaptive behaviors, where the task is automatically “scaled”
to the patient’s skills. For example, the velocity can automatically decrease if the user is “in
late” with respect to the expected trajectory evolution.

Each exercise consists of the user reaching a non-arbitrary point in the exoskeleton
workspace while being assisted by the actuators and visual feedback (as represented in
Figure 9). As such, great focus has been put on the gamification of rehabilitation tasks,
e.g., by giving the patient a score based on their performance and by generating a different
trajectory after each attempt. The software stack was built around Godot, a game engine
and ROS.
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Figure 9. A snapshot of the UI showing the user executing a pick-and-place task.

3. Experimental Results

To experimentally validate the functionality of the proposed exoskeleton, a rehabil-
itation exercise in the form of a pick-and-place task, assisted using impedance control
technology, was considered. The main objective of such an experiment is to validate the
reduction in peak torques claimed in Section 2.2. Using DMPs, we implemented a reha-
bilitation exercise similar to the one simulated in Section 2.2 and with assistive torques
reaching similar peak values. We acknowledge that human variability may strongly affect
trajectories, but, here, we were only interested in reaching the proper peak torques. There-
fore, we selected a single trial where peak torques reach about 12 Nm for the shoulder and
2 Nm for the elbow.

A 30-year-old healthy subject was involved, whose parameters are shown in Table 3.
As shown in Figure 10, the wearer, starting from pose A, is supposed to pick a bottle located
at point B and place it on point C. The light gray trajectory was recorded by exploiting
DMP technology, and the red line represents the exercise executed by the wearer with
the support of the device. Displacements between the red and gray lines occur because
the device follows the “assist as needed” paradigm without forcing the user to rigidly
follow the trajectory. Indeed, impedance control technology is used to develop a force field
with the aim of correct exercise execution. The force field intensity represents the level of
assistance and can be set via the graphical interface.

200 T T T T T T T

150

100 |

Y, [mm)

Trj Learned
Trj Replicated
-150 . . . . . . .

200 220 240 260 280 300 320 340 360
X, [mm]

Figure 10. Representation of the exoskeleton end-effector position in the Cartesian space during a
pick-and-place task operation.
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In order to validate the reduction in motor torque requirements using the GBS, the mea-
sured experimental torques that were needed to execute the pick-and-place task trajectory
(Figure 10) were compared with the simulated ones.

Figure 11 represents the simulated and the experimental motor torques with and
without the GBS (the motor torques without the GBS are only available in the simulation,
which considered the same trajectory of the experiment). The light green and the dark
green lines refer to the simulations of the proposed exoskeleton prototype during the task.
Simulations were carried out considering the exoskeleton parameters shown in Table 1
and identified the human parameters summarized in Table 3. The simulated data were
compared with the experimental data (highlighted with red dashed lines) measured during
the experimental campaign.

SHOULDER

[ | — — GBS[Nm] (Exp)
——— GBS [Nm] (Sim)
NO GBS [Nm] (Sim)
A5 I ! ! ! ! ! ! i

1
1 2 3 4 5 6 7 8 9 10

2 [l— — GBS [Nm] (Exp) ]
GBS [Nm] (Sim)
——— NO GBS [Nm] (Sim)
3 T T ! ! !
1 2 3

10

S
o
o
~
©
©

Figure 11. Simulated (light and dark green lines) and measured (red dashed lines) torques at the
elbow and shoulder joints during the pick-and-place task shown in Figure 9.

Finally, peak torques considering the experimental scenario are highlighted in Table 6.

Table 6. Peak motor torque values for the balanced mechanical structure (BMS) and unbalanced
mechanical structure (UMS) considering the experimental curves shown in Figure 10.

Torque Values BMS (Nm) UMS (Nm) Reduction (%)
Peak at shoulder 1.194 11.603 89
Peak at elbow 0.304 1.979 84

4. Discussion

The experimental results show that by taking advantage of the proposed GBS and
parallelogram-based design, motor requirements are significantly reduced. Theoretically,
the peak motor torque was reduced by 95% for the shoulder actuator and by about 60%
for the elbow one (see Table 5). This was confirmed experimentally, showing an 89% peak
torque reduction for the shoulder gearmotor and an 84% reduction for the elbow one (see
Table 6). These findings validate the statements in Section 2.2. The discrepancy between
the experimental (light green line) and the simulated tasks (dashed red line) shown in
Figure 11. Figure 11 is due to the difficulty of assessing specific parameters within the
analytical simulation, such as:
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The actual inertial parameters of human limbs;
Bearings and motor friction;

The inherent hysteresis of the spring behavior;
Cable elasticity.

The achieved torque reduction allowed us to use small-sized motors both at the shoulder
and elbow joints characterized by lower costs in comparison to existing exoskeleton designs.

In total, the exoskeleton prototype costed about EUR 3000: the achieved saving with
respect to a reasonable non-balanced mechanism (i.e., with gearmotors capable of actuating
an exoskeleton without the GBS) was found to be approximately 65%. In addition, it is to
be considered that, in the case of a fairly large-scale production, the cost of aluminum alloy
and commercial components can be reduced by more than 50%, cutting down the expenses
even more. Additionally, the proposed custom electronic and force-sensing design has an
extremely low impact on the overall cost, except for the motor drivers, for which we relied
on a commercially available solution.

5. Conclusions

Physical disability often needs long-lasting rehabilitation, which is, for the most part,
at the expense of the patient. To reduce the cost of rehabilitation, an affordable upper-
limb exoskeleton concept was proposed. As significant costs are usually associated with
high-torque actuation, we proposed a design consisting of a parallelogram structure with
a gravity-balancing system, which allowed us to employ motors with a smaller size with
respect to a traditional serial chain design. Similarly, we proposed electronic and sensing
designs to achieve significant cost minimization. The experiments demonstrated that
the peak torques were reduced by 89% for the shoulder and by 84% for the elbow with
respect to the same unbalanced mechanism. The achieved torque reduction allowed us
to use inexpensive motors both at the shoulder and elbow joints. Additionally, they have
an extremely small size and low weight in comparison to existing exoskeleton designs.
With an overall cost of EUR 3000, the proposed prototype experimentally demonstrated
(1) the ability to generate sufficient forces/torques for the considered application and (2) to
support advanced control and rehabilitation features. Future research directions should
include the extension to four—five DOFs to allow functional exercises and clinical trials
with patients.
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