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Abstract— This work describes the design and preliminary
characterization of a novel portable hand exoskeleton for post-
stroke rehabilitation. The platform actively mobilizes the index-
metacarpophalangeal (I-MCP) joint, and it additionally offers
individual rigid support to distal degrees of freedom (DoFs) of
the index and thumb. The test-bench characterization proves the
capability of the device to render torques at the I-MCP level with
high fidelity within frequencies of interest for the application (up
to 3 Hz). The introduction of a feed-forward friction
compensation at the actuator level lowers the output mechanical
stiffness by 32%, contributing to a highly transparent behavior;
moreover, the functionality of the platform in rendering
different interaction strategies (patient/robot-in-charge) is
tested with three healthy subjects, showing the potential of the
device to provide assistance as needed.

. INTRODUCTION

Upper-limb impairments following a stroke event affect
the quality of life of people, especially in case of hand
impairments limiting common grasping capabilities. Timed,
intense, and tailored robot-aided rehabilitation can be
beneficial for an effective recovery of functional movement
capabilities and for restoring activities of daily living;
nevertheless, only a very limited number of robotic hand
exoskeletons leave the laboratory environment and are
effectively deployed in clinical facilities [1].

Hand exoskeletons based on soft textiles exhibit
characteristics of low weight and ease of setup and are
suitable for the rehabilitation of individuals with mild to low
impairments, because of the limited torque output [2]. Rigid
exoskeletons constitute promising solutions for patients with
more severe movement limitations since they can deliver
higher assistive torques, by relying on complex kinematic
structures (e.g., remote centers of rotations, passive DoFs).
Nevertheless, the increased mechanical complexity and
encumbrance on the hand forces a careful selection of the
number of assisted joints, to maintain a streamlined
mechanical design that retains the capability of delivering
high power safely and efficiently [3]. In this perspective,
addressing the metacarpophalangeal (MCP) joint movement
should be prioritized since this joint has been identified as
accountable for most of the information in hand control
during grasp tasks [4], and finger dexterity can be correlated
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Figure 1 — Overview of the MITEXx exoskeleton.

with the level of functional recovery after stroke [5]. By
focusing only on the index finger, it becomes possible to limit
the device’s weight in favor of compactness and ease of use,
maintaining the capability to achieve fine movements (e.g.
pinching) required for functional activities.

To increase the portability of hand devices, cable-based
solutions can enable remote actuation [6], relieving the limb
from the weight of the actuation units; however, they can
suffer from friction and backlash that undermine their
efficiency of torque transmission.

From the control perspective, modulating the power
exchange in human-robot interaction is paramount to render
different levels of assistive actions according to the residual
capabilities of the user [7]; EMG-based control proved to be
effective for continuous passive finger movements [8] or to
replicate grasping tasks based on user’s intention [9], even
though it requires subject-specific calibration procedures and
it may be difficult to exploit in patients with poor volitional
muscle activity. Series-elastic actuators in force-sensing
configuration (FSEAS) allow instead for shared cooperative
human-robot control via high-fidelity torque control by
measuring directly the torque delivered to the user [10].
Finally, transparency of the device, intended as its capacity
of rejecting disturbance interaction torques [11], becomes a
relevant feature for both a comfortable use and its exploitation
in clinics also as an assessment tool to measure biomechanical
parameters relevant to clinical assessment (e.g, movement
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Figure 2 - Kinematic chain for the passive thumb module (left), and for the active transmission system (on the right)

smoothness).

Based on such considerations, this work presents a novel
portable exoskeleton for hand neurorehabilitation, namely the
Modular Index-Thumb Exoskeleton (MITEXx): the device
actively assists the index MCP (I-MCP) and it offers rigid
support to the other index joints and thumb joints. 3D-printed
cuffs available in different sizes allow fitting users with
different anthropometries, while a flipping mechanism is
embedded to wear the device either on right or left hands. The
adopted mechatronics confer transparency at the I-MCP joint,
as well as the possibility for customization of the assistance
during both single-joint mobilization exercises and pinching
and grasping tasks to promote functional recovery in a clinical
setting. With this new platform, we strive to investigate and
highlight the relevance of MCP joint rehabilitation with a
specific focus on the index, in line with recent scientific works
[51.[12].

In Section 1l, a complete description of the platform is
provided; Section Il presents the results of a preliminary
evaluation of the device both on the bench and with the human
in the loop; results are discussed in Section IV; finally,
Section V draws the conclusions.

Il. MITEX EXOSKELETON

A. Kinematics and interface

Three main components can be identified in the
exoskeleton: the physical Human-Robot Interface (p-HRI),
the active index module, and the passive thumb.

A textile commercial wrist orthosis (see Figure 1) ensures
comfort and prevents skin irritation or any other nuisance that
can potentially arise after prolonged use; a 3D-printed cuff,
embedded into the orthosis on the hand dorsum and secured
by using Velcro straps, constitutes the support frame for the
exoskeleton. Moreover, a mechanical support for the long
fingers (apart from the index) is attached to the hand dorsum
cuff: accounting for poor finger control in stroke patients, this
design sets the palm free not to hinder grasps tasks, and it
stabilizes the device with respect to tilting torques by adding
a further constraint to the p-HRI.

The index module is positioned laterally to the finger,
aligning the robotic joint with the human I-MCP. Because of
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the lack of self-aligning mechanisms, proper manual

alignment is paramount for a safe and comfortable operation
of the device [13]. For this purpose, tailored 3D-printed C-
shaped cuffs for the phalanxes are integrated into the finger
kinematic chain. The cuffs are available in different sizes, and
their selection is based on the inter-joint distance and phalanx
diameter, to mitigate anthropometry discrepancies. They can
be quickly replaced and coupled to the phalanx by using
Velcro straps. The distal cuff covers only the dorsal side of
the phalanx to preserve touch sensory information during
pinching tasks, yet guaranteeing rigid force transmission to
the fingertip.

The index module is coupled with the proximal
interphalangeal (I-PIP) and the distal interphalangeal (1-DIP)
articulations by employing two passive modules with a
configurable Range of Motion (RoM) in the range [0, 90]°:
specifically, two mechanical stops can be set to limit flexion
and the extension respectively, and limit the RoM within a
specific configuration.

The thumb module features a patented design composed
of a passive kinematic chain connected to the hand cuff [14].
The chain mimics the movements of the carpometacarpal
joint of the thumb (T-CMC), which is modeled as a spherical
joint with three intersecting axes (a, B, y in Figure 2a)
enabling the movement and orientation of the metacarpal
bone in the 3D-space. These three DoFs, implemented with
two revolute joints and a circular guide (P1, P2, and P3
respectively), passively address the movements of thumb
ad/abduction, flexion/extension, and opposition, and they can
be locked in desired configurations. Manual regulations (R1
and R2) allow the alignment of the virtual center of rotation
of the three axes with the anatomical T-CMC. The output of
the circular guide P3 is connected to a kinematic chain
addressing thumb MCP and interphalangeal joints. The chain
is placed laterally with the thumb and includes the same
passive, lockable modules employed for the index module.
Also in this case, the alignment of the passive modules is
eased by the custom 3D-printed cuffs, in addition to one
mechanical regulation in the thumb longitudinal direction
(R3).
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B. Electronics and Actuation

A dedicated box embeds the power and control electronics
and is responsible for: i) providing power supply through a
Lilon battery certified for medical devices, ii) running the
firmware, on a custom-designed control board, endowed with
a commercial system on module (SbR10-9651, NI — Austin,
Texas, USA), and iii) interfacing the robot with external
devices, e.g. a remote PC, via Wifi nano router, improving
portability of the platform. The control board features a
double PCB layer integrating an FPGA, representing the
substrate for sensing, low-level controls and serial interfaces,
and a real-time (RT) processor. The electronics box does not
hinder upper limb dexterity since it is tethered using a single,
compact power and signal cable to the driver (ELMO,
Platinum Solo Twitter 15/100). This driver is located above
the wrist, close to the motor, firmly fixed on a 3D-printed
support, and monitored and controlled via the remote control
board using the EtherCAT (ECAT) communication protocol.
Even though a small weight (85 g) is added on the limb of the
user, the in-situ collocation of the motor driver contributes to
improving the electrical safety, the portability of the device,
and the overall wiring architecture.

The actuation unit is driven by a BLDC motor (2214-
BXTH 6W 12V, Faulhaber, Germany) with a reduction stage
(rr=108), and it is placed on the hand dorsum cuff. The
housing of the actuation unit embeds four regulations to align
the actuated joint with the anatomical joint: three of them
enable positioning of the actuation unit along the longitudinal,
vertical, and mediolateral axis of the hand to comply
respectively with different lengths, thicknesses, and widths of
the hand; additionally, the last one allows the orientation of
the robotic joint around the vertical axis to account for
ad/abduction of the I-MCP.

High-level control

From the output of the actuation unit, a parallelogram
transmits the torque to the robotic joint at the I-MCP level by
means of a torsional elastic element, realizing an FSEA
(Figure 2b). The elastic element is a patented custom spring
designed to bear a peak torque of 1.5 Nm [15]; the spring was
experimentally characterized on a testbench, showing high
linearity of the torque/deformation curve with a stiffness of
10.49 Nm/rad (Figure 3). The spring deflection, from which
the torque at the I-MCP (7) is calculated, is measured by two
magnetic encoders (RMO08 12 bit, RLS, Slovenija) placed on
the output of the actuation unit (angle 8,.), and on the spring
output (corresponding also to the measured I-MCP joint angle
6,), respectively (Figure 2Db).

The actuation unit can assist either left or right hands,
simply by flipping the parallelogram and changing the
interface at the hand dorsum level.

C. Control

The control architecture is characterized by three layers
arranged hierarchically, namely the high, middle, and low-
level control layer (Figure 4); the first, running on the RT
processor at 100 Hz, is responsible for generating minimum
jerk trajectories for the joint (i.e., a desired angle 6,). The
middle level, also running on the RT processor, is deputed to
generating the desired I-MCP interaction torque (z;), which
can be limited via software to account for safety; 7, is set
based on an impedance control law, based on the error
between the desired angle and the measured I-MCP angle 6,:

Tq = K, (04— 6,) + Kq(84 — 6,) (1)

The proportional gain K, equivalent to a virtual stiffness,
can be tuned to render from compliant to stiff behavior, while
the derivative contribution offers a stabilizing action.

When the torque reference t,; is always set to zero, the
device operates in the so-called transparent mode, rendering
the least impedance to the output. Within this modality, the
patient is completely in charge of the movement and is
capable of freely moving without significant resistance in
backdriving the actuation unit.

The low-level control layer, entrusted to the FPGA,
implements the closed-loop torque controller, which sets the
reference current to the driver; the control loop runs at 500
Hz. As in [16], the torque control input presents 3 different
actions: a friction compensation i, a feed-forward

contribution i;,, and a PD controller:
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(2)

The friction compensation term ir contributes to enhancing
transparency according to the following friction model, based
on the joint velocity 6,:

0 16,] < 65
ir = {k; (B — Oursign(6,)) |65 > 60 (3)

The model in (3) adopts a deadband to avoid chattering
around the zero-crossing region, limited by 6, which is
equal to twice the maximum noise on the velocity signal
measured when the output is not moving. A linear

contribution  (coefficient kf=lf /59) preserves the
tr

continuity of the function. Finally, t, represents the static
friction contribution, experimentally identified by providing
open-loop increasing steps of current (increments of 5 x 1073
A), and detecting the start of a continuous motion of the joint.

The feedforward term i, improves torque tracking
performance, accounting for the motor constant k., the
reduction ratio k,., and the efficiency n:

irp = (kehey) 'y (4)

It reduces residual error in case of resistive disturbances
potentially exerted by a subject due to the absence of an
integral term.

Finally, the presence of a PD controller guarantees loop
stability in tracking the desired interaction torque signal.

I1l. EXPERIMENTS AND RESULTS

A. Bandwidth and torque tracking

The output joint of the actuation unit was mechanically
blocked and a preload torque offset was commanded; a torque

chirp signal was fed as 7,4, with an amplitude of 0.15 Nm
covering a frequency range of [0.01 - 3] Hz in 60 s (Figure
5a). Three trials were performed and the averaged transfer
function between 7, and T was calculated. In Figure 5b, at 0.1
Hz, the error is 1.6+2.7% with a phase lag of 4.4+0.4°.
Overall, the Bode plot does not reach -3dB amplitude and the
root-mean-square error between 7, and t is lower than 0.06
Nm.

B. Transparency

With the robot in transparent mode, a healthy subject was
asked to move the index finger with a frequency that increased
linearly over a range suitable for the individual, spanning
from 0.01 to 3 Hz. The movements covered a RoM of 40° and
were guided by a visual reference displayed on a screen. Six
trials were performed, in two conditions, namely with and
without friction compensation. The transfer function between
the measured torque, normalized by the spring stiffness, and
the output joint position was calculated to assess the residual
stiffness (Figure 5d). It resulted equal to -35.3+0.3 and -
38.8+1.7 dB at 1 Hz without and with friction compensation,
corresponding to a residual stiffness of 0.18 and 0.12 Nm/rad;
this would denote a reduction of the nominal stiffness of the
spring by a factor of 58 and 87 respectively. The friction
compensation proves to be effective, improving the
performance by 32% at 1 Hz.

To quantify the effect of friction compensation at the
different movement velocities, time domain data were
segmented into single-movement cycles by finding the
maxima of the joint angle measure. For each movement cycle,
the maximum and mean value of the absolute torque and the
maximum value of the absolute velocity were extracted;
parameters were averaged across cycles and trials and divided
into three frequency ranges for comparison (Figure 7).
Comparing the conditions with and without friction
compensation in the low ([0-1] Hz) and medium ([1-2] Hz)
frequency ranges, the maximum velocity variation was lower
than 3% between the two, and a reduction of 32% and 12%
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was observed for the mean absolute torque. A smaller
variation was observed for the maximum absolute torque,
which was reduced by 14% and 9% in the same ranges
respectively.

C. Impedance controller

Three healthy subjects wearing the exoskeleton were asked
to remain passive, and the device performed mobilizations of
the finger by commanding to the middle-level controller
minimum jerk trajectories of fixed duration (3 s), starting
from 0° and with three different target positions (20°, 40°, and
60°), back and forth. For each target position, 10 repetitions
were executed, and the protocol was repeated twice, setting a
"low” and “high” stiffness parameter (K, equal to 0.01

Nm Nm -
deg and 0.02 g respectively).

The mean steady-state error was calculated to assess the
performance of the controller. To verify that the users were
not actively involved in the movement, EMG activity of the
extensor digitorum (ED) was recorded via pre-gelled bipolar
Ag/AgCI surface electrodes using the BTS FREEEMG 1000
(BTS Bioengineering, Milan, Italy) system and normalized
by the maximum voluntary contraction (MVC) value,
acquired prior to the experimental trials as in [17]. The mean
error at steady state over the ten repetitions is shown in Figure
6, along with the maximum peak of muscle activity over the
cycles for each control condition. The test reports an error
positively correlated with the target position, with lower
errors for higher stiffness parameters. The third subject
presented a maximum error equal to 10° for the low stiffness
modality, while the second subject presented a maximum
error equal to 5.8° for the high stiffness modality; the standard
deviations were always below 1.3° and 0.3° in the two
modalities. The activation of the ED muscle was always lower
than 4% of the MVC.

IV. DISCUSSION

The MITEx features an actuation unit with a highly
reduced motor group to increase the power-to-dimension
ratio, and a torque-sensing element in series to enhance
mechanical compliance and enable torque control. Such a
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Figure 6 - Mean position error at steady state during robot-in-charge
modality with stiff (blue) and compliant (red) behavior and EMG subjects
activity during the test (right). Diamond, triangle and star account for the
three subjects.

solution allows achieving peak torques up to 1.3 Nm, to
account also for I-MCP joint hyper-resistance e.g. due to
spasticity. Another rigid exoskeleton for index finger with
SEA-based cable actuation is capable of providing peak
torques of 0.3 Nm, , but assistance is delivered at both MCP
and PIP joints with a lower weight on the hand (110gr) [6];
the device presented in [18] adopts a similar approach in
assisting a single DoF, and it can render higher torques (>
5Nm), even if portability of the device was not considered for
the specific application.

The actuation unit is placed on the dorsum of the hand to
achieve portability and allow users to explore the entire
workspace. A similar solution is adopted in [8], but without
force feedback for delivering the assistance. The prototype in
[9] has an additional actuation unit for the thumb, which in
our case is avoided to limit the weight of the device.
Nevertheless, the thumb can be locked in specific
configurations for pinching and grasping tasks. In addition,
lateral positioning of the kinematic chain with respect to the
finger was adopted to reduce encumbrances and avoid remote
CoR and self-aligning mechanisms. The MITEXx has a weight
of 470 gr, including also the actuation unit and the p-HRIs,
distributed on the user’s hand and wrist; two similar devices
in the state of the art that also allow exploring the arm
workspace for functional tasks have a weight of <110 gr [6]
and 950 gr [9]. Compact electronics eases the deployment of
the device in clinical settings while offering the chance to
address full portability in a future version; ECAT
communication avoids the use of multiple, long wires that
may suffer from sensitivity to external disturbances and might
undermine the robustness of the hardware with respect to

unexpected strain forces. A control strategy is implemented



to render high compliance and high stiffness respectively, for
realizing both patient-in-charge and robot-in-charge control
modalities [7].

Torque tracking performance showed a bandwidth higher
than 2.5 Hz, suitable for the intended application and
comparable with the SEA-based device presented in [6],
which showed also lower RMSE even though transparency
was not assessed systematically. The transparency test
verified the compliance offered by the combination of
mechanical and control solutions adopted, with residual
torques lower than 10% of the maximum torque. For the
transparency evaluation, similar metrics to [19] and [20] were
used, without a force sensor, relying on the FSEA
configuration adopted. The limitations of the torque control
performance can be mainly attributed to the limited encoder
resolution, which could be improved by utilizing a custom-
made encoder rather than relying on commercially available
solutions.

The friction compensation was beneficial up to 2 Hz,
which are frequencies mainly involved in a rehabilitation
scenario, where slow mobilizations are expected; from 2 Hz
on, transparency performance was negatively influenced by
the friction compensation, which increased acceleration and
consequently the residual torque due to the reflected inertia of
the motor. Nevertheless, residual torques remained lower than
0.35 Nm also at higher velocities. Dynamic friction was not
characterized since movements with high velocities, which
would have non-negligible dynamic friction contribution, are
not expected in the scenario considered; moreover, only a
partial compensation is required to preserve stability and to
prevent the joint from moving in case any volitional torque is
not applied at the output stage.

The tests for the impedance controller showed that the
device resulted suitable to render different stiffnesses. The
intra- and inter-subject standard deviation was always below
1.5° and the trials in high-stiffness condition showed the
highest repeatability. The steady-state error was lower in [18],
although, in that case, the characterization did not involve
human subjects and was performed within a lower RoM. The
increasing trend of the steady-state error in the low-stiffness
condition could be due to the compression of soft tissues and
interfaces and to the intrinsic stiffness of the anatomical joint,
even if the poor sample size does not allow us to draw
generalized conclusions.

In conclusion, the presented hand exoskeleton provides
users with the possibility to explore the workspace for upper-
limb functional tasks or engage in single-joint exercises for
the finger by conveniently resting their arm on a dedicated
support. In the next future, we intend to test the device with a
clinical population to complement the clinical evaluations
with precise and quantitative measures of biomechanical
parameters.
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