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Abstract

Basing on strict requirements of portability, low cost and modularity, an assistive device for hand-opening impair-
ment, characterized by an innovative mechanism, has been developed and tested by the authors. This robotic orthosis
is designed to be a low-cost and portable hand exoskeleton to assist people with hand-opening impairment in their
everyday lives. The mechanism has been especially studied for this kind of applications and presents some interesting
features in terms of limited encumbrances and costs. Concerning the hand-opening impairment, the authors have also
developed a methodology which, starting from the geometrical characteristics of the patient’s hand, properly defines the
novel kinematic mechanism that better fits the finger trajectories. The authors have tested and validated the proposed
approach by building a functional Hand Exoskeleton System (HES) prototype. The preliminary testing phase of
the prototype with a single subject is concluded; currently, a group of subjects is testing the proposed HES

methodology in collaboration with a rehabilitation center.
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1. Introduction

Nowadays, the main cause of adult disability in Europe
is the cerebral vascular stroke in which at least 80% of
stroke survivors suffer hemiparesis of the upper arm [,
[2]. In particular, both post-stroke survivors and genetic
disease patients can suffer hand function impairments in
the opening gesture [I]. The study of hand opening as-
sistive robotic devices [3], [4], [5] has rapidly increased to
better support different patients’ needs and requirements,
since hand gestures play a crucial role in daily living ac-
tivities (e.g. grasping objects, writing, driving, shaking
hands, etc.).

In the literature, two approaches are mainly presented:
the use of artificial muscle stimulation and the support of
wearable assistive robotic devices (Figure [T}(a)). Func-
tional Electrical Stimulation (FES) allows the stimulation
of muscles that are no longer receiving signals from the
central nervous system [6]. The main drawbacks related
to this approach are the high invasiveness of the devices,
the limited usability and the fast fatigue affecting the pa-
tients, and the reduced applicability to patients with lim-
ited muscular recruitment abilities. More effective solu-
tions may be provided by robotic devices such as Hand
Exoskeleton Systems (HESs), especially designed to assist
and to improve the mobility of the patients’ hands. Par-
ticularly, HESs can lead both to the recovery of different
manipulation tasks (such as dexterous manipulation and
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power grasping) and to the development of rehabilitative
devices (to speed up the disease recovery).

The authors fully endorse the robotic approach (Figure
[}(b)), aiming at the development and design of an in-
novative hand exoskeleton system focused on portability,
modularity and affordability requirements: the objec-
tive is to obtain a light and wearable solution based on
the needs of a specific subject (called Testing Hand 1,
TH,). The TH; subject is affected by a particular hand
opening impairment caused by a genetic disease, Spinal
Muscular Atrophy. Therefore, the HES will have to be
able to support his daily life activities for several hours
during a day.

The development of portable robotic devices is really
challenging, because it requires additional limitations in
terms of encumbrances, weight and autonomy. However,
at the same time, thanks to effectiveness of such solutions,
the improvement of the manipulation and grasping abil-
ities of the subject may bring him to a substantial re-
covery of the social interaction gestures in his everyday
life (e.g. shaking hands, grasping and release of small ob-
jects, etc..).

According to the state of the art [3], [4], as regards
the linking system between the hand and the exoskele-
ton, there are two different approaches: single-phalanx
devices, in which the robot exchanges forces at the fin-
gertip [7],[8], and multi-phalanx ones, where the device
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directly controls each phalanx of the hand [9], [10], [I1].
The latter approach leads to more complex mechanisms
and control strategies; on the contrary, single-phalanx ap-
proach is more suitable for the application of higher forces
and for the use of simple actuation systems and control
algorithms but it is characterized by intrinsic engineering
problems such as the limited space for the physical in-
teraction between the hand and the mechanism. Many
examples of multi-phalanx devices can be found in haptics
(where the portability requirement is not a constraint) and
they are usually used to simulate the virtual-environment
interactions [12].

Concerning the mechanism, several rigid multi-
degree-of-freedom (DOF) kinematic chains have been
proposed [13], [14], [15], [16], [17], [I8] with few examples
of single DOF mechanisms [19]. Nevertheless, the current
solutions of single-DOF mechanisms are mainly related to
the assistance of the grasping gestures but with very sim-
plified kinematics [I9]. In recent years, the spread of soft-
robotic applications has led to some preliminary examples
of HES based on elastomeric materials or fluid structures
[20], [21].

As regards the actuation systems, cable-driven solutions
are widely employed for their implicit simplicity [22], [23],
[24], while rigid actuator architectures (based on linear ac-
tuators or hydraulic ones) may have problems due to the
weights and encumbrances [25], [26].

By focusing on the HESs based on single-phalanz solu-
tion, rigid mechanism and cable-driven architecture, there
are few examples found in literature and most of them use
actuation systems separated by the device (usually the de-
vice is installed on the hand and the motors are placed on
the ground) [3], [27], [28]. Only a narrow part of these
examples use motors directly placed on the hand back (ex-
traordinary portability but limited in terms of device per-
formance, due to the weight, and high cost). [29] describes
a HES based on a 3DOFs mechanism with 3 electric mo-
tors which is very powered (flexo-extension with 5 N maz-
imum force) and precise but very heavy and bulky (0.5 kg
and mazimum height with respect to the hand back of 8
cm for the one finger mechanism). An interesting solu-
tion is described in [30], where the authors developed a 4
DOFs mechanism (1 actuated and 3 passive) for the finger
which is able to apply a continuous force of 45 N within
a total weight of 1 kg. The drawback of this solution is
the high vertical encumbrance and the impossibility to ap-
ply this mechanism to all the four fingers. To reduce the
encumbrance and the weight, in [31)] a device is proposed
based on linear electric actuators on a mechanism with 2
DOFs for each finger which allows a mazimum force of 10
N, a reduced vertical encumbrance (mazimum 6 cm with
respect to the hand back) and a weight of 0.5 kg for the
whole device.

By following this approach, inspired by the extreme porta-
bility and affordability, the authors have developed a new
finger mechanism with 1DOF to obtain a full actuation of
each finger (1 DOF mechanism for 1 electric rotative actu-

ator) built through a 3D printing machine in a thermoplas-
tic polymer, Acrylonitrile Butadiene Styrene (ABS). Thus,
the total weight of the device is about 0.35 kg with a ver-
tical encumbrance of 4 c¢cm. In addition, the authors have
put their attention on the cost of the device; in literature,
any research article exploits the total cost of its prototype.
Our device has been developed and not too limited for a
total cost of about 500 €. To summarize, in this re-

(b)

Figure 1: Examples of a FES system [0] (a) and of a Hand Exoskele-
ton System [12] (b)

search work, both the use of a dedicated Motion Capture
(MoCap) system and the implementation of a complete 3D
multibody model of the HES (model-based approach) have
been exploited to design a new single phalanx, rigid, single
DOF and cable-driven mechanism for hand exoskeletons
aimed at subjects affected by hand-opening impair-
ment (see the attached video).  During the modelling
phase, to develop the HES for a subject (T'H;) (who is
unable to voluntarily open his hands), the phalanx trajec-
tory acquisitions on a normal hand subject (T'H,, able
to voluntarily open and close his hands) have been initially
carried out. After that, through the inverse kinematic
model of the T'"H, hand, the typical articulation joint vari-
ables related to those gestures are obtained. In this man-
ner, it is possible to simulate the opening and clos-
ing gesture for the TH; subject (because the TH;
subject is unable to autonomously open his hands).
The articulation joint variables are then applied
to the TH; hand multibody model (scaled using
the proper geometrical characteristics of TH;) to
obtain the same hand gestures and, through the
MoCap system, are experimentally validated. Fi-
nally, using articulation joint variables, numerical
simulations of the T'H; patient hand have been per-
formed, both for a simulated opening and closing
gesture, called virtual opening and closing gesture.
Fingertip trajectories obtained through the previ-
ous simulations are then used both for an estima-
tion of the natural phalanx trajectories and for the
synthesis of a suitable mechanism able to properly
reproduce such curves (see Par. .

The achievement of a trade-off between accuracy and
functionality in achieving this crucial task has been
reached through a suitable kinematic chain (based on a
1 DOF mechanism) especially developed to reproduce the
desired fingertip trajectories. The proposed 1 DOF mech-
anism is new in the exoskeleton field and turned out to be



quite promising.

The results obtained from the modelling phase have
been used in the design phase to develop two versions of
the real HES prototype (Fig. , for both the subjects.

The HES architecture consists of a mechanical part, de-
signed to be modular, stiff and wearable, and an electronic
one (actuation system and control unit). The mechanical
parts were internally produced by means of the 3D print-
ing machine of the MDM Lab (DIEF, Italy) in order to
evaluate, through a functional prototype, the perfor-
mance of the mechanism.

In this paper, after the description of the mechanism
synthesis, some preliminary results obtained using the
functional prototype will be presented. The prelimi-
nary testing phase of the prototype with a single subject
has been concluded; currently, through the collaboration
with an Italian rehabilitation center, a group of subjects
are testing the proposed HES methodology.

2. General Architecture of the System

In this chapter, both the methodology to design the HES

and the general architecture of the proposed system are
described. The proposed HES can be defined as a single
phalanx, single DOF, rigid and cable driven system for the
fingers without the thumb module (since the TH; sub-
ject maintains a high residual capacity for the thumb).
HES’s characteristics were chosen according to strict re-
quirements of portability, affordability and modular-
ity (Fig. [2).
The connection point between hand and exoskeleton is
placed on the intermediate phalanx, but for sake of er-
gonomics, in the HES prototype also the distal phalanx is
connected to the mechanism through a thimble (without
changing the mechanism kinematics). Through this ap-
proach, the MetaCarpoPhalangeal (MCP) self alignment
problem [32], [33] is overcome by only considering the
fingertip trajectories. As briefly said in the introduc-
tion, the innovative kinematic chain developed in this re-
search work was designed through the use of a MoCap
system (based on a Full-HD camera with slow motion rate
and a 2D acquisition software) and preliminarily simulated
through a complete multibody model of the hand exoskele-
ton system.

In the first part of the research activity: starting from
the phalanx trajectories of the T'Hy acquired through the
MoCap system, a multibody model of the T'Hs hand able
to properly simulate the real hand behaviour has been
implemented and then validated through the comparison
with the real trajectories. This phase has been uniquely
carried out for the T'Hs subject who is able to volun-
tarily open and close his hands. Using inverse kinematics,
the typical articulation joint variables for these gestures
(opening and closing) have been calculated. Finally,
through the same articulation joint variables, a virtual
campaign of acquisition for the T H; subject has been
carried out by means of the related hand multibody model

Figure 2: The developed HES prototype tested by the T'H; subject

(both for a virtual opening and closing gestures).

In the second part of the research activity, different kine-
matics for the exoskeleton mechanisms (both with 1 and 2
DOFs) have been tested for the T H; patient; after an anal-
ysis in terms of encumbrances and stiffness, the proposed 1
DOF kinematics (single phalanx, rigid and cable-driven ar-
chitecture based on the new parallel kinematic chain) has
been selected. The selection of this solution was mainly
related to the capacity of well reproducing the phalanx
trajectories (calculated in the previous phase) and to its
easier actuation. To validate the HES model by means of
the real prototype, a proposed test case for the ex-
perimental validation to compare the trajectories of the
mechanism key points acquired through the MoCap sys-
tem to the simulated ones has been performed both for
the opening and for the closing phases.

The final phase of the research activity consists of three
different steps: the design phase of the real HES to obtain
a portable and modular mechanism, the MoCap validation
of the whole HES multibody model (including both the
HES and the hand models) and the evaluation of the
HES transparency (the capability of the HES prototype in
reproducing the real trajectories of the hand phalanges).
The design of the real HES takes into account the results
obtained from the hand exoskeleton multibody model.
The proposed methodology (model-based approach) has
led the authors to determine the most suitable mecha-
nism which fits the finger trajectories. The design of ac-
tuation and control system is based on strict portability
and affordability requirements; a MicroMaestro device
characterized by very reduced encumbrances is used. The
placement of the actuators is also a critical aspect for the



usability of the device: to improve the portability and the
modularity of the device, the authors proposed to place
the actuators directly on the hand (Fig. [2). The main
advantages are the reliability and the effectiveness of the
direct connection between fingers and actuators but both
the inertia and the encumbrances of the HES increase. The
choice of the actuators will be related to the required sizes,
weights and forces. The control unit and the batteries are
integrated into a small box placed on the forearm where
the subject is able to control the HES only employing
two open-close buttons.

3. Hand model

Because of the portability and the modularity require-
ments, the development of a novel kinematic chain in the
field of hand exoskeletons is mandatory; therefore, before
the design phase of the exoskeleton, a complete kinematic
and dynamic analysis of the hand is carried out. For this
reason, this section is organized into the following logical
steps:

e Data acquisition: it consists of the complete geometri-
cal data of the two different subjects’ hands (T H;
and T Hy, see Fig. |3| and Tables having different
characteristics in terms of size and functionality. A
Motion Capture (MoCap) system is then used to ob-
tain the real phalanx trajectories for the T Hy sub-
ject needed to validate the model (Fig. 4)) and to ex-
tract the proper articulation joint variables employed
to obtain the same trajectories for the T H; subject
(both for opening and closing gestures).

e Kinematic model: a simplified model of the hand is
used to reproduce the real phalanx trajectories. In
particular, by using a planar 3 Revolute manipulator
(e.g. RRR manipulator, see Fig. for each finger
and its inverse kinematics, it was possible to extract
the articulation joint variables of the T Hs subject
(both for a closing and an opening gestures) to be
used also for the T'H; subject.

e Dynamic model: a complete 3D hand model has been
developed to simulate the dynamic behaviour of the
real hands (see Fig. @ The dynamic model has been
implemented both for the TH; and the T'Hy patients.
In particular, the T H; dynamic model uses the artic-
ulation joint variables extracted from the T'H, open-
ing and closing gestures. Therefore, by using the
dynamic model, a a proposed test case for the ex-
perimental validation of the T'H; opening and clos-
ing gestures can be performed as well. As regards the
dynamic model, it consists of a 3D hand multibody
model, an actuation model and a joint limit model,
to obtain a realistic behaviour of the hands. In par-
ticular, the actuation model applies finger torques to
replicate the desired articulation joint variables, while
the joint limit model is able to simulate the effects

due to the real articulation limits. In fact, it applies a
reaction torque when the bodies reach their position
limits (upper and lower limits), depending on the an-
gular position of the phalanges.

e Simulation results and experimental data: a pro-
posed test case for the experimental validation
has been carried out both for the TH; and the T'Ho
subjects to validate the hand models and the model-
based methodology. In Fig. [7} a comparison between
the simulated finger trajectories and the real ones for
the THs is shown (for the index finger). The artic-
ulation joint variables obtained from the T'Hy model
are then employed to reproduce the virtual opening
and closing also for the T'H; subject (Fig. .

All the aforementioned models have been implemented in
the Matlab environment, thanks both to Simulink and
Simmechanics tools [34]. The hand model acquisition and
validation through the MoCap system are shown in the 1st
step of the video.

3.1. Hand model: data acquisition

The data acquisition part is mainly based on the assess-
ment of the T Hy subject phalanx trajectories for each
finger, acquired during both the hand opening and clos-
ing gestures through a MoCap software (Kinovea, open
source [35]), as visible in Fig. The marked phalanges
are the proximal, the intermediate and the distal
phalanges. The MoCap system consists of a MoCap soft-
ware and a Full-HD camera with slow motion rate (see
Fig. . In addition, both for the patients TH; and
T Hs, the real geometric and dynamic characteristics have
been briefly reported in the anthropometric tables Tab[T}2}
The geometrical characteristics are basically the phalanx
lengths l; and the radii 7"; These physical parameters were
directly measured on the subjects’ hands.

Table 1: TH; Subject characteristics [cm)]

1st phalanx 2nd phalanx  3rd phalanx

(05, 71 [13,75] (13,75
Little finger [3.3, 0.6] [2.3, 0.6] (2, 0.6]
Ring finger [4.8, 0.8] [3, 0.7] [2.1, 0.7]
Middle finger [5.3, 0.8] [2.9, 0.75] [2.4, 0.7]
Index finger [4.5, 0.8] [2.6, 0.75] [2.2, 0.7]
Thumb finger [4.8, 1] [3.6, 0.9] [2.8, 0.8]

In Fig. |3] both the hands are shown; in particular, the
TH, subject’s pathology causes a deformation of the
hand back due to the absence of the muscles needed to
perform the hand opening. Therefore this effect has to be
taken into account both in the multibody model and in the
design phase (to improve the ergonomics of the prototype).



OPENING GESTURE

CLOSURE GESTURE

Index

Medium Little

Figure 4: MoCap acquisitions of the T'"Ha subject’s hand, both for the opening and closing gestures

Table 2: TH> Subject characteristics [cm)]

1st phalanx 2nd phalanx 3rd phalanx

(1, 1] (13, 5] (3, 3]
Little finger _ [3.4, 0.65] 2, 0.6] 2, 0.55]
Ring finger [4, 0.75] [3, 0.7] [2.5, 0.7]
Middle finger  [4.5, 0.85] 3.3, 0.8] 2.6, 0.8]
Index finger [4, 0.85] (2.5, 0.75] (2, 0.7]
Thumb finger (4.8, 1] (3.5, 0.95] [2, 0.85]

3.2. Hand model: kinematic model

To achieve the aim of the research, the proposed hand
model is developed by reducing the global DOFs of the
system and its complexity: the thumb movements are ne-
glected (because the patient disability does not affect the
thumb), rigid bodies are considered to model the hand
parts such as the forearm, the palm and the phalanges
(proximal, intermediate and distal ones), the links among
the phalanges are described by simple rotational joints
having fixed revolute axes and the abduction and ad-
duction movements of the MetaCarpoPhalangeal (MCP)
joints are neglected (the rotations are only performed with
respect to the local z-axis, see Fig. [5). Finally, of this step
of the research, the wrist is fixed.

Assuming the aforementioned hypotheses, the kinematic
model of each finger of the hand can be considered as
a planar 3R mechanism (Fig. [5) which defines the fin-
gertip pose P° (Q’) as a function of the joint coordinates

THi patient

TH: patient

Figure 3: Real subject hands: TH; and T H2 comparison

o' = [0} &} 6}]"

] e e + B
PO = [p, py ¢'] = | lisi +lhsiz+ 155103 | (1)
1+ 05+ 054
where, for example ¢15 = cos(01+03) and s12 = sin(©1+
02), P' is the fingertip pose, the apex ? defines the finger
(i = 1,2,3,4 starting from the index and excluding the
thumb) and [%,1%,14 are the phalanx lengths.



In Fig. l 5] through the reference systems {Oy, o, y0, 20},
{Ol,xl,yl,zl} {027x2,y2,22} {03,x37y3,23} the pha-
lanx lengths 1%,05,l4 and the distance vector between the
wrist and the MetaCarpoPhalangeal joint L 0, the 3R mech-
anism can be easily adapted to different hand characteris-
tics.

As regards the inverse kinematics of the 3R model, by

Figure 5: Hand kinematic model

means of Eq. [2] it is possible to obtain the proper artic-
ulation angular variables @}, . starting from the desired
P, @

zdes * ydes T zdes

fingertip poses PY,, = [Pi
ides = atan2(sy,c1)
hdes = atan 2(s2,c2) : (2)
édes - QS @1des + @2des

. . l1+l2c2 es lzszP es
this time ¢ = ( )Td+P1 e

ydes

where, s1 =

zdes

P 1313

+/1-¢2, ¢ = ST and sy = + /1 — c3.
The outputs of the inverse kinematic model for each finger
are the desired joint trajectories ©Y, .. This way, the artic-
ulation joint variable for the T'Hs can be extracted starting
from the acquired fingertip trajectories. The same angu-
lar joint variables are then applied to the hand model of
T H, to obtain the virtual fingertip trajectories of virtual
closing and opening gestures.

1de§

3.3. Hand model: dynamic model

The hand dynamic model has been developed to assess
the kinematic and dynamic interactions between the hand
and the exoskeleton. The model consists of different parts:

the multibody model of the hand, the joint limit model and
the joint actuator system. The simulation campaign with
the dynamic model is performed by defining two simula-
tion modes: hand flexion and hand extension. The hand
flexion is controlled by the subject and is called ‘hand
closing’, while the hand extension has to be controlled by
the exoskeleton and is called ‘hand opening’. In Fig. [6] the
3D dynamic model of the hand is represented and some
different subsystems are defined:

o Multibody model: it represents the kinematic and
dynamic model of the hand where all the geometrical
and mass/inertia characteristics are defined for each
phalanx (obtained by the 3D analysis). The inputs
are both the torques applied by the joint actuators
(internal interactions) and the generalized forces ap-
plied by the exoskeleton (external interactions); the
output is the global hand motion.

e Joint limit models: this subsystem is able to simu-
late the effects due to the real articulation limits. The
joint limit models apply a reaction torque depend-
ing on the angular position of the phalanges when
the bodies reach the limits (upper and lower limits).
The inputs are the angular coordinates of the joints
and the outputs are the reaction torques calculated
through a non-linear function of the angular quanti-
ties.

e Joint actuators: the actuation of the phalanges is
carried out through torques, depending on the simu-
lation mode (‘hand closing’-‘hand opening’) and
on the subject. In fact, during the hand opening,
major resistance torques have been observed in the
TH, subject, as compared to the THy. More par-
ticularly, two different types of torques are applied on
the joints: the resistance torques applied during the
hand opening phase and the closing torques applied
during the hand closing one. In the hand open-
ing mode, the exoskeleton opens the fingers (active
exoskeleton - passive hand). Therefore, to better sim-
ulate the real T'H; subject’s behaviour, when the
hand is opened by an external device, variable resis-
tance torques, depending on the phalanx configura-
tions, are applied. As visible in Fig. [6] in this case
the inputs are the joint angular coordinates and the
outputs are the joint torques. On the contrary, dur-
ing the hand closing mode, the torques are voluntarily
applied by the patient to close the hand (active hand
- passive exoskeleton); therefore, PID controllers are
used to produce the torques needed to follow the de-
sired trajectory while closing the hand. The inputs
are both the desired joint motion Gfi(,g and the simu-
lated joint angular coordinates ©%, : the outputs are
the joint torques.

SZ’ITL’
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Figure 6: Architecture of the hand dynamic model
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3.4. Hand model:
data

In this part, the hand model simulation results will be
shown and analysed both for the T'H; and for the T H,
subjects. In fact, the first step consists in the validation
of the THy hand dynamic model by comparing the real
phalanx trajectories acquired by the MoCap software (vis-
ible in Fig. with the simulated ones. The T'Hy model
is validated for all the fingers both in the opening and
in the closing gestures. In Fig. [7] for sake of brevity,
only the comparison for the index finger is reported; the
comparison between the simulated and the acquired tra-
jectories highlights a satisfactory agreement in terms of
phalanx trajectories: the proximal phalanx trajectories are
the red curves, the intermediate phalanx ones are the green
curves and the distal phalanx ones are blue (the values of
abscissa Xog are taken with respect to the geometrical
center of the forearm). The simulated trajectories of
the phalanges properly track the real acquisitions;
this way, the mean error along the whole trajecto-
ries is less than 3 mm while the maximum error is
less than 7 mm. In addition, this maximum error
is exclusively located in the closed configuration of
the hand where the MoCap acquisitions are more
difficult and less precise. The second step is focused on
the phalanx trajectories estimated by the T H; hand dy-
namic model starting from the T'H, articulation angular
variables (obtained through the inverse kinematic model of
the T'Hy trajectories). In Fig. [8, the phalanx trajecto-
ries, called virtual phalanx trajectories, for the in-
dex finger both in the opening and closing gestures
are depicted. It is worth noting that these trajec-
tories are an approximation to a realistic grasping
movement based on a multibody model and might
not represent the real TH, phalanx trajectories.
These virtual phalanx trajectories are needed be-
cause the subject is not able to autonomously open
and close his hands and it will be important in the
final assessment of the HES system to assess the
performance of the device to not alter the natural
hand movement. This aspect leads to a qualitative
evaluation of the ergonomics of the device.

simulation results and experimental

4. Exoskeleton model

In this chapter, the proposed 1 DOF mechanism for the
exoskeleton fingers is presented and analysed. The results
obtained in the previous part are used to determine the
most suitable mechanism configuration, taking into ac-
count also the limitations in terms of encumbrances. This
section is organized as follows, maintaining the same struc-
ture of the previous one:

e Data acquisition: the mechanism has been designed
for the two subjects (T'H; and THo, character-
ized by different finger characteristics, see Tables
2). All the geometrical parameters are reported for
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Figure 8: T'H; subject: virtual phalanx trajectories for the index
finger during both the opening and the closing phases, repro-
duced starting from the T'H> articulation angular variables

both subjects. The same MoCap system is used to
obtain the real mechanism trajectories. In particular,
the authors focus their attention on five key points of

the mechanism (Fig. [9] - [L0).

e Kinematic model: a complete kinematic synthesis has
been performed to obtain a suitable mechanism able
to accurately follow the real fingers trajectories. The
proposed mechanism kinematics can be easily written
in a closed form and has a single DOF. The mecha-
nism is adaptable to different hand sizes with a few
variations of its geometrical parameters.

e Dynamic model: the authors have developed a 3D dy-
namic model of the hand exoskeleton. The dynamic
model consists of different susbsystems: the multi-
body model, the cable and actuators models and the
joint limit models. The subsystems interact to each
other to simulate the dynamic behaviour of the whole
mechanism. As clearly visible in Fig. the same
1 DOF mechanism has been developed for each fin-
ger. The cable models (rigid wire) allow the calcu-
lation of the force acting on the bodies, neglecting,
for sake of simplicity, the friction forces; this way, the
tension is transmitted from the actuators to the end-
effector of the mechanism. The joint limit models sim-
ulate the real exoskeleton behaviour by constraining
the revolute-prismatic joints to work within a limited
range (upper and lower bounds).

e Simulation results and experimental data: in this
part, a comparison between the mechanism simulation
results and the experimental data acquired through
the MoCap system is shown (Fig. . For the sake
of simplicity, the graphic shows the results only for
the index finger of the T'H; mechanism. Given that
the mechanism is based on the same architecture, the
same results are also obtained for the other fingers
and for the T'Hy mechanism. In conclusion, the errors
in terms of simulated and real key points trajectories
are very satisfactory, confirming the reliable dynamic
behaviour of the mechanism dynamic model.



The exoskeleton model acquisition and validation through
the MoCap system are shown in the 2nd step of the video.

4.1. Exoskeleton model: data acquisition

The single DOF mechanism is shown in Fig. [9and con-
sists of a kinematic chain mechanism able to perform the
desired roto-translation of the end effector (point E in Fig.
E[). The connection point between hand and exoskeleton is
the intermediate phalanx; eventually, also the distal pha-
lanx can be connected through a thimble (maintaining the
same kinematics). Furthermore, the mechanism has a sim-
ple direct kinematics which only depends on the angle be-
tween the horizontal line and the distal phalanx s (see
Fig. [9). In Fig. the same MoCap system has been

Line equation
written in <2>
a2*x+b2*y+c2=0
7

Line equation
written in <1>
al*x+bl*y+cl=0

Connection
¥~ withthe

\ distal phalanx
Connection with
the intermediate

phalanx

Figure 9: Description of the exoskeleton mechanism. Markers are
the green points

used to acquire the data coming from the real prototype
of exoskeleton to validate the dynamic model of the sys-
tem during the opening and closing gestures. Since
the mechanism is the same for all the fingers and it con-
sists of rigid bodies, the comparison between real data and
simulated trajectories is easier than in the case of the hand
model; for these reasons, the trajectory acquisitions have
been represented only for the index finger mechanism. In
this case, the markers are placed in five key points of the
mechanism (see the green points in Fig. E A-B-C-D-E).
In addition, in order to simplify the kinematic and the

OPENING GESTURE

CLOSURE GESTURE

Figure 10: Experimental setup for the MoCap acquisitions of the
T H; exoskeleton

dynamic analyses, simplified geometries for the different
parts have been adopted. These parts are related, for ex-
ample, to the T'H; subject and described in Fig. The

exoskeleton characteristics for T H; and T Hy are respec-
tively reported in Table [3|and Table [l which contain the
geometrical parameters of each part of the finger for the
TH, and the T H cases. The geometrical parameters are
also shown in Fig.

.

Pnoto

A
Ln o

Figure 11: Exoskeleton mechanism parts

4.2. Exoskeleton model: kinematic model

The kinematic model of the exoskeleton is developed to

better analyze the mechanism parts trajectories. In the
following section, to simplify the analytical description,
the attention is focused only on the index finger trajec-
tories, but the same model and the same approach have
been adopted for all the fingers of both the TH; and the
TH, subjects.
Fig. [0 shows the center of the reference system < 1 >
related to the body 1 fixed to the hand (point A). The
other reference systems < 2 >, < 3 >, < 4 > related to
the bodies 2, 3, 4 are coincident, respectively, with points
C, B and E (Fig. E[) The kinematic equations describ-
ing the mechanism are obtained starting from the revolute
constraints in the points A, C and E:

0="C+R;(a2)*4 (3)
'C="B+Rj(a3)°C (4)
'B+ Ry (a3)’E="E. (5)

Moreover, by analysing the two mechanical guides related
to the points B and D, the equations of the constraints
become:

ar-'By+b1-'By+¢; =0 (6)
az - "Dy + by 4Dy+02—0 (7)
'D="'C+ R;(a2)°D (8)



Table 3: T H; exoskeleton characteristics [mm)]

Finger pll aB aA pl2 It
[p1..p3] [P4..ps] [p7..p10] [p11..p1g] [p19..p22]
Little  [23.9,11.8,30°]  [9.6,25,22,65.4] [44,19.9,22,29.4] [10.3,18.4,9.6,20.4,82° 3.7,11.8,20.6]  [5.8,5.1,5.1,12]
Ring [32.5,16, 30°] [13,36,30,89] [60,27,30,40] [14,25,13,40,82°,5,16,28] [12,7,7,16.5]
Middle  [34.7,17, 30°]  [13.9,38.4,32,95]  [64,28.8,32,42.7] [14.9,26.7,13.9,42.7,82° 5.33,17,30]  [12.8,7.5,7.5,17.6]
Index  [30.7,15.1,30°] [12.3,34,28.3,84] [56.7,25.5,28.3,37.8]  [13.2,23.6,12.3,37.8,82°,4.7,15.1,26.4]  [11.3,6.6,6.6,15.5]
Table 4: T Ho exoskeleton characteristics [mm]
Finger pll aB aA pl2 I1If
[p1..ps] [pa--ps] [p7--p10] [p11..p1s] [p19--p22]
Little  [23.2,11.5,30°]  [9.4,24.5,21.7,65.1]  [43.5,19.4,21.8,28.9]  [10.1,18.1,0.3,28.8,79°,3.4,11.4,20.2]  [8.5,4.9,4.9,11]
Ring  [32.4,15.8,30°] [12.8,35.4,29.8,88.5]  [59.2,26.6,29.4,41]  [13.8,23.2,11.5,39.5,82°4.5,15.5,27.7]  [11.7,6.6,6.6,16.3]
Middle [33.9,16.5, 30°]  [14,39,31.5,94.8] [63.6,28,31.4,42] [14.1,26,13,41.6,82°,6.1,16.8,29.1] [12,6.9,6.9,17]
Index  [30,14.3,30°]  [11.4,33.1,28,83.5]  [56,24.5,27.6,36.7] [12.2,23,11.8,36.7,82° 4,14.3,26] [10.5,5.7,5.7,14.5]

'D="E+ Rj(ay)'D. (9)

The unknowns representing the state of the system 'C, ' B,
LB, a9, a3, a4 can be calculated as a function of only as
by solving Eq. B9} The state vector is defined as follow:

g=['B"; as; 'C"sa3; 'ET; ag]”, € R%. (10)

All the interesting points of the mechanism (included in
the state vector ¢) are completely described as a function of
the angle as and of the geometrical parameters R € R'6:

R=(2AT 3" 2DT BET AFT ay,by,c1,a0,by,c)7,

(11)
where 24 is (the point A) written in < 2 >, 3C is (the
point C) written in < 3 >, 2D is (the point D) written in
< 2 >, 3E is (the point E) written in < 3 >, 4F is (the
point F) written in < 4 > and ay,b1,c¢; and asg, by, co are
the line equation coefficients (respectively written in the
reference frames < 1 > and < 4 >) of the mechanism linear
constrains, highlighted in Fig. [9] All these parameters
are completely known because they represent geometric
quantities, depending only on the design of the exoskeleton
parts and can be used to adapt the exoskeleton to different
hand sizes. Consequently, it is possible to write the direct
kinematic model § = f(az, R) € R¥ (see Eq. as a
function of as and R where § is the unknown part of the
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state vector ¢:

I~

(a2, R). (12)

[

Qg

The methodology to optimize the mechanism of each

finger varying the geometrical parameters R (Eq. and
to satisfy the encumbrance constraints is the following:
starting from the acquired trajectories of the intermediate
(and eventually also the distal phalanges), an optimiza-
tion algorithm based on the minimization of a constrained
nonlinear multivariable function [36], [37] aims at modify-
ing the geometrical parameters to lead the mechanism to
fit the acquired trajectories. The objective function of the
algorithms minimizes the error between the acquired tra-
jectories (used as the reference ones) and the same trajec-
tories obtained through the exoskeleton mechanism. The
optimization algorithm requires suitable upper and lower
bounds for the model parameters to find out a correct so-
lution for the kinematics, respectively stated as U, € R1®
and L,, € R'S.
To generalize the methodology, both the intermediate
and the distal phalanges are implemented. Defining
the desired experimental angular variable as(t) in the dis-
crete range t € [to,t1,..t;..tn] for i = 1,2...N (acquired
by the MoCap system), the XY plane trajectories for the
intermediate and distal phalanges can be written as:

Q\des (t) - [xinter(t)v yinte'r‘(t)v Tdist (t)» Ydist (t)]T S R4~
(13)



Considering the same angular variable aso(t) also for the
simulated system, the kinematic model provides the sim-
ulated trajectories, g, =q_ (a2, R) € R*:

2sim

g . (ax(t),R) = ["'Ex(a2,R),"

sim

E (O‘?’R)’ (ag,R),le(az,E)]T‘
(14)
The objective function is a scalar function F'(R) equal to

the Euclidean 2-norm of the errors between g, (t) and

Q. (az(t), R):

(

E) = Hg\des N szmH

Zques i) szm H

(15)
The optimization algorithm has to minimize the error to
follow the desired phalanx trajectories Q(t)des taking into
account the following non linear constraints:

1Gaes(t) — B

= m;‘lx | Gates (i) —

qum(QQ( )

QSzm (a2( ) (16)

)II
where the co-norm is needed to maintain limited the max-
imum error and C' is the threshold value. Since the
mechanism has to be also optimized in terms of encum-
brances (especially, for the height of the point !C =
[1Cy(az, R),'Cy(az, R)]T), a non linear constraint on this

point is introduced:
max ('Cy(az(ti), B) — h(*Ca(oa(t:), R) <0 (17)

where y = h(z) is the non linear function of the constraint

Figure 12: Encumbrance constraint obtained forcing the point
C to remain lower than the constraint

for point 'C point (Fig. which is necessary to model
the vertical encumbrance.

The minimization problem is completely described by the
following equation:

. L,<R<U,
m}%nF(E) :

miaX“Z]\des(ti) — Gsim(02(ti),R)[| . < C
(18)
max (C, (aa(ts), B) — h(:Cylas(t:) B)) < 0. (19)

3
The optimization algorithm employed to solve the problem

is the ‘trust region reflective’ algorithm, applied exploiting
the knowledge of the gradient of the F(R) function [36].
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4.3. Ezxoskeleton model: dynamic model

After the kinematic model, a complete 3D dynamic
model of the exoskeleton has been developed. To perform
a realistic simulation of the exoskeleton, different submod-
els are implemented:

e Multibody model: as clearly visible in Fig. [I5]
the same 1 DOF mechanism has been developed for
each finger. The multibody model consists of differ-
ent parts: the fixed part (a) (blue) has two joints (1
fixed revolute and 1 mobile revolute-prismatic) which
connect (a) with the yellow link (b) and the red one
(c). The yellow and the red links are connected to-
gether through a fixed revolute joint. The green body
(d), as the end-effector of the mechanism, is linked
by two joints, i.e. 1 fixed revolute joint and 1 mo-
bile revolute-prismatic one. The cable tensions act
on the green part to actuate the mechanism. Finally,
the orange part (e) is constrained to the green body
by means of 1 mobile revolute-prismatic joint. The
orange part (the thimble) is introduced to improve
the ergonomics of the exoskeleton by moving also the
distal phalanx during the hand opening, but the end-
effector of the mechanism remains always the green
body. In fact, the connection between the distal pha-
lanx and the thimble is optional, because it does not
alter the kinematic model of the mechanism. As re-
gards the description of the bodies and of the joints,
the geometry, the masses and the inertias are directly
provided by 3D CAD evaluations. The inputs of this
model are the cable tensions produced by the cable
and actuator models, the reaction forces calculated
by the joint limit models and the external interac-
tions due to the hand model (simulated through a 3D
bushing constrain). The outputs are the exoskeleton
motion and the reaction forces applied on the hand
model.

o Joint Limit models: these models (see Fig. sim-
ulate the real exoskeleton behaviour by constraining
the revolute-prismatic joints to act within a specific
range (upper and lower bounds). The physical lim-
its of the joint movement are modelled through the
application of proper reaction forces between the two
moving bodies; in particular, the value of the force
will depend upon the position d; of the part inside
the prismatic guide through a non-linear law (shown
in Fig. . The inputs are the joint linear coordi-
nates d; and the outputs are the reaction forces Fj.
In Fig. [I3] the non-linear behaviour of the reaction
forces is displayed, where F' is the force value applied
along the direction of the guide between the two bod-
ies, Iy, and [y are the lower and upper limits of the
guide, kg is the gap and F);4x is the maximum value
of the force.

e Cable and actuator models: these models (Fig.
allow the calculation of the cable forces on the



I." »
Fuad ! .
by — ko, Iy {fu tko
T 1 I
L Cd
*_‘L.MAX

Figure 13: Joint limit submodel: (a) force law (b) application of the
force law on the mechanism

bodies, neglecting the friction forces. The proposed
HES is controlled in terms of desired actuator speed
(kinematic control of the mechanism) and the length
of the cable is a function of the mechanism configu-
ration (see Fig. . The mechanism has a pre-

Figure 14: Cable submodel: tension transmission

defined passage for the cable, therefore the mecha-
nism configuration and the cable length are related
through only one solution L(asg). The cable tension
is transmitted from the actuators to the multibody
model (the end-effector of the mechanism, the green
bodies (d)). In particular, by supposing the ca-
ble tension is conserved and the wire is rigid,
the actuation model produces a torque proportional
to the velocity error between the desired wire veloc-
ity vy, = 0,7 (where 6,, is the motor speed and r is
the pulley radius) and the real wire velocity v.. Sup-
posing a known motor speed 6,, and type, the
torques and the cable tension applied to the multi-
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body model are simply determined by the configu-
ration (because the cable tension directions are sup-
posed to be known). The model inputs are the desired
actuator velocities and the joint angular coordinates;
the outputs are the cable tensions calculated by know-
ing the mechanism configuration and the speed error
of the controller.

4.4. Exoskeleton model: simulation results and experimen-
tal data

In this section, a comparison between the real mecha-
nism trajectories acquired by the MoCap system and the
simulated trajectories has been presented, for example, for
the T'H;. Since the mechanism is the same for all the fin-
gers, the results are shown only for the index finger of the
T H,. Similar results are obtained also for the T'"Ho mech-
anism, but for sake of synthesis are not here reported. In
Fig. the comparisons between the exoskeleton model
trajectories and the experimental data are shown for the
A, B, C, D and E points. The errors are very small, less
than 2 mm, mainly due to the camera acquisition misalign-
ment and to the model approximations.

5. Hand Exoskeleton System

In this chapter, the whole hand exoskeleton model and
prototype will be presented; in particular, the description
of the complete dynamic model (obtained by coupling to-
gether the hand and the exoskeleton models), the study of
the prototype design phases and the analysis of the exper-
imental results will be discussed in details. Both for the
TH, and for the THy subjects, the HES validations are
respectively shown in the 3rd-4th steps of the video.

5.1. Hand exoskeleton system: dynamic model

The complete hand exoskeleton model is obtained by
coupling together the hand and the exoskeleton mod-
els. As described before, the exoskeleton is studied to be
a single phalanx mechanism (1 DOF of the finger
mechanism is actuated by 1 actuator), but for sake
of ergonomics, also the distal phalanx is connected to the
mechanism. However, the connection of the distal pha-
lanx through a thimble does not alter the kinematic model
of the mechanism because it remains the same single
DOF mechanism. In fact, by adding the thimble
the mechanism adds 1 body with 3 DOFs but the
kinematic chain of the finger adds 1 DOF, thus the
finger+mechainism kinematic chain maintains the
same 1 DOF (the controlling DOF is «3). In addi-
tion, the connection points between phalanges and
mechanism introduce some compliance effects in
order to keep the hand safe and to absorb the min-
imal variations due to the hands geometry. Nev-
ertheless, it is worth nothing that this compliance
does not affect the exoskeleton functionality.

As regards the dynamic model, the linking between
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Figure 15: Architecture of the exoskeleton model
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Figure 16: Comparison between the T'H; exoskeleton model trajectories and the real ones for the index finger during both the opening and

the closing gestures

these two models is simulated through two 3D force el-
ements between fingers and the exoskeleton mechanism.
As visible in Fig. the interaction points are placed in
the intermediate phalanx and in the distal one. The com-
plete model allows the simulation of both ‘hand closing’
and ‘hand opening’ gestures (as shown in Par.
in Fig. |4). The ‘hand closing’ simulation mode is
very useful to analyse the kinematic behaviour of
the whole HES model (because the hand drives the ex-
oskeleton motion); instead, the ‘hand opening’ simulation
mode is needed to evaluate the cable tensions able to ex-
tend the fingers by using the exoskeleton mechanism. In
both cases, the complete hand exoskeleton model is im-
portant to study the forces exchanged between the hand
and the exoskeleton (on the hand back and on the pha-
langes). The complete model allows the simulation of the
classical ‘hand closing’ and ‘hand opening’ gestures.
The ‘hand closing’ simulation mode is very useful
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to analyse the kinematic behaviour of the whole
HES model (because the hand drives the exoskele-
ton motion); instead, the ‘hand opening’ simula-
tion mode is needed to evaluate the cable tensions
able to extend the fingers by using the exoskeleton
mechanism. In both cases, the complete hand ex-
oskeleton model is important to study the forces
exchanged between the hand and the exoskeleton
(on the hand back and on the phalanges).

5.2. Hand exoskeleton system: prototype design

According to the requirements and the model results ob-
tained in the previous parts, the real prototype of the HES
is developed. The HES prototype consists of two main
parts: the mechanism and the actuation system with the
control unit (for instance, for the T'H; subject). The
mechanism has been built up by using a 3D printing ma-
chine in a thermoplastic polymer, Acrylonitrile Butadiene
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Styrene (ABS), which has sufficient mechanical resistance
and stiffness.

5.2.1. Mechanism design

During the design phase of the mechanism, mainly due
to the passage from the simplified model (based on the
mechanism parts described in Fig. to the real hand ex-
oskeleton parts (designed for all the fingers), some impor-
tant key issues have been faced: in particular, the mech-
anism has been re-designed starting from the simplified
model used in the previous chapters but maintaining the
same kinematics. In fact, the re-designed mechanism, com-
pared to the simplified one, is more stable because the a B
part (Fig. has been modified to obtain a symmetric
configuration. In particular, the symmetric configuration
does not change the mechanism trajectories, but it requires
the splitting of the aB part into two parts (duplication of
the aB part). Nevertheless, the introduction of the sym-
metric configuration of the aB part has led to some prob-
lems in terms of lateral encumbrances; for this reason, to
reduce the lateral encumbrances of each finger mechanism,
all the pins are integrated with the lateral rods as clearly
visible in the aA and aB parts (Fig. . Since the hand
exoskeleton systems for the T'H; subject and for the T Ho
subject are quite different, two prototypes have been de-
signed: in Tables ] - [6] all the geometrical characteristics
of the mechanism parts (both for the TH; and T Hs sub-
jects) are described in terms of length {,, height h, and
lateral size s, (for example, for the T H; subject, see Fig.

14

18).

Table 5: T H; subject: mechanism characteristics for each finger [cm)]

Index Medium Ring Small
[lp’hp] [ZP 7hP] [llhhp] [lp 7hp}
aA [7.5,3.5] [8.4,4.8] [6.9,3.6]  [5.5,2.7]
aB [7.6,3.5] [8.2,4.8] [7,3.6] [5.5,2.7]
pll [3.5,1.2] [4,1.5] [3.5,1.2] [2.5,1.2]
pl2 452  [564] [385.1]  [3.1,4]
Total  [12,4.2] [13,5] [11.5,4.1] [9,3]

In Fig. [1§] the whole 3D CAD model of the mechanism
is shown for the T'H; subject; as clearly visible, both
the lateral encumbrances and the vertical ones are very
limited.

5.2.2. Actuation system and control unit

The actuation system and the control unit are devel-
oped under a low cost concept; therefore, many solutions
that can be found in the state of the art have been avoided
due to their higher costs [38], [29], [39]. In addition, since
the reduction of the total masses is a strict requirement,
high power density actuators for the direct implementa-
tion on the hand have been chosen. The requirements for
the selected motors (Savox SH — 0254) are obtained from
the simulation results: they have a maximum torque of
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Figure 18: HES 3D model: re-design process of the exoskeleton parts

3.1 kg*em @4.8 V and 3.9 kg*cm @6.0 V with a size of
22.8x12x29.4 mm (1*w*h) and weight of 16 g. The max-
imum angular speed is 6.25 rad/s @4.8 V and 7.69 rad/s
@6.0 V. Some experimental tests performed on these ser-
vomotors confirm their characteristics and their capacity
to easily actuate the exoskeleton.

Regarding the control unit, the device is a MicroMaestro
control board able to manage up to 6 servomotors or con-
trol sensors with a limited encumbrances (21 mm length
x 30 width mm and a weight of 5 g). The control archi-
tecture is based on a kinematic control of the motor speed
(PID control) and it is directly controlled by the subject
who uses two buttons for the opening and for the closing
phases. The final electronic board contains the MicroMae-
stro device, two buttons for the control and one switch for
the electric feed. The battery is a compact 4-cell Lithium
battery (@6.0 V).

Concerning the software part, the MicroMaestro device al-
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Table 6: T'Ho subject: mechanism characteristics for each finger [em)]

Index Medium Ring Small

ool lshs)  lloshs) by

aA [7.3,3.2] [8.1,4.6] [6.7,3.2] [5.1,2.4]
aB [7.4,3.4] [8,4.7] [7.2,3.4] [5.1,2.3]
pll [3.3,1.1] [3.8,1.3] [3.4,1.1] [2.3,1.1]
pl2 [3.7,4.8] [5.1,5.8] [3.5,4.9] [2.9,3.8]
Total [11.6,4] [12.5,4.5] [1.5,3.9] [8.8,2.9]

lows the storing of scripts directly on the chipset memory.
As described before, the control strategy aims at track-
ing a desired motor velocity 6, which is directly related
to the mechanism speed &s due to the characteristics of
the kinematics. A mean value of the opening velocity for
each finger is considered in terms of &so; to achieve a si-
multaneous opening of all the fingers in a predefined time
(2.5 8), different values of the opening velocities had to be
calculated.

Figure 19: Actuation system and control unit

5.3. Hand exoskeleton system: numerical results and val-
idation

The hand and the exoskeleton models have been
integrated together to perform numerical simulations of
the whole system. In addition, several acquisitions of the
hand exoskeleton prototype have been performed both for
the TH; and the TH; subjects during opening and
closing phases. The main objectives of this part are:

e Trajectories comparison between the simulated and
the experimental hand exoskeleton systems, both for
the TH; and for the THy subjects. This way, the
hand exoskeleton dynamic model will be validated.

e Exoskeleton effectiveness in reproducing the desired
real phalanx trajectories. This analysis is obtained
by means of the comparison between the experimental
phalanx trajectories acquired during free hand move-
ments and the same ones provided by the exoskeleton
prototype (hand exoskeleton system). The results will
be useful to understand the transparency of the HES.
The comparison for the T'H, subject will be carried
out between the hand acquisition shown in Fig. [7]and
the new acquisitions with the HES. Concerning the
T H, subject, due to the lack of the real hand acqui-
sitions, the results obtained by the virtual acquisition



campaign (shown in Fig. will be compared to the
acquisitions coming from the HES.

5.83.1. THy subject results

In Fig. the experimental setup for the MoCap ac-
quisition both for phalanx markers and for the mechanism
key points is shown. The MoCap markers were placed
both on the exoskeleton mechanism and on the finger pha-
langes: five markers for the exoskeleton (points A, B,
C, D and E) and three markers for the phalanges
(set up in the middle points). The acquisitions
have been performed according to the simulations,
both during the opening and the closing phases.
The movement has been simulated starting by the
closed hand configuration to the open hand config-
uration, and viceversa. Fig. shows the compar-

MECHANISM TRAJECTORIES PHALANX TRAJECTORIES

OPENING

CLOSING

Figure 20: Experimental setup for the T"H1 hand exoskeleton system
validation. Markers are placed both on the phalanges and on the
exoskeleton key points

ison between the trajectories obtained by the HES
multibody model and trajectories acquired by the
MoCap system (trajectories are shown for sake of
simplicity for the index finger only). The trajecto-
ries are shown with respect to the world reference
frame placed in the middle of the forearm. In this
manner, it is possible to evaluate the capacity for
the HES model to simulate the real device. As
clearly visible from the figure, in both cases, the
results are quite satisfactory in terms of trajectory
matching: the real trajectories are tracked by the
simulated ones, both for the exoskeleton mecha-
nism and for the finger phalanges, despite of some
unmodelled effects such as the compliance of the
human tissues. The maximum errors are limited (8
mm max) and acceptable because they are mainly
related to the closed hand configuration where the
exoskeleton has the minimum effect on the hand
and it is able to adjust its configuration to adapt it
to the real hand gesture (improving the ergonomics
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of the device). Moreover, these results mean that
the multibody model is able to simulate the real
behaviour of the hand coupled with the exoskele-
ton but, a more realistic contact model (including
the compliance of the human tissue), is probably
needed to simulate the closed hand configuration.
In Fig. the comparison between the virtual
phalanx trajectories (shown in Fig. and the real
ones obtained with the complete HES during the
same gestures is shown. Since the T'H; subject is
not able to autonomously open his hands, a numer-
ical simulation has been performed to obtain the
virtual phalanx trajectories (calculated by apply-
ing the T H, articulation angular variables to the
hand model, please see Par. [3.4). This latter im-
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Figure 22: T'H; subject: comparison between the virtual phalanx
trajectories and the real ones for the index finger

portant result, together with the positive feedback
of the TH; subject, indicates that the HES does
not alter significantly the natural phalanx trajec-
tories, during both phases. In Fig. the limited
errors measured in the closed hand configuration
between the virtual and the real phalanx trajecto-
ries are mainly due to the difficulties to simulate
the hand impairment of the T'H; subject, as men-
tioned in Par. 3.4

5.3.2. TH> subject results

This section shows the results for the T'H, subject dur-
ing some acquisitions performed with the HES prototype.
In Fig. the experimental setup for the MoCap acquisi-



OPENING GESTURE: MECHANISM TRAJECTORIES

0.04 -
0.03
0.02-

001~

= O
: s
;‘ LY
-0.01 B
—C
-0.02 L)
—f
© D marker trajectory
-0.03 E marker trajectory
x C marker trajectory
0.04| + Amarker trajectory
B marker rajectory
0,05 1 I I L |
-0.04 -0.02 0 0.02 0.04 0.1
X [m]
CLOSING GESTURE: MECHANISM TRAJECTORIES
0.04 —
0.03 -
002
0.01
0~ iy,
Eootl] # &
> l B
-0.02 | |m—C
|—o
0.03 | |m—
] © D marker trajectory
004l E marker rajectory
: ! % C marker trajectory
|| + Amarker rajectory
0.05 | B marker trajectory
0.06 L L L I I L )
-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

X [m]

OPENING GESTURE: PHALANX TRAJECTORIES

o DISTAL PHALANX MARKER

® INTERMEDIATE PHALANX MARKER

+  PROXIMAL PHALANX MARKER
m—{M, PROXIMAL PHALANX TRAJECTORY
m—IN. INTERMEDIATE PHAL ANX TRAJECTORY
sSIM. DISTAL PHALANX TRAJECTORY

¥ [m]

AWDD e, ”
oo
© Paoe0g#8oomem

1 L ! ]
038 039 041 0.42
X [m]

I L 1
035 0.36 037 04

CLOSING GESTURE: PHALANX TRAJECTORIES

Y [m]

0 DISTAL PHALANX MARKER
0.05- ® INTERMEDIATE PHALANX MARKER
+  PROXIMAL PHALANX MARKER
[m—. PROXIMAL PHALANX TRAJECTORY
0,06 | mm—SIM. INTERME DIATE PHALANX TRAJECTORY
I, DISTAL PHALANX TRAJECTORY

007 \ 1 | L I 1 i . )
033 034 035 036 037 0.38 039 0.4 0.41 042
X[m]

Figure 21: T H; subject: comparison between the trajectories of the hand exoskeleton model and the trajectories acquired by the MoCap

system of the real prototype for the index finger

tion both for phalanx markers and for the mechanism key
points is reproduced. As in the previous case, the MoCap
markers were placed both on the exoskeleton mechanism
and on the finger phalanges and the acquisitions have been
performed both during the opening and the closing
phases. Fig. shows the comparison between the

MECHANISM TRAJECTORIES PHALANX TRAJECTORIES

OPENING

CLOSING

Figure 23: Experimental setup for the T'Hs hand exoskeleton system
validation. Markers are placed both on the phalanges and on the
exoskeleton key points

trajectories of the hand exoskeleton model and the
trajectories acquired by the MoCap system of the
functional prototype, for the sake of synthesis, for
the index finger only. The numerical results are
very close to the real trajectories: the exoskele-
ton is able to follow the acquired trajectories more
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precisely than the T'H; subject. This is probably
caused by the smoothness of the T'H, trajectories
with respect to the TH; ones. In fact, the TH;
subject has a hand deformation (see Fig. which
alters the normal trajectories for the opening and
closing gestures. Finally, both for the exoskeleton
mechanism and for the finger phalanges, the errors
are quite small and they confirm the results ob-
tained in the previous section (see Fig. . The
comparison between the acquired and the simu-
lated mechanism markers shows a maximum error
of 8 mm in the closed hand configuration which is
probably due to the different behaviour of the con-
nection points between phalanges and mechanism.
As described before for the T'H; subject, the multi-
body model is able of simulating the dynamic be-
haviour of the hand exoskeleton system (see Par.
for the whole trajectory, but some unmod-
elled effects (compliance of human tissue and of
the physical connection between the phalanx and
the mechanism) are shown in the closed hand con-
figuration. Finally, in Fig. the comparison
between the real phalanx trajectories (Fig. and
the same trajectories acquired by using the HES
prototype is shown. Also in this case, this result
points out that, during both phases, the HES does
not modify the natural phalanx trajectories. It
is worth noting the maximum error, about 5 mm,
between the simulated and real trajectories mainly
due to by the greater smoothness of T H> trajecto-
ries compared to the T'H; ones.
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Figure 24: T'Hy subject: comparison between the trajectories of the hand exoskeleton model and the trajectories acquired by the MoCap

system of the real prototype for the index finger

6. Conclusion and further developments

In this work, the modelling, the development and the
testing phases of a portable Hand Exoskeleton System
for hand-opening impairment have been presented (see
the attached video). Because of the strict requirements in
terms of portability, adaptability and affordability, the
main novelty of this HES is the 1 DOF mechanism (never
used before in the hand exoskeleton field) able to precisely
follow the desired phalanx movements, avoiding the prob-
lems related to the MetaCarpoPhalangeal self alignment.
In addition, due to the characteristics of the kinematic
chain (easily describable in closed form), a precise estima-
tion of the mechanism configuration and a higher adapt-
ability have been reached. High adaptability can be ob-
tained only varying a few geometrical characteristics of
the mechanism and a semi-automatic procedure based on
optimization algorithms to adapt the mechanism to dif-
ferent hand sizes has been developed. Finally, thanks to
the proposed architecture, both opening and closing ges-
tures can be easily performed by obtaining good perfor-
mance in terms of stiffness and forces. The achievement
of a suitable mechanism for the T H; subject has been
obtained through a model-based approach: a complete 3D
modelling of the hand and the exoskeleton (both validated
through a MoCap system) has been implemented.

The MoCap acquisitions to validate the hand model
have been performed on the T H; subject, who is able
to voluntarily open his hands. The T Hy phalanx tra-
jectories are then used to extract the articulation angu-
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lar variables through the inverse kinematic model of the
hand. By means of the same articulation angu-
lar trajectories, some numerical simulations have
been carried out also for the T'H; to replicate the
same gestures. Consequently, basing on the re-
sults of the hand models, two different exoskeleton
models (for the two subjects) have been firstly de-
veloped and then validated through the MoCap
system. In fact, in parallel with this activity, a
complete HES model (hand and exoskeleton mod-
els connected together) for the assessment of the
kinematic and dynamic behaviour has been devel-
oped. After that, the kinematic validation has
been made by comparing the results of the com-
plete HES model and the acquisitions performed
both on the mechanism markers and on the pha-
langes (for both subjects). The results shown in
Par. indicate the capacity of the multi-
body model to simulate a very complex situations
for most of the trajectories. However, some un-
modelled effects, probably caused by the human tis-
sue compliance, affect the final part of the simu-
lations (closed hand configuration), introducing a
maximum error of 8 mm and 5 mm respectively
for the two subjects (Fig. 22 . Despite
of these inaccuracies, the results depicted in Fig.
together with the feedback of the subjects,
indicates that the HES is able to replicate the nat-
ural hand trajectories guaranteeing a comfortable
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Figure 25: T Hy subject: comparison between the real phalanx tra-
jectories and the same ones with the HES prototype for the index
finger

solutions during the opening and closing gestures.
The authors have planned to introduce between the
device and the hand back of the subjects a suitable
force sensor able to estimate the pressure, and thus
the real comfort, during the hand opening and clos-
ing.  As regards the future developments, both this new

Figure 26: Testing phase of the TH; HES prototype: grasping of a
small object

hand exoskeleton system and the model-based methodology
(based on the real phalanz acquisitions and on optimiza-
tion algorithms) will be tested soon on different subjects,
through a collaboration with a rehabilitation center, aiming
at the evaluation of the mechanism adaptability for other
hand disabilities. It is also planned to study a new multi-
body model of the HES and the proper kinematic archi-
tecture for the thumb to perform complete object grasping.
Finally, some tests with different types of sensors and force
controllers will be carried out.
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