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Abstract— Nowadays, especially with the Covid-19 pandemic,
researchers are focusing their attention on the remote delivery
of devices designed for rehabilitation purposes, allowing people
to recover without the physical presence of a doctor. Manual
therapy is a physical treatment that is used by therapists for the
treatment of musculoskeletal pain and/or disabilities. The aim
of this work is to present HAPP, a new haptic portable device,
designed to help patients suffering of different patholohgies,
as for instance the Complex Regional Pain Syndrome type-
I disease, and more in general to investigate the effects of
manual therapy for diseases of the carpus and metacarpus, by
mimicking traditional mechanical and rhythmic stimuli charac-
teristics of manual treatments. Its structure consists of a plate
oriented by revolute-prismatic-spherical joints, with a rack-
pinion mechanism that actuates the end-effector, stimulating the
user’s hand palm. We provide details about the device, such as
the mechanical design, the mathematical model and a graphical
user interface. Preliminary studies in order to evaluate the
device force exerted at the user’s palm were carried out.

I. INTRODUCTION

Hands are the primary tactile interfaces that allow humans
to interact, experience, move and/or shape the matter around
them. However, hands are often affected by injuries, frac-
tures, sprain, tissue pathologies, diseases that develop chronic
pains or syndromes, as for instance the stroke, diabetes or the
complex regional pain syndrome type-I (CRPS-I). In partic-
ular, the CRPS-I is a chronic painful syndrome consisting of
several alterations of perceived sensation as allodynia (pains
for normally elicit pain stimulus), hyperalgesia (abnormal
increase of sensitivity to pain), edema (the build-up of fluid
in the body’s tissue), vasomotor/sudomotor deregulation and
tissue trophism modification. These symptoms spread from
distal regions of the affected hand/arm to the opposite limb
[11, [2], [3], [4]. Traditional clinical therapy for CRPS-I
consists in patient education to pain management, desensiti-
zation therapy, manual therapy (MT) and progressive exer-
cises to improve the strength and flexibility of the affected
hand [5], [6], [7]. Manual therapy (i.e., joint mobilizations,
rhythmic stimulation and force applications) is a common
treatment for many other painful hand conditions and an
adjunct treatment musculoskeletal conditions [8]. Regarding
the effects on CRPS-I, the manual therapy allows to alleviate
pains and improve hand functionality, according with [9],
[10]. The literature about CRPS treatment with MT is still
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Fig. 1: HAPP prototype during preliminary investigation.

poor of information about pathophysiology of this syndrome.
According with preliminary in-vivo investigation, presented
in [2], [11], [12], this therapy has analgesic effects in
mice, allowing the activation of inhibitory of neuroreceptors
(adenosine, opioid, and cannabinoid). In [13], an in-vitro
study assessed that MT activates enzymatic anti-oxidative
system, reducing the oxidative stress, which is responsible of
an inflammatory event cascade, and, consequently, alleviating
the pain.

Haptic technologies are widely used in preclinical investi-
gation and then in therapy. For example, it has been shown
in [14] that the use of haptic technologies can simplify the
transition of children with autism spectrum disorder during
occupational therapies. In [15], the authors corroborated the
feasibility hypothesis of a mechanical therapy for cardiovas-
cular autonomic control in Parkinson’s disease.

Research in the field of haptics has often provided clinical
tools for the rehabilitation and specific treatment for joint,
ligament and skin issues of hands. As reported in [16] by
Choukou et al., different haptic technologies combined with
robots ([17], [18], [19]), virtual reality (VR) environments
and games ([20], [21], [22]) or both ([23], [24]) have been
involved for the rehabilitation of the paretic upper limb of
stroke patients. Bouri et al. in [25] presented an innovative
haptic device designed specifically for the rehabilitation
of hemiplegic children, which activates their hand joints,
similarly to MT. In [26] and [27], the authors investigated
about new haptic technologies to overall problems with hand-
writing or drawing due to graphomotor issues; they designed
technologies and the protocol for the assessment and therapy
for eye-hand coordination. Ferre et al., as reported in [28],
realized a haptic framework that captures and mimics manual
therapy techniques using a multifinger device.

In this paper, leveraging our expertise in hand stimulation
by haptic devices [29], [30] and robotic systems for reha-
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Fig. 2: HAPP main features. (a) HAPP external CAD model.
(b) HAPP internal CAD model. (¢c) CAD model for the FMA

sensor housing. (d),(e),(f) CAD model of the top part with
different sizes, i.e. large (a), medium (b) and samll (c).

bilitation [31], [32], [33], we present HAPP (see Fig. 1),
a haptic device for preclinical investigation on correlation
between CRPS-I symptoms reduction and MT, and also for
clinical treatment of CRPS-I and other diseases of carpus
and metacarpus, by mimicking traditional mechanical and
rhythmic stimulations proper of manual treatments. The
haptic device design presented in Sec. II consists in parallel
kinematic structure with 3-Degrees of Freedom (DoFs) that
planarly moves and orients its interchangeable end-effector
under the hand palm of the patient and provide locally a
different mechanical stimulation according with needs and
interests of the researcher; in the current version of the
prototype, we designed an end-effector that exerts controlled
force, which stimulates predefined contact area of the hand
palm. A silicone rubber pad is inserted between patient palm
and end-effector. This material was chosen to allow the
sterilization of the device; however, since the presence of
silicone alters the effects of the forces provided to patient,
theoretical study and tests for actual device force are reported
in Sec. IV. Conclusion and future studies are reported in Sec.
VL

II. DEVICE DESCRIPTION

In this section, we will detail the design and the hardware
components used for HAPP. The CAD model of the device
is shown in Fig. 2: all its components were printed in
Acrylonitrile Butadiene Styrene (ABS) using FDM (Fused
Deposition Modeling) technique. It is made up of two main
parts: a fixed one, called bottom part and an interchangeable
one, called fop part. The bottom part consists of the housing
for the electronic part, the actuation module, and a circular
plate that contains the end effector of the device, respectively

B, H; and C in Fig. 2b. The fop part is in contact with the
user’s hand palm and it is designed in such a way to be easily
assembled with the support base (A in Fig. 2a) by making a
twisting motion.

The device allows the interchangeability of different struc-
tures that support the human hand. Indeed, in order to
adapt the device to the needs of users with different an-
thropometric dimension of the hand, the top part structure
has been made in different sizes, i.e. small, medium, and
large (see Fig. 2d,2e,2f). Part C of the device constitute
the end-effector of the device. This circular plate contains
the housing for a servomotor, which is used to actuate the
rack-pinion mechanism. The servomotor used is a Kuman
MG90S (Kuman Trade Shenzhen Co., Ltd., US) with a
stall torque of 25 Ncm at 6V. The shaft allows HAPP to
exert the desired force on defined areas of the device that
lie on the fop part. With the aim to allow different types
of stimuli at user’s palm the shaft head has been made
interchangeable. In Fig. 2c the CAD model of the force
sensor embodiment is shown. The sensor used is the FMA
MicroForce Sensor FMAMSDXX025WCSC3 (Honeywell,
North Carolina), a piezoresistive based force sensor that
provides a digital output proportional to the force applied
on it. The FMA version with a force range of 25N and
an accuracy of 0.5N was chosen and it is interfaced using
SPI protocol. It has a maximum digital clock frequency
of 800kHz and it is powered with an operating voltage of
3.3V. Furthermore, part C of the device plays a fundamental
role in the orientation of the end-effector, since its lower
part contains the spherical-shaped housings, which constitute
the spherical joints between the actuation module H; and
the part C. These spherical housings are arranged in a
particular shape, i.e. they are Y-shaped and consequently also
the actuators are arranged in the same way. The actuators
used are the Actuonix PQI12-P, which have a maximum
stroke of 20 mm and exert a maximum force of 45N. The
characteristics of these linear actuators are summarized in
Tab. 1. Three actuators are used to move and orient the plate
C, which is connected to them through a rigid-spherical link,
indicated with P. Furthermore, the linear actuators are not
positioned vertically with respect to the plate but are inclined
by 45° each with the aim to ensure device stability, structural
robustness and compactness. The device configuration is
controlled with Arduino Nano 3.0.

In order to avoid direct contact of the shaft with the
user’s palm, the fop part of the device is made up of
two parts, i.e. F1 and F2. They allow the insertion of a
material S, which is soft to the touch and capable of being
sterilized whenever the device is used. F1 is connected to
the bottom part of the device, while F2 is fixed to F1.
The material inserted between these two parts is made of
silicone rubber. The cylindrical elastic pad is realized by
molding and curing for four hours bi-component silicone
rubber Eco-flex 00-30 (Smooth-On, inc. US) with platinum
catalyst. The platinum catalyst allows the containment of
the hardness of the silicone in a range of [0 — 30] on the
Shore A scale (ASTM D-412). The mold is fabricated by 3D-



TABLE I: Main characteristics of the PQ12-P linear actuator

Technical Features

Mass 15 ¢g

Max. Force (lifted) 45 N

Stroke 20 mm
Feedback Potentiometer 5 kQ

Stall Current 550 mA @ 6V
Max Duty Cycle 20 %

Max Speed (no load) 15 mm/s

printing in ABS and coated with a mold releaser, the Easy
Release 200 (Mann Release Technologies, inc. US), to ease
extract the pad after the cure phase. The chemical properties
of this silicone rubber, as we said, allow the sterilization
of the pad that is in contact with the patient’s palm both
with chemical agent 70 % ethanol (CH3CH20H) cleaning
reagent and autoclaving, since the silicone rubber hold its
elastic proprieties up to 230°C, while the normal autoclaving
temperature is about 180°C.

III. MATHEMATICAL MODEL
A. Configuration analysis

From the kinematics point of view, HAPP is a 3-RPS
(Revolute-Prismatic-Spherical), 3-DoF (Degrees of Freedom)
parallel mechanism. Let us indicate with B;, ¢ = 1,2, 3 the
centers of the spherical joints on the end effector C, with
O, the center of the circle passing through them, and with
b its radius. Let us also indicate with S; = (O1, z1,y1, 21)
a reference frame in which the z; axis is parallel to O, By,
z1 is orthogonal to the plane defined by the B; points, and
y1 is consequently defined. We assume that B; points form
an equilateral triangle, the coordinates of each vertex B,
expressed in the S; reference frame are collected in the three-
dimensional vectors b} = [b;,, bj,,b..]".

Each leg is composed of two links: the first is connected
to the fixed base trough a revolute joint, the second one is
connected to the end effector through a spherical joint. The
links are connected to each other through a prismatic joint.
Let us indicate with u; the unit vector identifying, for each
leg, the direction of the revolute joint axes. We can then
define the plane ; passing through B; and perpendicular to
u;. The revolute joint axes intersect this plane in A; points

On the bottom part, we define Oy as the center of
the circle passing through A;, and with a its radius. Let
So = (Op, x,y, z) be a reference frame on the bottom part,
with origin in Og, x axis parallel to the OgA; vector, z
axis orthogonal to the plane defined by A; points, and y
consequently defined. Also in this case we assume that A;
points define a equilateral triangle.

The end effector will move w.r.t. the bottom part according
to the displacement imposed by the linear actuators and to the
kinematic constraints imposed by the mechanical structure.
In particular the motion of each leg is plane, i.e. B; points
move on the planes previously introduced ;.

Indicating with 4., j., k«, * = x,y, 2, the unit vectors
components corresponding to the axes x1, y1, and 21, respec-

tively, expressed w.r.t. Sy, we can define the corresponding
rotation matrix R between S; and Sp.

The coordinates of B; w.r.t. Sy, collected in the three
dimensional-vectors b; = [b; », b; 4, b; -]T, can be evaluated
as

b, = p + Rb}, (1)

where p = [p1,p2,p3]T is the three dimensional vector
containing the coordinates of O; w.r.t. Sp.

Since B; move on the three fixed planes ;, the following
constraint equations hold

1 1
bl,y = 07 b2,:r = ﬁblyy b3,:r = _ﬁb&y-

Eq. (2) introduces three constraints that limit the generic six—
dimensional motion of the mobile platform. In particular,
since three independent costraints have been introduced, the
mobile platform has three DoF.

The position and orientation of the end effector can be
defined by the position and orientation of O; w.rt. Sp,
described through its coordinates p = [ps,py,p-]T and
Roll(a)-Pitch(3)-Yaw(¢) angles ¢ = [, 3, ¢]T, respec-
tively. Since the platform has 3 DoF, we can select three
of these six variables and evaluate the remaining ones. A
convenient choice for the independent variables includes the
displacement in the z direction, p,, and the roll (o) and
pitch () angles. Let us collect those variables in the vector
&€ = [p., a, B]T. Recalling the rotation matrix expression as
a function of RPY angles, and the constraints in eq. (2), we
can evaluate the other variables as

¢ = arctan (

2)

sin 'sin

cos 3 + cosa) @
Dy = g(cosécosﬂfsingbsinﬂsinafcosgbcosa), 4)
py = —bsingcosB. (5)

To complete the preliminary analysis of the mechanism, let
us analyse the position of the pin on the mobile platform,
represented by point R. Its coordinates in S; frame are:

r' =1[0,0,h]", (6)

using the above mentioned relationships, it is possible to
evaluate its coordinates with respect to Sy frame. Finally,
using the relationships in eq. (3),(4), and (5) it’s possible
to express pin position as a function of the independent
variables, i.e. r(§).

B. Inverse kinematics

In the inverse kinematics problem, the independent vari-
ables & = [p.,«, 5] are defined, and we want to evaluate
the corresponding displacements q = [q1,q2,q3]" of the
linear actuators. For a given &, eq. (3), (4), and (5) allow to
define the vector p and the rotation matrix R, completing the
representation of the mobile platform configuration. Then,
from eq. (1), it is possible to evaluate the coordinates of B;
w.r.t. So. The actuator displacements ¢; can be then evaluated
as

q; = 8; — lo, )
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Fig. 3: HAPP kinematic scheme and and workspace evalu-
ation (cyan solid). The workspace is represented as the set
of possible positions that R point can assume, considering
actuators’ strokes and device kinematic constraints.

500 (SR

ORI
s S NNNNN
K KICRSSEISIENN
RSSO

Force (N)

7%
5

Uttt ot
TS .“::‘\‘::“\\\m\m“

IV

4%
Zigllogn

EAEEABELIEREEKE

SIS

(a) (b)

Fig. 4: In (a), the theoretical net force distribution through
HAPP silicon pad depending on EE orientation angles «
and [, in (b) the experimentally estimated net forces recon-
structed for symmetry and interpolation by means of repeated
force measures in four notable points (circled blue dots).

where s; = |b; — a;| and [y is the actuator length in its
reference configuration.

The above described relationships have been used to eval-
uate the device workspace, i.e. the set of positions that point
R can reach, given device kinematic structure and actuator
stroke. The obtained workspace, calculated by means of a
Matlab script, is shown in Fig. 3.

To evaluate the force executable by HAPP on patient palm,
a theoretical study and an experimental investigation were
carried out. The net theoretical force f,, on the palm depends
on the end-effector orientation angles « and 3 respect normal

TABLE II: Joint extensions and relative orientation angles of
end-effector to reach the four selected points for maximum
net force distribution reconstruction.

Point | psi(mm)  pra(mm) pgs(mm) | a (deg) S (deg)
1 20.0 0.0 20.0 -50.0 50.0
2 20.0 0.0 0.0 0.0 50.0
3 0.0 10.0 20.0 -25.6 25.6
4 20.0 20.0 20.0 0.0 0.0
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Fig. 5: Graphical User Interface for HAPP.
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vector of the silicone rubber plane (in this evaluation, yaw
angle ¢ has been neglected, since its value is limited in all
the considered configurations).

£, (t) = |fp] cos(a) cos(B), (8)

where |f,| is modulus of the normal force in bottom part
reference frame evaluated as effect of the end-effector inden-
tation in silicone rubber pad:

o — 11
I

|fb| = 7rszE-E )

with % is the material deformation (/1 and [, are the thins
of pad before and after indentation), pgg is the radius of the
end-effector contact area, and E is the approximated Young
modulus of neo-Hookean material, evaluated starting from
its hardness on Shore A scale o4, according to conversion
function presented in [34]:

log10(E) = 0.02350 4 — 0.6403.

In accordance with eq. (8), the theoretical maximum forces
is function of the end-effector orientation angles (Fig. 4a)
that can be evaluated starting from pin position:

r r
«a = arctan (Z> , and 8 = arctan <z) .
Ty Ty

IV. FORCE EVALUATION

On other hand several tests on four discrete points on
pad were carried out to evaluate the real HAPP maximum
forces. The tests investigated force on four discretized points,
reported in Tab. II and shown in Fig 4b, inside a quarter of
pad circumference, the results are extendable to complete pad
for central symmetry of its geometry. The tests consisted of
N end-effector indentation repetitions to apply the maximum
forces on the hand of a user, with N = 10. The force
values are collected by a high-precision ATI force sensor
(ATI Industrial Automation Inc., US), placed between pad
and human hand by means of glove pocket. Only one
subject was involved into force testing, he gave his written
informed consent to participate, and was able to discontinue
participation at any time during experiments. The experiment
protocols followed the declaration of Helsinki, and there was
no risk of harmful effects on subjects’ health. Data were
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Fig. 6: From left to right, the nine discrete positions reached by the haptic device.

TABLE III: ID signals and their values sent from graphic user
interface to microcontroller for HAPP setting, regulation,
actuation, and control.

Reference signal | ID  Values
Stimualtion type s s, )
Anthropometric dimensions d L,M,S]
Stimulation 1 v 0 — 255]
Stimulation 2 f 0 — 255]
Desired position p 1-9]

acquired at frequency of 1kHz. Each pressure peaks were
maintained and suspended for a time equal to ¢ = 8.0s. The

recorded forces f(t) are analysed to extrapolate information
about the net forces applied by HAPP, f,, as:

_ 1 N |(n+1)dt ~ (n+2)dt ~
fo = ons S - > )]
n=0 | t=ndt t=(n+1)dt

To reconstruct the force distribution pad surface was con-
ducted a interpolation on collected data, between several
mathematical interpolating 3D functions we choose a Thin-
plane spline model with a goodness of fit equal to R? = 0.97.
The experimental results, graphically reported in Fig. 4b
shown a general reduced maximum forces respect the theo-
retical estimation, in addition the tests shown that the user
over 10 N started to detach the hand from the pad.

V. DEMONSTRATIVE SCENARIO

HAPP was designed so that researchers and doctors can set
up and control the device by using their laptop, in particular
they can choose the desired position, force and other stimulus
references as well as initial information about the discrete
anthropometric dimensions that are then sent to the device
via USB cable. For this purpose, the operator has a graphical
user interface (GUI) that allows the easy setting of the
stimuli through percentage bars and the placement of the
piston in one of the nine discrete areas on the patient’s palm
(See Fig. 5). The graphical interface is easily expandable
and is extremely modular, allowing the user to modify and
increase the contact areas on the request of the researcher
and integrate future end-effector modules for further kind
of stimulation. The serial connection between laptop and
device allows the exchange of data forward and potentially
backward allowing the user to view the data provided
by the device, such as the force measured by the force
sensor, and record them for a retrospective investigation.
The communication protocol is optimized to ensure good
responsiveness, the references are transmitted forward only
if these are modified by the user, the data sent is composed

Vibromotor

Fig. 7: CAD model for the vibromotor housing.

of two bytes, the first carries a modified reference ID and
the second carries the value within a range as reported in
Tab. III. Fig. 6 shows the positions that HAPP can reach by
using the before presented GUI.

VI. CONCLUSION

In this paper we presented HAPP, a haptic device for
preclinical investigation of the mechanical therapy effects
for pathologies/diseases of the hand, such as the complex
regional pain syndrome type-I and stroke, and also for the
systematic and remote control of the manual therapy exer-
cises by exploiting its graphical user interface. In particular,
with this work, we introduced the concept, detailed the
mechanical design, and the mathematical model used, with
preliminary studies, in order to evaluate the device force
exerted at the user’s palm. The device uses a parallel 3-
DoF structure position and orient its end-effector under the
patient’s hand palm and provide local force stimulation.
HAPP’s end-effector is interchangeable and in this work,
a solution to exert the desired force in predefined areas
of the user’s palm was presented. Despite HAPP is in
prototyping phase, it received positive opinions from experts
of the rehabilitation field, which consider HAPP a promising
device for mechanical therapy of the hand. Future works of
this study will investigate the integration and control of the
vibration stimulus on defined areas of the hand. Also, instead
of controlling the device in position, we plan to implement
a PID controller. The CAD model of a proof of concept was
designed (Fig. 7). Its design is a trade-off between compact-
ness, functionality, portability and capability of satisfying
the initial requirements. The graphical user interface was
arranged in advance with a bar that allows to set the vibration
intensity. Other future works will include structural analysis,
design optimization and studies on a control law that takes
into account the force, vibration and additional stimulation
to be transmitted to the user’s palm. Moreover, a detailed



comparison with other devices present in the literature will be
done and integration with virtual reality environment systems
for gaming, clinical propose, and human studies on device
usability will be investigated.
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