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Abstract

The lack of specialized personnel and assistive technology to assist in rehabilitation therapies is one of the chal-
lenges facing the health sector today, and it is projected to increase. For researchers and engineers, it represents
an opportunity to innovate and develop devices that improve and optimize rehabilitation services for the bene-
fit of society. Among the different types of injuries, hand injuries occur most frequently. These injuries require a
rehabilitation process in order for the hand to regain its functionality. This article presents the fabrication and instru-
mentation of an end-effector prototype, based on a five-bar configuration, for finger rehabilitation that executes a
natural flexion-extension movement. The dimensions were obtained through the gradient method optimization and
evaluated through Matlab. Experimental tests were carried out to demonstrate the prototype’s functionality and
the effectiveness of a five-bar mechanism acting in a vertical plane, where gravity influences the mechanism’s per-
formance. Position control using fifth-order polynomials with via points was implemented in the joint space. The
design of the end-effector was also evaluated by performing a theoretical comparison, calculated as a function of
a real flexion-extension trajectory of the fingers and the angle of rotation obtained through an IMU. As a result,
controlling the two degrees of freedom of the mechanism at several points of the trajectory assures the end-effector
trajectory and therefore the fingers’ range of motion, which helps for full patient recovery.

1. Introduction

The World Health Organization notes that rehabilitation is an essential part of universal health coverage.
It predicts that the need for rehabilitation will increase worldwide due to changes in the health and
characteristics of the population. It also points out that in some low- and middle-income countries, more
than 50% of people do not receive the rehabilitation services they need. In addition, the rehabilitation
services in 60-70% of countries have been negatively affected due to the COVID-19 pandemic [1].

The global rehabilitation needs remain unmet due to multiple factors, including the lack of qualified
professionals to provide rehabilitation services. The worldwide ratio is less than ten qualified profes-
sionals per million inhabitants. On top of this, there is a lack of assistive technology and specialized
equipment [1].

The development of assistive technology, such as rehabilitation devices, is a broad field of research
and development, which, reaching the clinical stages, help the needs of physical rehabilitation.

The need for physical rehabilitation can be due to a wide range of injuries. Hand injuries are among
the most frequent and may require surgical and non-surgical medical attention. It should be noted that
the hand represents one of the most important extremities of the upper limb, and mobility deficiencies
may have a direct impact on people’s quality of life [2, 3]. Part of the recovery of the functionality of
the hand involves the movement of the fingers, and a common deficiency is the difficulty of the patient
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to extend the fingers [4]. The continuous flexion and extension movement of the fingers has proven to
be a functional exercise for the recovery of the hand [5, 6].

Hand rehabilitation devices can be classified, based on their interface with the user, into two cate-
gories: exoskeleton and end-effector types. Both categories have been shown to contribute substantially
to the motor recovery of the fingers [3, 7-9]. Rehabilitation using robotic devices such as exoskeletons
and end-effectors has already been shown to have higher percentages of hand recovery compared to tra-
ditional therapy [3]. The study carried out in ref. [3] concluded that, in terms of recovery, exoskeletons
could contribute to reaching a higher percentage compared to end-effectors. The issue is that the number
of exoskeleton-type studies, such as those presented in refs. [10—12], is much greater than the number
of end-effectors, which implies that increasing the study and development of this kind of device can
change that assumption.

Another issue is that hand rehabilitation has taken a backseat when full upper limb rehabilita-
tion is involved. This leads to hand rehabilitation stating up to three weeks later. This is a critical
stage where the patient should ideally start with gentle exercises to help strengthen the damaged area
[3, 13]. It is imperative to design tools that therapists can use at the appropriate times in each stage of
the rehabilitation process.

The five-bar mechanism has been well studied in the literature due to its great adaptability for several
trajectories, which can be executed even at high speeds. Optimization of a five-bar mechanism used for
pick-and-place operations at high speed is presented in ref. [14]; the goal of the optimization was to min-
imize the root mean square torque of the actuators’ torques for any trajectory defined. Using fifth-order
polynomial motion profiles and defining the dexterous workspace, the selection of the configurations and
trajectories for the computation of the mechanisms’ electrostatic performance were chosen to obtain the
shape of the five-bar links. Besides, the authors present and optimization to reduce the mass of the links.
A winding hybrid-driven cable parallel manipulator is presented in ref. [15], which uses three five-bar
mechanisms as a part of the design. The five-bar mechanism is attached to the cables to position the
end-effector through a pulley. The winding hybrid-driven cable parallel manipulator was built for pre-
cision tracking experiments. A haptic device for finger and hand rehabilitation is presented in ref. [16].
This development consists of the optimization of a five-bar mechanism using a non-linear programming
algorithm; the lengths of the links were determined by finding the best fitting between a human finger
workspace and the device workspace. In this development, the patient is allowed to move the wrist, and
there is no hand subjection, which might not make it convenient in the early stages of the rehabilitation
process.

The design of a finger rehabilitation mechanism that executes the flexion-extension movement was
presented in ref. [17]. The mechanism is designed as an end-effector device that executes a passive
flexion-extension movement on the patient’s fingers for the early stage of treatment. The device does not
focus on performing specific tasks related to particular activities of daily life, such as grasping objects or
fine motor function. The goal of this paper is to present the prototype development and functionality of
the design presented in ref. [17], as well as its instrumentation to execute a defined trajectory through its
end-effector. The main contribution of this study includes the following: (1) Design and optimization of
an end-effector device for finger rehabilitation, based on a five-bar mechanism and real finger trajectory;
(2) Implementation of a control scheme that correlates the Cartesian frame of a real flexion-extension
trajectory with the articular frame using five-order polynomials to ensure continuous position, velocity
and acceleration profiles; (3) The effectiveness of the proposed prototype to follow a real trajectory of
fingers’ flexion-extension based on the rotational angles of the end-effector and the real trajectory; and
(4) Contribute to the state of the art in the study of end-effector rehabilitation device that promotes motor
plasticity.

The paper is structured as follows: Section 2 presents the conceptual proposal of the prototype design
and the optimal dimensions calculated by an optimization algorithm. Section 3 presents the development
of the prototype including the fabrication and instrumentation process. Section 4 presents the prototype’s
end-effector trajectory and the comparison between the theoretical rotation angle and the real rotation
angle of the end-effector. Finally, in Section 5, the conclusions are presented.
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Figure 1. Real flexion-extension trajectory.

2. Conceptual prototype

The design of the prototype for rehabilitation of the flexion-extension movement of the fingers is based
on the configuration of a five-bar mechanism. The five-bar mechanism has two degrees of freedom that
allow it to generate different types of trajectories, a characteristic that makes it attractive for reproducing
the natural flexion-extension movement of the fingers. The conceptual proposal of the design is explored
in depth in ref. [17], where the optimal dimensions of the prototype were found through a gradient
method. The results obtained in the previous work are briefly retaken in this article.

2.1. Desired trajectory

The desired trajectory for the end-effector corresponds to the natural flexion-extension movement of
the fingers. As an end-effector mechanism, only the fingertip trajectory is considered. The development
of the hand prototype presented in ref. [18] assures that the motion of the finger is performed with a
typical motion, with this assumption it can be considered that an end-effector mechanism is enough to
reproduce the finger movement.

A set of representative movement curves were obtained from a group of healthy subjects. It was
possible to determine, through a principal component analysis, that the flexion-extension movement
can be located within a plane, since there is minimal variation in one of the three coordinate axes. The
representative curves for each finger vary in amplitude. The curve with the greatest amplitude (Fig. 1),
which corresponds to the movement of the middle finger, is considered as the desired trajectory for this
work [19]. The authors in ref. [20] found an important correlation ship among the index, middle, and
thumb for rotational movement control of small objects; the results suggest that middle and thumb have
a preponderant participation which can be a useful guide for designing new mechanisms.

Although only one curve is considered, the mechanism has been designed to modify the amplitude
of the desired trajectory, as will be explained in Section 3.

2.2. Five-bar kinematic

The design of this rehabilitation device can be classified within the end-effector-type devices. Point C
of a symmetric five-bar mechanism generates a natural flexion-extension trajectory of the fingers, when
the actuated joints 6, and 6, move from 6, , 6,, to 6, s O respectively; as seen in Fig. 2(a).
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Figure 2. (a) Five-bar mechanism positions. (b) Five-bar mechanism configuration.

In Fig. 2(b), L,, L,, L;, and L, represent the lengths of the links, with L, = L, and L, = L;. The length
L, is the distance between the fixed points A and E. Point C is a rotational joint that joins the links L,
and L; [17], its kinematic equation is given by Eq. (1) [21].

[CA]
C= (1)
C.

1 LY 1
C,=L,cosb, + 3 [Lo+ Li(cos 6, —cos 0,)] — [L;(sin 8, — sin 6,)] é ~2

1 L 1
C.=L,sin6, + 7 [L(sin 6, — sin6,)] + [Ly + L,(cos 8, — cos 6,)] # 2

H? =Ly’ + 2LoL,(cos 8, — cos 6,) +2L,* [1 — (cos 6, — cos 6,)]

where

0, is the sum of the angles 8 and y as shown in Eq. (2), while the difference between the w and o angles
compute 6, given by Eq. (3). The y and w angles come from the real flexion-extension trajectory as
analyzed in ref. [17] and is shown in Fig. 1. The five-bar mechanism point C follows from i point to N
point of the real trajectory expressed by D.

b=p+vy 2

bh=w—0o 3)
where

y =atan2(D,, D,)

w =71 — atan 2(Dz’ Ly,—D,)

To obtain the angles  and o, defined by Eqgs. (4) and (5), it is necessary to calculate the ¢ and «
angles. The ¢ and « angles are obtained by applying the law of cosines and the trigonometric properties
of sine and cosine [21].

B = atan 2(L, sin(r — @) , L, + L, cos( — ¢)) “4)

o =atan 2(L; sin(m — «) , Ly + L3 cos(wr — «)) (®)]
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Table I. Design vector I values.

I(mm) Input angles (degrees)

L, L, L, 010 0, I 0>, 92/'
101.09 108.67 101.20 153.55 92.37 83.07 40.44

where

@ = atan 2(sin ¢, cos @)
with

L’+L’— (D’ +D?)
oSy = 2L,
sin ¢ = Bm

and

o = atan 2(sin «, cos o)
with

L32 + L42 - [(LO - DXi:N)Z + DZi:Nz]
2151,

cCos o

sina = F+/1 — cos «?

There are four possible configurations for a five-bar mechanism, depending on the configuration of its
elbows B and F'. The prototype presented in this document explores only one of the four configurations
when elbows B and F are both up, and they are represented by a magnitude of positive one [17].

2.3. Five-bar optimal solution

The geometric parameters of the five-bar mechanism were obtained using an optimization algorithm
based on the generation of the real flexion-extension trajectory (Fig. 1). An objective function, given by
Eq. (6), is used to minimize the error function E(I) [17].

1 N
E() =+ Y (€, =Dy +(C,~D,y ©)
i=1

E(I) is defined as the sum of the squared root of the i position of the desired trajectory and the coor-
dinates of point C, which represents the end-effector of the mechanism, and it is computed by Eq. (1).
Through the gradient method, implemented in MATLAB with the fmincon function, the optimal param-
eters of the design vector I, as summarized in Table I, were found. The values of the input angles, as
summarized in Table I, were computed using the Eqgs. (2) and (3) considering the first point of the real
flexion-extension trajectory, given by Fig. 1, and the last point of the real flexion-extension trajectory.

The gradient method, also known as non-linear programming, is used to find the minimum of a scalar
function of several variables that begin with an initial estimate [22]. A maximum of 150 iterations with
2000 allowed evaluations of the function were chosen. The iterative process to minimize the objective
function considers an upper and lower limit for each component of the design vector I. The design vector
provides the length of the links and the initial position angles for L, and L, [17].
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The optimization problem considers four constraint equations, Egs. (7a), (7b), (7¢), (7d), that ensures
viable solutions for H and guarantees that the position of the end-effector, described in Eq. (1), is within
real numbers.

L12 + lQZ - (D.xi;Nz +DZ,;N2)

R] =
2L,L,

<1 (7a)

L32 + L42 - [(LO - l)xi;zv)2 + DZi:Nz]

R, = <1 (7b)
g 2L.L,
Ry =|H| <1 (70
L? 1

The constraint Eqs. (7a)—(7b) ensures always to obtain a viable solution for the coordinates of the
point C of the mechanism. These constraints are computed inside the optimization algorithm for every
iteration which implies that the vector design not only provides the optimal dimensions of the mechanism
but also ensures that these dimensions can pass for every point of the reference trajectory, avoiding
singularities.

Especially, the constraint Egs. (7¢) and (7d) restrict the solution to ensure that only feasible values are
taken; therefore, the imaginary part derived from C, and C, is zero. The algorithm only finds an optimal
solution when the constraints are met. In this way, it is conditioned to the fact that the determinant of
the Jacobian matrix is different from zero for the entire trajectory of the end-effector.

The design parameters obtained in Table I affect the mechanism’s performance since the dimensions
of the links determine the position that the end-effector can reach, which is strictly related to the real
flexion-extension trajectory. The set of points of the real trajectory with which the coordinates of the
end-effector are computed define the workspace of the mechanism; it must be ensured that for each
coordinate within the workspace, a singularity is not reached.

The input angle values were computed by evaluating the inverse kinematics and lengths of the links
provided by the optimal solution.

3. Prototype development

This section describes the development of the five-bar prototype based on the values of the optimal
design vector I. The purpose of the prototype is to evaluate the functionality of the design and check the
tracking of the end-effector trajectory.

3.1. Design and assembly

The prototype has two similar five-bar mechanisms that act in parallel. One of the mechanisms works
as a master mechanism because it moves directly through the motors attached to its links L, and L,. The
second mechanism acts as a slave because it follows the movements of the master mechanism through
guide bars and a connecting bar located at the junction of links L, and L;, as shown in Fig. 3. This
bar also has the connections to adjust the length of the thimbles (Fig. 4). A pair of brackets have been
designed for the motors and the slave mechanism to be able to fix them to a base.
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Master mechanism

mechanism

Motor and bracket

Figure 3. Rehabilitation prototype design.

Thimbles

Figure 4. Rehabilitation prototype design, view with thimbles.

3.2. Materials, components, and control

The links of the mechanism are 6 mm thick and were printed in 3D using polylactic acid. The connecting
bar, between the master mechanism and the slave mechanism, is designed to rotate freely to adapt to the
position of the finger and has a diameter of 7 mm. Four 25 mm protruding bars are distributed along the
connecting bar, which, in turn, are assembled with extension bars that allows the position of the thimbles
to be adjusted (Fig. 5).

The prototype movement is executed using two 6V DC motors (Pololu, 34:1 Metal Gearmotor with
48 CPR Encoder) controlled via a RoboClaw 2x7A (Motion Control) control card. The control interface
was carried out using LabView (National Instruments) running on a PC (Intel Core i5-6300HQ, 8.00 GB
RAM, 2.30 GHz).
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Connecting bar

Thimble

Figure 5. Connecting bar and thimbles adjustment.

The LabView program (VI) controls the motor via a point-to-point position control. A set of fifth-
order polynomial, given by the set of Eqs. (8a)—(8e), generates the trajectory in a period of ten seconds.
From Eq. (8a), i takes the value 1 for the motor M1 and 2 for the motor M2. The joint trajectory considers
zero initial and final values for the velocities and accelerations of both motors, as well as two via points.
Figure 6 shows the flowchart of the VI. The positions obtained through every encoder are received by
an Action-Status module, which is integrated in the control card. The module compares the encoders’
positions with the computed positions by the polynomials. A pair of subVIs (LabVIEW subprograms)
contains the position equations given by (8b) and (8f). There is one subVI for every motor due to the
different coefficients of the polynomials of each one. The coefficients of the polynomials represent the
inputs of the block, and the desired position is the out. For simplicity, the value of the coefficients was
obtained by MATLAB and added to the subVIs as constants. The output changes depending on the
elapsed time, programmed from O to 10 s. The baud rate is 9600 and a 100-ms data reading-writing
delay.

Fifth-order polynomials were chosen for the trajectory in the joint space to ensure continuity in
position, velocity, and acceleration [23]. Equations (8e) and (8i) correspond to the rate of change
of acceleration (jerk); computing the jerk can assure a smooth movement and allows to obtain the
coefficients of the polynomials.

The design of the rehabilitation mechanism considers that the movement of the fingers starts from
the flexed finger position to the extended finger position. In this article, a cycle is defined as the finger
trajectory from the flexion position to the extended position and vice versa. In such a way, the trajectory
begins and ends in the zero position as shown in Fig. 7.

0u() if0=<t=<t,
O(t)  ifty St =ty

Oni(t) = (8a)
05(t) ifty <t=<t,

0u(t) ifto<t=<tp
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Figure 6. Flowchart of the LabView programming.

For ke {1, 2}:
Oii(1) = dori + @it + at” + asul® + agt’* + ast®

(1) = aui + 2t + 3ast® + 4yt + Sasut*
éki(t) =2ay; + 6ay,t + 12a,,t° + 20as,t’

é.ki(t) = 6ay; + 24ayt + 60as,t®
and, where ke {3, 4}:
(1) = bow + but + boyt” + byut® + byt* + bst®

éki(t) = bu + 2byt + 3byt® + 4byt’ + Shst*
G () = 2boyi + 6bsit + 12byyt* + 20bs,,t°

6 (1) = 6byy; + 24byyt + 60bsyt*
Considering that, for k= 1:
Ori (1) = Ourni(ti1)
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éki(tvl) = é(k+l)i(tvl)

éki(txrl) = é(k+l)i(tvl)

Ori(t2) = Oer1yi(t2)
éki(tVZ) = é(k-H)i(th)

éki(tﬂ) = é(k-#l)i(tvz)

985

(8k)

(8

(8m)

(8n)

(80)

The Eq. (8b) evaluated in k = 1 provides the flexion (zero) position to the first via point. The Eq. (8b)
evaluated in k =2 provides the position from the first via point to the extension (final) position of the
finger. 6,; and 6,; correspond to the half of a cycle.

Equation (8g) evaluated in k = 3, expresses the movement from the extended position to the second
via point. Finally, Eq. (8g) evaluated in k = 4 provides the position from the second via point to flexion
position of the finger, completing a cycle.

The coeflicients of the polynomials corresponding to the first half of the cycle (Cy,) are calculated by
multiplying the inverse matrix Mz,; that considers Eqgs. (8b)—(8i) by the vector of defined conditions ¢,
as shown in Eq. (9a).

[Cfe]lle =[Mzi]" ez [q”]lle
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where

- 6.0
61,(0)
61,(0)
61:(0)
Ori(t1)
0(t1)

qii

L .é.zi(ffl) _

The coeflicients of the polynomials corresponding to the second half of the cycle (C,;) are calculated
by multiplying the inverse matrix Mz,; that considers Egs. (8j)—(8q) by the vector of defined conditions
¢»i» s shown in

Eq. (9b).

[Colinr = M2l iz [421] (®b)
where
0(111) ]
0s(1n)
§3i(tf1)
05 (tn)
0i(1,2)
04i(1,2)

Qi

An MPU-6050 IMU was placed on the connecting bar to measure the end-effector angle on the
coordinate axes through an Arduino UNO. The connection is independent of the motor control program;
it means that it does not close the control chain because it is used as an external sensor to verify the
behavior of the connecting bar. The prototype instrumentation is shown in Fig. 8.
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Figure 8. Mechanism instrumentation.

Figure 9. (a) Finger flexed position. (b) Finger extended position.

3.3. Experimental evaluation

To use the mechanism, the patient must sit in front of it and place his/her arm on the fixed forearm
support. The arm is tied through a pair of straps which restricts wrist movement, as shown in Fig. 9.
The fingers are tied to the thimbles in a flexed position. The trajectory along which the mechanism will
guide the fingers begins with the flexed position and ends in the extended position.

The movement begins once the therapist initiates the movement cycle from a computer screen running
the VL. If the therapist needs to stop the mechanism in any part of the trajectory, he/she can also do it
from the VI. The hand position does not change while the mechanisms guide the finger through the
desired trajectory. Figure 9 is only a representation; no hand experiments have been performed using
the mechanism.

The flexion-extension trajectory is carried in ten seconds and represents one cycle of motion. The
encoders were initialized to zero for 153° in the L, link connected to the M, motor, and 83° in the L, link
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Figure 10. L, and L, links orientation.

connected to the M, motor, approximately, as shown in Fig. 10. The encoder resolution is 48.14 counts
per turn at the output of the reducer. Table II indicates the relationship between the articular positions
and the positions of the actuated links, at the initial, vias, and final points, obtained through inverse
kinematics. The via points were computed for #,;, =2.5s and #,, = 7.5 s. Figure 11 shows the profiles of
the flexion-extension trajectory of both motors in radians.

The first experimentation step was to decouple the actuated links from the underactuated links. This
made it possible to ensure that the range of motion of L, link and L, link will be consistent with the
angles described by Table II. Once the range of movement of the actuated links corresponded to the
desired movement, L; link and L, link were placed.

At the second experimentation step, the IMU was directly coupled to the connecting bar to measures
the rotation of the bar with respect to the x, y, and z axes during four cycles. The connecting bar rotates
freely and adjusts to the position of the finger as the mechanism performs the movement.

The angles obtained by the rotation of the IMU in the x axis (¢,), the y axis (¢,), and the z axis (¢,)
during the four cycles are shown in Fig. 12. The IMU angles are given in degrees and represent the
rotational position of the connecting bar, which in turn positions the fingers from flexion to extension
and vice versa. It is worth mentioning that the displacement carried out by the connecting bar involves
both a rotational movement in y axis and a translational movement in the xz plane. For this reason, it is to
be expected that the greatest dispersion is found in the y axis, while the x and z axes show little rotational
dispersion. It was observed that the connecting bar presents a little friction when rotating almost to the
end of the trajectory.

The reason for using an IMU on the connector bar is because we are interested in measuring the
rotation of the end-effector, and we suppose that this rotation could then be correlated with the rotation
of the fingers and establish a pattern that helps measure the recovery of the patient. This assumption will
be explored in future work.

4. Results

Figure 13 shows the different positions of the mechanism considering the via points while the mechanism
is moving. Figure 14(a) shows the interpolation generated by these points and the estimated trajectory
of point C.
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Positions Articular (encoder) Links (degrees)
Ou1 (0) 0 83.07
01 (2.5) 201 35.99
O (5) 155 40.44
01 (7.5) 201 35.99
Oy (10) 0 83.07
Ou2(0) 0 153.55
O (2.5) 379 104.39
O (5) 277 92.37
O (7.5) 379 104.39
O (10) 0 153.55

o
o

Position (rad)

o

3 4 5 6

Time(s) Joint Trajectory

A('cf’lemlfrm (rad/s‘?) Velocity (rad/s)

Time(s) Joint Trajectory

Figure 11. Joint movement profiles.

The angle of rotation obtained in the y axis through the IMU can be compared with the theoretical
angle by considering the translation movement in the xz plane of the connection bar. The theoretical
angle was obtained through Matlab. The inverse and direct kinematics of the mechanism are calculated
using the optimal results of the gradient method (Section 2) [17] and the points generated by the desired
trajectory of Fig. 1, considering a flexion-extension cycle.

With the coordinates of point C (C,, C,), a new vector V,, is defined, V,; change from the initial
position from the i position. The V,, vector represents the relative position of two points, expressed by
Eq. (10). The V, vector joins two continuous points of the trajectory generated by the end-effector; the
rectangular components V, and V, allow to calculate the theoretical angle ¢,5; of the trajectory points
through Eq. (11) according to the variation of the position, as shown in Fig. 14(b).

Vp = (Cxi -

Vq

¢yr = atan

r
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Figure 12. Comparison between the motor position and rotation angles obtained by the IMU.
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Figure 13. Different positions of the mechanism.

(b)

140

Figure 14. (a) Sequence of positions. (b) V, vector.

The ¢,7 was computed only considering the movement from the flexion to extension position in order
not to overwrite trajectory points. Figure 15(a) shows the theoretical angle obtained by the Eq. (11); in
Fig. 15(b), the comparison among the theoretical angle with respect to the four cycles obtained with
the IMU can be observed. For the purpose of comparison, an offset has been applied to each curve to
start at angle zero in time zero. Figure 15(c) shows the error of each cycle with respect to the theoret-
ical angle, and it is assumed that the friction presented by the connecting bar is directly related to the

€Iror.
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Figure 15. (a) Computed theoretical angle {,r. (b) &,y versus the four ¢, obtained in the four cycles. (c)
Error by cycle.

From Fig. 15(b), it can be observed that the theoretical value shows several peaks due to all the points
of the desired trajectory are evaluated by the Eq. (11). Equation (11) considers only the tangent relation
of the rectangular components. Instead, the graphs obtained by the IMU show a smoother behavior due
to the IMU measurements considering the accelerometer and the gyroscope measurements, in addition
to a complementary filter.
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5. Discussion

The scope of this paper was to verify the proposal of an optimal five-bar mechanism to be used for
hand rehabilitation support purposes. We fabricated the design proposed in ref. [17]; end-effector type
designs have been less explored compared to exoskeleton-type designs, to claim that exoskeletons are
more effective than end-effectors would be hasty. Increasing the type of end-effector devices is necessary
to obtain a representative sample for comparison purposes.

From mechanism theory, it is well known that five-bar mechanisms have great versatility due to the
workspace they can cover and the ability to reach high speeds. For hand rehabilitation purposes, the
most attractive feature is that the five-bar mechanism can be configured to reach and generate complex
trajectories, which makes it a good candidate for reproducing natural motion paths.

Experiments were carried out using an IMU to measure the rotation angle of the mechanism’s end-
effector to compare it with the real rotation of the finger, obtained from the analysis of a real flexion-
extension trajectory. Instead of evaluating the performance of the device using only the characteristics
of the movement profiles in the joint space, it was proposed to evaluate the performance by measuring
the rotation of the end-effector to obtain a measure that would allow establishing a direct correlation
with the rotation that it is produced from the flexion-extension movement of the finger.

We consider that being a device that will have direct contact with a human being, it is convenient to
establish new experiments that allow defining the human-machine interaction process. From the exper-
imentation carried out, related with the angle comparison, a significant error percentage between the
one obtained by the IMU and the one calculated with the flexion-extension trajectory was found. Partly
because the calculated theoretical angle considers all the points of the real finger trajectory, the curve
used does not have any filter and some points are very close to others, influencing the tangent relation-
ship. Also, gravity is a factor to be considered especially for the design of the links that are joined by the
connecting bar. The weight of these links directly influences the tracking of the end-effector trajectory,
and any misalignment affects the performance of the movement.

6. Conclusions

The design, manufacture and testing of an end-effector type prototype for the rehabilitation of fingers
were presented. It is based on the configuration of an optimal five-bar mechanism, with optimal dimen-
sions founded by an optimization algorithm, and two degrees of freedom. It was made using 3D printing
and controlled using the joint space by fifth-order polynomials.

Regarding the design of the prototype, several points of improvement were observed and will be
explored in the evolution of this project. Gravity is a factor that influences movement, although the
mechanism is capable of following the points of the trajectory in the plane; the choice of the xz plane
represents a challenge regarding to the weight of the links; it was observed that after several tests the
desired position tends to be lost due to the elbows (points B and D) falling.

The friction in the rotational articulation that carries the connecting bar may be reduced with the
use of a bearing. The friction problem influences the measurement of the rotational angle and the finger
range of motion.

Regarding the control loop, it was observed conveniently to add more via points to avoid undesired
movements. Two degrees of freedom imply that it is necessary to assure the position relation between
the motors, to obtain a coordinate joint trajectory that guarantees the end-effector trajectory.

Future work will consider the following aspects:

1. The study of the correlation between the angle of rotation of the end-effector and the rotation
of the finger joints, in order to establish or discard patterns that allow measuring the progress of
rehabilitation.

2. A protection mechanism in case of mechanical failure.

3. The study and analysis of materials applicable to medical device regulations.
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4. The development of a mechanism-patient interaction control algorithm.

As far as the aforementioned aspects are covered, the patient’s security will be improved.
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Appendix

The evaluation of the Jacobian matrix, given by Eq. (A1), helps to identify the kinematics performance
of the mechanism. To obtain the coefficients of the Jacobian matrix, the differential equation given by
(A2) must be solved, and the detailed solution can be found in ref. [21].

J=—-B'A (A1)
where
ay, dp bll b12
A = N B =
dy; dxy b21 b22
A6y +BX =0 (A2)
where

éM:[Ol GZ]T’XZ[CX CZ]T

The evaluation of Jacobian matrix allows to determine the kind of singularity for closed-loop
kinematic chains; the singularities can occur whenever the determinants of A and/or B are zero [24].

Besides, Eq. (A3) defines the condition number, used to analyze the performance of a five-bar mech-
anism [21]. The condition number is the ratio of the largest singular value of the Jacobian matrix to the
smallest singular value [25] and satisfies the relationship 1.0 < C(J) < oo [21]. This relationship implies
that when the condition number is close to 1.0, the mechanism reaches an isotropic configuration [26].

cAh=IJ1-|J (A3)
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