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Abstract: This paper presents the structure and model of a hybrid modular structure of a robotic
system for lower limb rehabilitation. It is made of two modules identical in structure, including an
active 3-PRRR manipulator for moving the patient’s foot and a passive orthosis based on the RRR
mechanism for supporting the lower limb. A mathematical model has been developed to describe the
positions for the links of the active and passive mechanisms of two modules, as a function of the angles
in the joints of the passive orthosis, considering constraints for attaching the active manipulators to the
moving platform and their configurations. A method has been formulated for a parametric synthesis
of the hybrid robotic system proposed with modular structure, taking into account the generated
levels of parametric constraints depending on the ergonomic and manufacturability features. The
proposed design is based on a criterion in the form of a convolution, including two components, one
of which is based on minimizing unattainable points of the trajectory, considering the characteristics
of anthropometric data, and the other is based on the compactness of the design. The results of the
mathematical modeling are discussed as well as the analysis results towards a prototype validation.
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1. Introduction

One of the most pressing and complex problems of medicine and neurology is the
rehabilitation of patients. The number of people who need rehabilitation is growing
every day. According to investigations [1,2], 419,000 people diagnosed with stroke were
registered in the Russian Federation in 2014. According to the Ministry of Health of the
Russian Federation, in 2017, 427,963 people were registered for whom acute cerebrovascular
disorders were first detected. Patients who have experienced acute attacks of this disease
type either cannot move without help or are completely deprived of the opportunity
to move independently. Currently, over one million stroke survivors live in Russia. A
third of this number are people of working age. At the same time, only every fourth of
working people return to work after a stroke [2]. Violations of the limbs must undergo a
rehabilitation process in order to restore the normal functioning of the limbs. Lower limb
rehabilitation or treatment has been a hot topic in recent years, since robotized systems
promised effective results and led to significant improvements in the recovery of patients
using robotic physiotherapy, as pointed out in [3].

It Is widely recognized that a person’s locomotion depends both on basic patterns
generated at the level of the spine and on the prognosis and reflex-dependent precise control
of these patterns at different levels [4—6]. These physiological movements recorded in
healthy people are applied as exercises in patients with disorders of the lower limbs. These
data sequences for the joints of the lower limbs are called gait data (walking pattern) [5].
In addition to gait data, the lower limbs perform movements such as hip flexion and
extension, knee flexion and extension, ankle flexion, and back flexion. Gait training restores
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synchronization of muscle action in lower limbs and is processed separately to strengthen
each motor joint, to then strengthen each joint of the leg.

Currently, there are many devices available for lower limb rehabilitation. The Gait
Trainer [7] is a wheeled device that helps a person who cannot walk independently. The
BIT LExoChair [8] mobility-assisted wheelchair has a modular design for user’s locomotion
mobility with the aim of assisting autonomy, exercising, and rehabilitation. The design
is based on a traditional wheelchair design that uses a force sensor for controlled oper-
ation with different equipment as a function of the environment and aim of usage. The
rehabilitation system WalkTrainer [9] has a mobile frame design, which includes a system
for unloading weight. Thus, it is possible to regulate the dynamic load on the patient’s
lower limbs. There are also rehabilitation devices that are based on treadmills. It is worth
noting the Lokomat rehabilitation system [10] and the CDLR cable robot for lower limb
rehabilitation [11]. The functionality of those devices does not allow for the rehabilitation
of the lower limbs of patients in the early stages of rehabilitation; therefore, these devices
are not suitable for patients who are only able to be in a sitting and lying position, impaired
with lower limbs.

Among rehabilitation systems, which are available in the early stages of rehabilitation,
one can point out the LokoHelp movement therapy station [12], which is an electromechan-
ical gait trainer with a weight-unloading system. However, this system is not applicable
to patients who cannot be suspended. A gait rehabilitation device based on a 3DOF par-
allel arm [13] generates the required gait pattern by moving the patient’s foot while the
body weight is supported by a seat belt system. The KARR rehabilitation system [14]
allows the rehabilitation of patients in a sitting position. Also worth noting is the Lambda
robot rehabilitation system [15], which can be applied to the rehabilitation of bedridden
patients by mobilizing the ankle joint. An upright table with an integrated orthopedic
device and synchronized functional electrical stimulation, Erigo Pro [16], allows for inten-
sive cyclic movement therapy in the form of passive dynamic movements of the lower
limbs of recumbent patients. However, the above-mentioned devices for physiotherapeu-
tic movements provide flexion—/extension in the knee joint, while a movement such as
adduction—abduction in the hip joint is impossible, with a significant drawback. The CUBE
cable rehabilitation device [17] allows for the rehabilitation of both the upper and lower
limbs. However, with this design, active robot-assisted therapy for flexion/extension in the
ankle joint is rather difficult.

In general, in rehabilitation procedures, the treatment of patients with disabilities of
impaired motor functions of the lower limbs occurs in a critical sitting or lying position.
These conditions are because patients at this stage cannot control the movement of their
limbs. In this regard, the treatment of patients using only the BWS (body weight support)
system is difficult, since this requires a certain level of physical fithess. CPM (continuous
passive motion) is one of the conventional therapies at the initial stage of treatment when
patients have weak or even uncontrolled limbs.

Analysis of the literature sources has revealed that most rehabilitation systems have an
active orthosis within their mechanical design. This orthosis has a simple structure, but its
dynamic characteristics are low due to the presence of drives in the orthosis system. Other
types of rehabilitation systems have linear drives and high dynamic performance. However,
these types of rehabilitation systems have a limited workspace with limited movement of
linear drives, or do not include supporting frames or orthopedic systems. Many manipula-
tors are based on CPM and are intended for continuous or repeated treatments. In addition,
these manipulators cannot provide the required quality when performing continuous
passive movements due to their complex design, high dynamic loads, and bulkiness.

In order to overcome the above limitations, in this work, the popular Cartesian parallel
manipulator, Tripteron [18,19], is taken as a basis for a novel solution. It consists of three
legs, each having a prismatic-revolute-revolute-revolute joint arrangement with an active
prismatic joint and each leg being mounted on the base platform [18]. The major difficulty
in off-planar movement is the movement of the actuator assembly, as they are mounted
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in single plane. Thus, the proposed system combines a parallel manipulator based on
Tripteron, with a serial passive orthosis which can give four degrees of freedom to the
lower limb. The dynamics of the separate right and left modules of the system were
considered in [20,21]. The Euler-Lagrangian approach is used to formulate the dynamics
of the manipulator for a simulated performance analysis. The papers [20,21] also present
an augmented proportional-derivative (PD) controller for gravity compensation in motion
control. This control method transforms the closed-loop dynamics of the manipulator
into a decoupled behavior for a more convenient analysis of motion performance. The
numerical simulations showed that the augmented PD controller enables us to obtain
a reliable control strategy. In the works [22,23], a method for optimizing the geometric
parameters of a robotic system based on one Tripteron module for the rehabilitation of one
limb is discussed. Nevertheless, it has a number of limitations for the case of application to
the proposed two-module system, which include as follows:

e  The location of the drive guides of the active manipulator, because of the intersection
of their axes at one point in the upper right side of a patient user;
Not a convenient shape for the moving platform, as in the form of an equilateral triangle;
Limited location of fastenings of mechanisms to the platform center;
The used optimization algorithms for the generation of random parameters and search
by climbing to the top;
Consideration of intersections of only active manipulator links;
The use of the average size of a human limb with no customizing capability.

Based on the aforementioned flaws, the main contributions of this paper can be
summarized as follows:

e Anovel hybrid modular structure of a robotic system for the rehabilitation of the lower
limbs is designed as based on two modules identical in structure, including an active
3-PRRR manipulator for moving the patient’s foot and a passive orthosis based on the
RRR mechanism for supporting the lower limbs;

e A method for parametric synthesis of a hybrid robotic system with a modular structure
is formulated, taking into account the generated levels of parametric constraints
depending on the ergonomics and manufacturability of the proposed design.

The paper is organized as follows: Section 2 provides motion requirements from
the lower limb biomechanics. The dimensions of the lower limbs of people of different
nationalities are considered and the necessary trajectory is formulated. Section 3 provides
a mathematical model of the proposed robotic system. Design parameters for the robotic
system are considered. Section 4 presents an optimization problem for the design of
the proposed solution. Section 5 is devoted to numerical simulation. Section 6 reviews
experimental studies for validation and characterization purposes.

2. Motion Requirements from Lower Limb Biomechanics

In early rehabilitation after injuries, surgical interventions on the musculoskeletal
system and neurological treatments such as the so-called CPM therapy (Continuous Passive
Motion) have shown high efficiency [24]. The last is a rehabilitation technique that is
associated with continuous passive exercise of human joints. This technique is based
on implementing long-term repetitive movements of the joints using a specialized robot
simulator without the participation of the patient’s own muscle strength.

Biomechanical parameters for a motion therapy activity may include volume, direction
of movement, degree of applied force, velocity, and accuracy of task reproduction. An
assisting device should also be used for safe exercise with no functional overstrain, cognitive
discomfort, and psycho-emotional over excitation.

In general, the main movements of the lower limb are carried out in the sagittal plane.
However, the possibility of additional rotational and frontal movements due to the hip
joint has a synergistic effect on the restoration of motion also in the main plane. Therefore,
a statically balanced passive orthosis model, where the limb can be placed, should allow
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for synchronization of movements in the hip, knee, and ankle joints. In this case, the main
requirement for the correct operation of an assisting device is the precise positioning of the
hip joint and of the device, relative to the patient’s hip joint.

The hip joint can be modeled as a ball-shaped joint of a limited type (cup-shaped
joint), and therefore allows movement, although not as extensive as in a free ball joint (for
example, in the shoulder), around three main axes: frontal, sagittal and vertical. Lateral
and medial rotation occurs relative to the vertical axis, extension and flexion occurs relative
to the frontal axis, and abduction and adduction occurs relative to the sagittal axis, as
indicated in Figure 1.

Adduction

Flexion
Sagittal axis
\)/ N\ Front axis

Extension

Abduction ) )
Vertical axis

A

Inward rofation,

Outward rofation Medial rotation

Laferal rofation
Figure 1. Axes of rotations of the hip joint [25].

Referring to Figure 1 [25], flexion and extension of the lower limb occurs around the
frontal axis. Flexion has the greatest range due to the absence of tension in the fibrous
capsule of the joint, which has no attachment to the femoral neck from behind. When the
knee joint is bent, it can real (118-130°), so that the lower limb, with its maximum flexion,
can be pressed against the stomach. With an extended knee joint, the range of motion is
less as in the round (84-90°), since it is inhibited by the tension of the muscles on the back
of the thigh. Extension from the vertical position, taken as 0°, is limited by the tension of
the joint ligaments and in most cases is limited to 10° (but can reach 20°).

Around the sagittal axis, the limb is abducted and adducted. The counting is carried
out from the center line (0°). Abduction is possible at up to 50°, and reduction at up to 30°.

During the rehabilitation process, it is required to activated required angles in the hip,
knee, and ankle joint. In particular, the angle of abduction in the hip joint is 30 degrees, as
well as angles corresponding to the imitation of human gait; flexion in the hip joint is from
—20 to 10 degrees, as well as flexion in the knee joint being from —60 to 0 degrees.

The trajectory of the limb movement, which will be used further during optimization,
is built on the basis of repetitive movements corresponding to the human gait and abduction
of the limb at the hip joint.

By imitation of gait, we mean the movement of each limb in accordance with the
following law:

(X,‘(f) = 0.5(06max + Qi + sin(t + 1800(i — 1))(Dcmgx — Dcml‘n)) (1)

Bi(t) = 0.5(Bmax + Bmin — cos(t +180°(i — 1)) (Bmax — Bumin)), (2)

where i is the limb index (1—left, 2—right), a;,iy;, ®max are minimum and maximum angle
of flexion of the hip joint, and B,,i,, Bmax are the knee joint. To increase the working range of
hip joint flexion training, &,,;, was taken equal to «,,;, = —20°. The remaining constraints
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on the angles in the joints were adopted in accordance with the clinical information above,
that is, ®ax = 20°, Bpin = —60°, Bimax = 0°.
Thus, a sequence of movements has been planned with the following steps:
1.  The limbs are not abducted (leg abduction angle ; = 0) while performing one cycle
(t € [0;360]) of gait simulation;
2. Abduction of the left leg to y; = —30°;
3.  Performing one cycle of gait simulation;
4. Simultaneous adduction of the left leg to the angle v; = 0° and abduction of the right
leg to v, = 30°;
5. Performing one cycle of gait simulation;
6.  Abduction of the right leg 7, = 0°.
Figure 2 shows the planned sequence of movements as a reference for joint trajectories.
Figure 2a shows the sequence for flexion of the hip joint, Figure 2b shows the knee, and
Figure 2¢ shows abduction of the hip joint.
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Figure 2. The planned sequence of movements as reference joint trajectories: (a) Hip joint flexion a;;
(b) Knee joint flexion f;; (c) Hip joint abduction ;.

The proposed system should provide the ability to rehabilitate patients with different
anthropometric data. Table 1 presents the main anthropometric measurements of the lower
limbs based on statistical data from national populations, in accordance with [26]. Each size
is presented for P95 (95th percentile, that is, the maximum statistical size without taking
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into account the five percent of people who have unusually small limb sizes) based on
individual samples for adults in different countries, taking into account gender. As a result
of the analysis of the statistical data, a data set was generated as in Table 2, which is used as
a reference for designing the geometric parameters of the robotic system. The set of sizes,
without taking into account the orthosis, was obtained based on the choice of the maximum
value of each limb size among the values in Table 1. Since the limb dimensions are used
according to P95 (95th percentile, that is, the maximum statistical size without taking into
account the five percent of people who have unusually small limb sizes) this will ensure
the possibility of lower limb rehabilitation for more than 95 percent of people. The choice
for maximum dimensions is justified by the presence, in this case, of the maximum area
of movement of the human foot during the development of the trajectory, as well as the
most complicated task of eliminating the collision of the links of the robotic system with
the limbs.

Table 1. Anthropometric measurements of the lower limbs, [26].

Measurement %Z?;‘:rz)rxgmMeix Value, mm C(:;;Ill:lzyfv;l:ﬁel\:[lax Value, mm
Thigh circumference Kenya 720 Thailand 660
Calf muscle circumference Kenya 416 Japan 422
Length buttock-knee The Netherlands 664 The Netherlands 703
Foot length Kenya 270 The Netherlands 296
Foot width The Netherlands 107 The Netherlands 116
Calf length The Netherlands 483 The Netherlands 538
Thigh width in sitting position USA 501 The Netherlands 438
Table 2. Set of anthropometric data for modeling, mm.
Without Orthosis Taking into ACFount the
Orthosis
Thigh circumference 720 815
Calf muscle circumference 422 610
Length buttock-knee 703 703
Foot length 296 326
Foot width 116 176
Calf length 538 738
Thigh width in sitting position 501 531

Considering the dimensions of the orthosis, which includes the frame and structural
elements used to protect the limb, the dimensions have been adjusted. Based on the
thickness of the human leg orthosis, equal to 15 mm, the thigh width is taken to be 30 mm
larger (15 mm-2), and the thigh circumference is 95 mm larger (15 mm-2-7t = 94.25 mm).
Considering the increased thickness of the calf orthosis, equal to 30 mm, taking into account
the possibility of adding additional safety elements, the circumference of the calf muscle
is increased by 188 mm, the length of the foot by 30 mm, and the width of the foot by
60 mm. Also, taking into account the possibility of adding safety-structural elements, the
length of the lower leg has been increased by 200 mm. Taking into account the dimensions
of the reference data, the trajectory of the reference movement is designed as in Figure 2,
as the assumed trajectory of assisted joints by the rehabilitation system. Figure 3 shows
the change in the position of the center of the ankle joint, taking into account the planned
sequence of movements and the selected dimensions of the orthosis.



Machines 2024, 12, 104

7 of 28

Ankle joint Z

200 A

—200 +

-400 -

—600 -

—800 -

— Left
1400 4 — Right
1300
=
2 1200 -
=
o
z
£ 1100
1000 -
900 4
-750  -500  -250 0 250 500 750
Ankle joint X
— Left
A 200 1 Right
0
/ l N —200 -
€
— Right "
< -400
—600 |
—800 |
—-750  -500 250 0 250 500 750 900 1000 1100 1200 1300 1400
Ankle joint X Ankle joint Y
(o) (d)

Figure 3. Reference movement of the center of the ankle joint: (a) three-dimensional view; (b) in
projection on the XY plane; (c) in projection on the XZ plane; (d) in projection on the YZ plane.

3. Mathematical Model

The proposed hybrid robotic system consists of two modules identical in structure,
each of which is based on an active 3-PRRR mechanism of a parallel structure, which
ensures the movement of the patient’s fixed foot, and a planar RRRR mechanism of a serial
structure as a passive cut to support the lower limb, as sketched in Figure 4. The modular
structure allows for a change to the parameters of the systems depending on the method of
rehabilitation and, depending on the anthropometry and characteristics of the disease, the
use of one and two modules simultaneously. The mutual movement of the end-effector
of the two manipulators makes it possible to simulate the gait of a healthy person, while
safe movement algorithms are implemented taking into account possible intersections
(collisions) of the links.
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Active manipulator consisting of two 3-PRRR mechanisms

Linear guides
Safety device
i

" Linear guides
Passive orthosis
i Patient
Kinematic L ¥ /
chain PRRR & N Adjustable chair

Positioning slider

Hip joint

End-effector

Figure 4. A 3D model of a two-module hybrid robotic system.

The design in Figure 4 is better explained by the model in Figure 5. Figure 5a shows
the kinematic design with labels for all of the joints of the active manipulators, as well as
the joints and angles of the passive orthoses. In Figure 5a, where I is for the left module
for the rehabilitation of the left limb, and II is for the rehabilitation of the right limb.
The 3-PRRR mechanism, which provides movement of the patient’s limb through active
actuators, consists of three kinematic chains, a fixed base, and a moving platform. The
3-PRRR mechanism (Tripteron) provides the necessary degrees of freedom (translational
movements along three axes) and the absence of singularity, since the Jacobian matrix
of the mechanism is a unit matrix. Each chain contains one drive prismatic joint (P) and
three rotation joints (R). Linear actuators are connected to active linear translational pairs,
which in turn are connected to guides and passive RRR chains connected to the moving
platform. The configurations of kinematic chains, A;;B;;C;;D;; (hereinafter in the formulas
i is the module index: 1—left module, 2—right module, j—index of kinematic chains
of active manipulators), are variable, which means the possibility of bending chains in
different directions is present. Each of the chains have two possible configurations that
are designated as /;; in Figure 5b. Also, the presented structure, in comparison with a
single-module structure, assumes the use of the platform shape D;; Dj; D;3, not in the form
of a regular triangle, but in the form of a right triangle with variability in the options
for attaching kinematic chains to the platform (Figure 6). This assumes that the joints
D;;j can be located on different sides, relative to the center of the platform (D;;—can be
located in both the negative and positive directions along the Y-axis, Dj—along the X-axis,
Djz—along the Z-axis). The active manipulator is connected to the passive orthosis through
the link GP, connecting the G joint from the ankle joint of the passive orthosis and the
center P from the movable platform of the active manipulator. Each of the passive sections
includes four rotational joints, two of which correspond to the hip joint (E; with angles
«; flexion/extension and v; abduction/adduction of the joint), one knee (F; with angle ;
flexion/extension of the joint) and one ankle (G; with the angle 6; of joint flexion/extension).
The point corresponding to the toe of the human foot is designated as H;. The relative
position of the active manipulator and the passive orthosis, as well as the relative position
of the two active manipulators, are determined by the value of two constant coordinates of
each of the active manipulator’s guides, relative to the base coordinate system located in
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the center of the patient’s pelvis. Figure 5a shows the effect of changing the coordinates of
the guides on the system configuration, using the example of the second guide of the left
module (A1), which has a lower Z coordinate value compared to the first guide (A1) of
the left leg module and the first and second guides of the right leg module (A, and App).

[[ ///’\/\_4,—// /_A;zr \\\ B/}/Z/

[ 7 a4

_/42'2'

Figure 5. Kinematic scheme of rehabilitation system: (a) the kinematic design (I is the left mod-
ule for the left limb; II is the right module for the right limb), (b) an alternative design for the
kinematic design.
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Figure 6. Attaching kinematic chains to the platform.

To check the reachability of the robotic system position, taking into account the
intersections of the links, it is necessary to determine the position of all links of the active
manipulator and passive orthosis. The input data are the dimensions of the links and the
angles in the patient’s joints: «; of the hip joint flexion, -; of the hip joint abduction, ; of
the knee joint flexion, and 6; of the ankle joint flexion. In this case referring to X, Y, Z in
Figure 5, we define the coordinates of the joint centers E; as follows:

—Log Log
El = 0 , EZ == 0 (3)
0 0

Taking into account the angles «; and v;, the coordinates of the joint centers F; are
given as follows:
Lppcoswa;siny;
F; = E; 4+ | Lgpcosa;cosy; | , (4)
L E FSil’llXj

Let’s substitute (3) into (4) to achieve the following;:

Lgpcosasinyyy — Log Lgrpcosaypsiny, + Log
F = Lprcosaycosyq LB = Lgpcosaycosyy (5)
Lgpsina Lgpsinay

Taking into account the angle B;, the coordinates of the centers of the joints G; are
given as follows:
Lrgeos(a; + B;)siny;
G; = F; + | Lpgeos(a; + Bi)cosyi |, (6)
Lrgsin(a; + B;)

Let’s substitute (7) into (6) to achieve the following;:

sinyy (L pgeos(aq + B1)+Lercosay)—Log
G = cosy1(Lpgeos(aq + B1) + Lepcosaq) |, (7)
Lrgsin(ag + B1) + Lepsinag

sinvys (L pgcos(a + B2)+Lprcosaz)+Log
Gy, = cosy2(Lpgeos(ag + Ba) + Lepcosay) (8)
Lpgsin(ay + B2) + Lepsinag
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Taking into account the angle 6;, we define the coordinates of the extreme point of the
link G;H; corresponding to the human foot as follows:

H; =G;+ LGHCOS(DCi + B+ Qi)COS’)/Z'

LGHSin(lX,' +Bi+ Gi)

©)

Lgycos(a; + Bi + Gi)sin'yi]

Let’s substitute (7), (8) into (9) to achieve the following:

siny1 (L pgeos(ag + B1)+Lepcosay + Lgpcos(aq + B1 4+ 61))—Lok
H, = cosy1(Lrgeos(ay + B1) + Lerpcosay + Lgycos(ag + B1+601)) |, (10)
Lpgsin(ay + B1) + Lepsinay + Loysin(ay + B1 + 01)

sinvy (L pgcos(an + B2)+Lprcosay 4+ Lepcos(ag + Bo + 62))+Lok
cosyy(Lrpgeos(ap + B2) + Lepcosay + Lopcos(an + By + 62))
chsin(txz + le) + Lgpsinay + LGHSin(Déz + ,52 + 92)

Hy = (11)

We define the coordinates of the centers P; of the moving platforms of active manipu-

lators as follows:
0
P=Gi+| 0 (12)

—Legp
Let’s substitute (7), (8) into (12) to achieve the following::

sinvy1 (L pgcos(aq + B1)+Lgrcosay)—Log
P = cosy1(Lpgeos(aq + B1) + Lepcosay) |, (13)
Lstin(txl + ‘31) + Lgpsina;—Lgp

sinys (L pgeos(an 4 Bo)+Lercosap)+Log
P, = cosy2(Lpgeos(ap + B2) + Lepcosay) (14)
Lrgsin(ap + B2) + Lepsinap—Lgp

The center P; of the moving platforms is understood as a point that is located along
the X—and Y-axes in the center of a circle inscribed in the triangle of the platform with legs
dy and dy, and along the Z-axis in the middle of the platform, having a thickness of d..

To determine the coordinates of the joint centers Dij, we will consider options for
attaching the kinematic platforms (Figure 6).

Let us denote the options for fastening the joint D;; by the variable p;;, which can
take the value 1 (in the case of fastening in a negative direction along the corresponding
coordinate axis relative to a right angle) or 2 (in a positive direction). To use values 1
and 2 in joint coordinate formulas, introduce the following function, which in the case
of argument 1 returns the value —1, and in the case of argument 2 returns the value 1,
as follows:

Alx) = (2x —3) (15)

Taking into account (15), we define the coordinates of the centers of the joints as the
centers D;; as follows:

—rA(pi2) (dx —1)A(pi)
Djy =P+ |(dy—1r)A(pi) |, Dio =Pi+ | —rA(pa) |, (16)
0 0
—rMpi2)
D3 =P + _drj\\((l?i)l) , (17)
2/MPi3
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where j is the index of kinematic chains of active manipulators: 1—a chain with linear
movement of the guide along the Y-axis; 2—along the X-axis; 3—along the Z-axis r—the
radius of the inscribed circle of the platform, which is determined by the following formula:

dy; +dyi — 1/d3ci +d§i

2

ri =
Let’s substitute (13), (14) into (16), (17) and achieve the following:

sinvyq (L pgeos(aq + B1)+Lercosa) —Log — rA(p12)
Dy = |cosy1(Lrgeos(ay + B1) + Lepcosay) + (dy — r)A(pi1) (18)
LFGSZ'T’Z(Dél =+ ,Bl) + LEpSlli’lﬂclfLGp

siny1(L pgeos(aq + B1)+Lepcosay) —Log + (dx — r)A(p12)
Dy = cosy1(Lpgeos(ag + B1) + Lepcosay) — rA(p11) (19)
Lrgsin(ay + B1) + Lepsina;—Lgp

siny1 (L pgeos(ay + 1) +Lepcosar)—Log — rA(p12)
D3 = cosy1(Lrgeos(aq + B1) + Lepcosay) — rA(p11) (20)
Lrgsin(ay + B1) + Lepsinag —Lgp + =241

sinyy (L pgeos(ao + Bo)+Lercosay)+Log — rA(p22)
Dy1 = |cosya(Lrgeos(az + Ba) + Lepcosas) + (dy — r)A(par) (21)
Lrgsin(ap + B2) + Lepsinay—Lgp

sin7ya (L pgeos(az + B2)+Lercosaz)+Lop+(dx —1)A(p22)
Dy = cosy2(Lrgeos(az + B2) + Lepcosaz) — rA(pa1) (22)
Lrgsin(ap + B2) + Lepsinap—Lgp

sinvyy (L pgeos(ag + Bo)+Lercosas)+Log — rA(p22)
Doys = cosya(Lpgeos(ay + B2) + Lepcosay) — rA(pa1) (23)
Lrgsin(ap + ,32) + Lgpsinap—Lgp + M
The coordinates of the joint centers B;; in two dimensions depend on the position of

the guides (coordinates that do not depend on the position of the platform) and in the third,
they correspond to the coordinate of the joint center D, that is as follows:

XBi1 XDi2 XBi3
Bi1 = |ypi |, B2 = |YyBi2 |, Bis = |YBi3 (24)
ZBi1 ZBi2 ZDi3

Let’s substitute (18)—(23) into (24) to achieve the following:

XB11
By = [ywsw<LFGcos<a1+51)+LEFcosa1>+(dy—r>A<pu)]r (25)
ZB11

YB12 (26)

xsin’n (Lgpgeos(a14B1)+Lercosat)—Log~+(dx—1)A(p12)
By = ,
ZB12

XB13
Bz = YB13 , (27)

zZ . . dzA
Lrgsin(ay+B1)+Lgrsina —LGP—&-%
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XB21

By = ycosn(LFGcos(zxz-i-,Bz)+L5Fcosa2)+(dy—r))\(p21) 7 (28)
Zp21

xsin'yz(LFGcos(txz+/52)+L5pcosa2)+LOE+(d17r)A(p22)

By = YB2 (29)
ZpB22
XB23

Bz = YB23 (30)

z i . dzA
Lrgsin(ap+P2)+Lgpsinag—Lgp+ %

Let us denote the variants of configurations of kinematic chains as I;;; they take values
1 and 2 in accordance with Figure 5a. Considering that the center of the joint C;; is located
at the intersection of a circle with center B;; and radius Lpc;; and a circle with center D;;
and radius Lcp;j, the coordinates Cj; can be determined as follows:

[ xpin+5i1 (xpin —¥gi1) —AUi1)8&i1 (zpin —2pin) 7
Lgpi
Ch = Ypil p (31)
zpi1+5i1 (zpin —2zpi1) +A (L) &1 (Xpin —XBi1)

L Lgpi .

[ Xpi2 ]
in+s; 2 —Ygin)—Aln)gin (zpin —2pi
Ciz _ yBi2+si2 (Ypi2 yBlZL)BDiz( i2)8i2(zpi2—ZBi2) , (32)
zip+8i2(2pin—2Bi2) +M1i2)8i2 (Ypi2 —YBi2)
L Lppio .

[ xBia+5i3(Xpin—xpi3) —A(1i3)8i3 (YDiz—VBi3) ]

Lppiz
Ciz = | Ypiatsia(ypia—ypia) +A (i) i3 (xpis —Xpi3) (33)
Lppis
L Zpi3 J

L2 .. —L[2 .42 .
.. — _BCij _CDij  "BDij . _ 2 .2 L= .. _ B . . .
where s;; = Lo » 8ij = \/Licij — sif?s Lpij = |Dij — Bij||, xpij, ypij, zpij are
coordinates of the joint centers D, which in accordance with (18)—(23) are defined as follows:

xp11 = siny1(Lpgeos(aq + B1)+Lercosat)—Log — rA(p12),
zp13 = Lpgsin(a1 + p1) + Lepsina; —Lep,
ypi12 = cosy1(Lpgeos(aq + B1) + Lepcosay) — rA(p11),
zp12 = Lrgsin(ar + p1) + Lppsina; —Lgp,
xp13 = siny1(Lpgcos(aq + B1)+Lercosar)—Log — rA(p12),
Y13 = cos1(Lrgeos(ar + B1) + Lepcosa) — rA(pi1),
Xpo1 = sinyp(L pgcos(ax + B2)+Lercosar)+Log — rA(pa2),
zpo3 = Lpgsin(ay + B2) + Lepsinay—Lgp,
Yp22 = cosya(Lpgeos(ay + B2) + Lepcosan) — rA(pa1),
zpo2 = Lpgsin(ay + B2) + Lepsinay—Lgp,
Xpp3 = sinya(L pcos(ag 4+ B2)+Lepcosaz)+Log — rA(pa2),
Yp23 = cosy2(Lpgeos(aa + B2) + Lercosas) — rA(par).

To ensure the operability of the robotic system and the accessibility of the positions of
the working platforms of two modules in the space required for the rehabilitation process,
while excluding their possible collisions during operation and mutual intersections in the
presence of a large number of links of two modules, it is necessary to provide a condition
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that defines these criteria. To do this, using the expressions obtained for the coordinates
of the connection centers (3)—(33), which can be used for the design and operation of the
system, we check the orientation of the mechanisms for possible intersections of their links.
For links connected by the joint, intersection checking can be performed by calculating the
angle between the links and comparing it to the minimum acceptable value. For links that
are not connected to each other, intersections can be checked using the geometric approach
discussed in [27]. The method is based on determining the minimum distance between
the segments drawn between the center of the joints of each link; it is as follows. Let us
imagine the links in the form of spherocylinders (capsules). Let A;A; and A3A4 be the
segments connecting the centers of the joints of the links (Figure 7a).

z ¢. n & e
y T\ S A ——
v < w =G Ar g
G A4 y
%

(b) (c)
Figure 7. Checking the links intersection: (a) model for links; (b) first case type; (c) second type case.

In this case, the condition of no intersections is written as follows:

Tinkl + Tink2 < \/(x’)2 + )+ (2) (34)

where 7j;,x1, T1inko are the radii of the links and x, v/, 2’ are the distance between the nearest
points of the segments along each of the axes, defined as follows:

MINX 4; — Maxxaj if minxAi > MAxx 4;,

i€1,2 je34 el €12
;L minxa; — MaAxX ;| mmxA > MAXX pj
x = ie3d et M f e3d T e (35)

if |minxa;; maxx N | minx a;; maxxs;
f ic1,2” el l} icaa Vjesa Y

The values of iy’ and z’ are determined similarly. If condition (35) is not met, the
following check is carried out for the absence of intersections, when the minimum distance
between the segments A; Ay and A3zA, is greater than the sum of the radii of the links
Tlink1 + Tlink2-

Let’s consider two cases of a mutual arrangement of links.

In case 1, the links are parallel. Let’s determine the minimum distance between the
segments by rotating the segments relative to point A; so that they become perpendicu-
lar to the YOZ plane. Let’s designate points Aj, A3, Ay after the rotation as A1p,A13,A14,
respectively. The distance between the segments is defined as follows:

U= \/u%—i-u%, (36)

where u; is the distance between the segments A; A1, and A13A14 in the projection onto
the YOZ plane, and u; is the distance between the nearest points of the segments along
the X-axis.

Figure 7b shows an example of checking for the first case of intersection of links, when
uyp > 0and up > 0, with 4 > 7,61 + ik In this case there is no intersection.

In case 2, the links are not parallel. Let’s construct an auxiliary plane in which the
segment A3 A4 will lie, with the segment Aj A, parallel to this plane. In this case, the
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distance between the segments is determined by Formula (36), where u; is the distance
between the segment.

A1Aj and the auxiliary plane, u5, is the distance between the nearest points of the
segments A3 A4 and the projection A11 A1, of the segment A1 A, onto the auxiliary plane.

To determine u1, we calculate the normal vector N = [Ny N, N;] T
Let’s determine the distance u; using the following;:
_ 2 2 2
1y =\ (N + (NyK)2 + (ML), (37)

where k — Nx(xAl*X,j(i;\[i’ﬁ;:;[yyizﬁzf\\]fzz(ZA1*ZA3)'

To determine 1y, we rotate the auxiliary plane around point A1, which is the projection
of point A; onto the auxiliary plane, so that the auxiliary plane becomes parallel to the YOZ
plane. Let’s denote points A3, A4, and the projection of point A, onto the auxiliary plane
after rotation as A13,A14 and Ajy, respectively. As a result, determining u5 is reduced to
the problem of calculating the distance between the nearest points of the segments A1 A1
and Aj3A14 on a two-dimensional plane.

Figure 7c shows an example of checking for the second case of intersection of links,
uy > 0, that is, the segments do not intersect in the projection, but for u < 7,1 + Tinko,
respectively, the segments intersect.

Let us write down the condition for the unattainability of the position of the mov-
ing platform, expressed by the lengths of the active manipulator links, which has the
following form:

Lgpij > Lpcij + Lepij, (38)

where LBDij= ||D1] - B,]H
We will further use the resulting inequality to solve problems of parametric synthesis
and select the optimal robotic system configurations.

4. Optimization Design Problem

The optimization problem consists in the selection of parameters to ensure the com-
pactness of the mechanism when performing the trajectory of rehabilitation of the lower
limbs. Various methods can be used for optimization including multi-objective robust
design optimization method for a mechatronic system [28] and mechanical structure opti-
mization followed by FEM analysis to verify the changes made [29]. By optimization of
the task placement, a reduction in energy costs in parallel manipulators is achieved [30],
and nonlinear optimization problems can be solved using the reconfiguration of a parallel
manipulator [31]. The problem under consideration is non-trivial. Let us formulate the
optimization problem with the following steps:

1. Selection of optimization parameters, which includes both continuous and discrete.

1.1. We use the link lengths as continuous optimization parameters L Bcij» Lepijs guide
positions X1, Zpi1, YBi1, ZBi1, XBi3, YBi3 (Figure 5), and horizontal dimensions of
the platforms.

1.2. We use the options as discrete parameters p;; for fastening kinematic chains to
moving platforms using joints D;; (Figure 6) and options /;; for configurations of
kinematic chains (Figure 5a).

2. Selection of optimization criterion. Due to the fact that as a result of optimization it
is necessary to determine the geometric parameters at which the compactness of the
structure is ensured, we write the criterion function in the following form:

F=Y7,Y0 (Locij + Lepij) — min (39)
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3. The optimization constraint is the reachability of all points of the trajectory described
earlier in Section 2 and the absence of intersections for each of these points, that is
as follows:

N™ =0

where N~ is the number of trajectory points in discrete form, taking into account the
given accuracy At, which are unattainable.

Due to the significant reduction in the range of permissible parameter values and
the optimization limitation, as well as the possibility of using the limitation as part of the
criterion function in the form N~ — min, we will exclude the optimization limitation, but
we will take it into account in the criterion function (39) as follows:

F' = 0% Y2 (Lecij + Lepi)) + N~ +p(1 — 8) — min (40)

where, p is a given penalty coefficient, ¢ is the Heaviside function in the following:

(1, ifN-=0
o= { 0 — overwise (41)

As an optimization algorithm, we use a parallel modification of the PSO algorithm [32],
which has successfully proven itself for solving a wide range of optimization problems.

The requirements of ergonomics and manufacturability of a robotic system may
impose additional constraints on the optimized parameters and thereby limit the range of
feasible solutions. For a balanced selection of geometric parameters from a wide range of
possible ones but taking into account the ergonomics and manufacturability of the robot
design, modeling was performed for four levels of constraints as in Table 3.

Table 3. Levels of constraints based on ergonomics and manufacturability.

Ne Level Constraints Level Number of Optimization

Parameters
1 No assumptions 38
Constraint on equality of Y coordinates of all guides,
2 equality of X coordinates of guides for the left and 33
right legs
Level 2 + constraint on the coordinate
3 ranges of guides based on the ranges of their 33
variable coordinates
4 Level 3 + constraint on equal lengths of module 7

links Lpc1j = Lpc2j, Lep1j = Lepo;

5. Numerical Simulation

Let us assign the initial platform data and algorithm optimization parameters. Based
on the perpendicular position of the foot relative to the shin, we take the angle at the
ankle joints 6; = 90°. The dimensions of the links of passive orthoses (Table 4) are set in
accordance with the anthropometric data given in Table 2.

Table 4. The dimensions of the passive orthosis links.

9.0 Lok, Lgr, Lrg, Lgu, dgr, drc, dcH, dz, Binks
! mm mm mm mm mm mm mm mm mm
90 135.5 703 738 326 259 194 176 170 80

Let us take the diameters of the active manipulator links to be equal to dj;;x = 80 mm. To
ensure that Ci3D;3 can move under the platform without colliding with the links C;; D;; and
Ci»Dj, the condition dy > 2d,;,, must be met, therefore we will take the size d; = 170 mm.
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To avoid collisions between the orthosis links and the links C;3D;3, we calculate the size Lgp
as follows:
Lgp = drg + 1, 1djj + 0.5d7 = 270 mm

Optimization parameter ranges can be considered as follows:
1.  Continuous:

e Linksizes: Lpc;; € [200;900], Lcp;; € [200;900];

e  Coordinates of the guides:

Xp11 € [—2000; —50], zg11 € [—1500;1500], yp12 € [0;2000],
zp12 € [—1500;1500], xp13 € [—50;2000], yg13 € [0;2000],
Xpo1 € [50;2000], zpo1 € [—1500;1500], yp0 € [0;2000],
25 € [~1500;1500], xp3 € [50;2000], yp3 € [0;2000],
e  Platform sizes: d, € [100;300], d, € [100;300].

2. Discrete:

e  Options for attaching kinematic chains to moving platforms p;; € 1,2;
e Variants of configurations of kinematic chains [;; € 1,2.

The time step when checking trajectory points is At = 5, and penalty coefficient is
p = 100,000. The PSO algorithm parameters are the number of individuals in the initial
population H = 10,000, number of generations W = 4, number of groups G = 2, values of
free parameters apsp = 0.7, Bpso = 1.4, ypso = 1.4. To increase efficiency, each iteration
of searching for optimal configurations is performed in two stages. At the first stage, the
optimal solution is searched for with the original parameter ranges; at the second stage, the
range of each parameter is reduced five times; and the center of the new ranges coincides
with the best solution found based on the result of the first stage.

To perform optimization of the parameters, a software package has been developed,
including an optimization module in the C++ programming language, using parallel
computing for simultaneous calculation of the criterion function of various individuals
of the PSO algorithm population. In addition, visualization modules are formulated in
Python, which allow us to construct graphs of changes in the position of joint centers and
to visualize the movement of the robotic system with link interference to check optimal
configurations. An example of visualization using the developed software package is
shown in Figure 8. In the case of intersection, the links are depicted in blue.

Links of the manipulator The platform of the
of the left limb manipulator of the left limb

Interference of links

1500 Links of the manipulator

Left limb | of the right limb

Right limb

—1000,4 5
500
X 1000

The platform of the
manipulator of the right limb

Figure 8. Example of visualization.
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Numerical simulation is performed not only to obtain structural parameters, but also
to verify the correctness of the selected structure.

5.1. Constraint Level 1

Due to the non-monotonic nature of the criterion function (40) and the large di-
mension of the search space during the iterative search for optimal configurations, as a
result of executing the algorithm, various configuration options corresponding to local
extrema can be obtained. Iterative optimization was performed. Iterative computations
are worked out to obtain optimal solutions using the PSO (Particle Swarm Optimization)
algorithm [32]. Each iteration is performed independently of each other to obtain results
at different local minima. In each iteration, an optimal set of parameters is obtained. The
distribution of each of the continuous parameters is shown in the box plot (Figure 9).
Local minima were obtained with a value of the criterion function within the range from
7040.7 (the minimum value) to 8700.3, whereas the arithmetic mean value of the criterion
function in local minima was computed as 7686.3. The corresponding design parameter
values for the minimum value of the criterion function are shown in Tables 5-7 in the
first row for Level 1.

Guide positions Link sizes
[ xB811 Mz 811 My 812 [z 812 M x_B13 My 813

I xB821 Wz821 MyB822 Mz5B22 Mx B33 My_B33

L ecil HL_CO11 ML _BC12
W L_8C21 HL_C021 ML_BC22
L C012 ML _BC13 WL _CD13

WL C022 ML _8C23 ML _CO23
100

e

(a) (b)

Figure 9. Distribution of continuous parameters for constraint level 1: (a) guide positions; (b) link sizes.

"'*T o

Let us introduce additional constraints related to ergonomics and manufacturability
of the design, corresponding to the second level.

5.2. Constraint Level 2

At the second level, a constraint has been added on the equality of the Y coordinates
of all guides, thatis, ¥p12 = Yp13 = Yp22 = Y23, as well as the equality of the X coordinates
of the guides for the left and right legs, that is, xpj1 = xp13 and xpy; = xpp3. This makes it
possible to reduce the dimension of the parameter space and provide a more ergonomic
and technological design of the robotic system. Figure 10 shows a comparison example
of the relative position of the drive guides for the first and second level of constraints.
As can be seen from the figure, the constraint allows us to obtain more ordered robotic
system configurations.

Iterative optimization was performed. In each iteration, an optimal set of parameters
is obtained. The distribution of each of the continuous parameters is shown in the box plot
(Figure 11).
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Figure 10. An example of the relative position of guides at different levels of constraints: (a) Level 1;
(b) Level 2.

Local minima were obtained with value of the criterion function within the range from
7265.1 (the minimum value) to 7898.2, whereas the arithmetic mean value of the criterion
function in local minima was computed as 7552.4. The corresponding design parameters
values for the minimum value of the criterion function are shown in Tables 5-7, in the
second row for Level 2. The addition of the constraint affected the minimum value of the
criterion function, which is 3.19% more than the value of the criterion function for level 1,
which is 7040.7.

Guide positions Link sizes

My 5j ExB8l Hz811 ExB12 ML BC11 ML_CD11 ML BC12 [ML_CDI2

W x B2 Mz5B21 Mx5B22 Mdx Md_y

ML BC13 W L_CD13 ML _BC21 IHL_CD21

o WL B8C22 WL CD22 ML_BC23 M L_CD23

o o

) Ry

-
400
300
200
**E‘%ﬁ; == 100

(@) (b)
Figure 11. Distribution of continuous parameters for constraint level 2: (a) guide positions; (b) link sizes.

5.3. Constraint Level 3

Within the third level, in addition to the constraints of the second level, constraints
have been added based on the ranges of variable coordinates of the guides, suggesting the
location of the guides for each of the chains within 300 mm above or below the range of
changes in the variable coordinates of the guides (Figure 12). In addition to the second
level limitation, it also increases the ergonomics and manufacturability of the robotic
system design.

This constraint can be written as follows:

zij € [zBi3 — 300;zpi3] V zBij € [ZBi3; ZBi3 + 300, j € 1,2,
xp1j € [¥p12 — 300; X1, ¥poj € [Xp22; ¥p22 +300], j € 1,3, (42)
yeij € [yBi;yBin +300], j €2,3,

where xp;» and Xp;; are the limits of the range of movement xp;, of the guides, zp;3 and
zp;3 are the range of zp;3, i/p;1 is the upper limit of the range of movement y_Bil. Based on
the kinematics of the robotics system, which assumes the equalities xp12 = xp1, Xp22 = Xpo,
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YBi1 = Ypi, ZBi3 = zp; £ d;/2, it follows that the boundaries of the ranges of movement of
the guides are determined based on the ranges of movement of the center of the platform.
The graph of changes in the coordinates of the centers of the platforms P; during the
trajectory development process is shown in Figure 13.

Constraint on the X coordinates of the guides

A 4
\ . Constraint
“onthe Y

y coordinates

Constraint ol the guides

ontheZ ¢
coordinates '
of the guides ',

Figure 12. Example of the relative position of guides at level 3 constraints.
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] e
Left Platform X
Left Platform Y
Left Platform Z
Right Platform X
Right Platform Y
Right Platform Z
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—1000

(’) 2(‘)0 460 6(‘)0 B(I)O 10‘00 12‘00 l4b0
time
Figure 13. Changing the coordinates of the center P; of the platforms during the trajectory develop-
ment process.

Due to the ambiguity in determining the position of the platform, according to the
equality zpj3 = zp; £ d, /2, we accept the assumption zp;3 ~ zp; to calculate the parametric
constraints. Taking into account the range of changes in the coordinates of the center of the
platforms P;, the ranges of optimization parameters corresponding to the coordinates of
the guides for constraint level 3 have the following values:

XB11 = XB13 € [—11555, —8555], XBp1 = XBo3 € [8555, 11555],
YB12 = YB13 = YB12 = Y13 € [1441;1741],
zjj € [~25;275] V zp;; € [—1132,96; —1432,96]

The distribution of each of the continuous parameters is shown in the box plot (Figure 14).
Local minima were obtained with value of the criterion function within the range
from 7739.7 (the minimum value) to 9320.9, whereas the arithmetic mean value of the
criterion function in local minima was computed as 8332.9. The corresponding design
parameter values for the minimum value of the criterion function are shown in Tables 5-7,
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2000

in the third row for Level 3. The consequence of adding additional constraints of the third
level is an increase in the value of the criterion function (7739.7) by 6.5%, compared to
the second level. However, this made it possible to significantly improve the ergonomics
and manufacturability of the design, which can be clearly assessed when comparing
configurations of level 2 (Figure 10b) and level 3 (Figure 12).

Guide positions Link sizes

[ Conjointy_Bij M x_Bij [z B11 [ x_Bi12 [LBCl1 MLCDil L BC12 [L CD12

B x B2 MzB21 Mx5B82 Mdx Mdy

L _BCi3 [ L_CD13 ML _BC21 W L_CD21
ML _BC22 ML _CcD22 ML BC23 ML_CD23

1000
1500 * 900
1000 == 800
700
500
° e T¥ 6w
0 500
-500 400
300
-1000 ==
SR g 200
-1500
100
-2000 0
(a) (b)
Figure 14. Distribution of continuous parameters for constraint level 3: (a) guide positions; (b) link sizes.
5.4. Constraint Level 4
For level 4, in addition to the constraints of the 3rd level, we will add a constraint on
the equality of the lengths of module links Lpc1; = Lpc2j, Lep1j = Lepoj- In this case, the
number of parameters is reduced by six to twenty-seven. The distribution of each of the
continuous parameters is shown in the box plot (Figure 15). Local minima were obtained
with the value of the criterion function within the range from 7784.1 (the minimum value)
to 8735.5, whereas the arithmetic mean value of the criterion function in local minima was
computed as 8439.7. The corresponding design parameters values for the minimum value
of the criterion function are shown in Tables 5-7, in the fourth row for Level 4.
Guide positions Link sizes
[ Conjointy_Bij M x_B1j [ z_Bil [0 x_B12 @ L BC1 ML COil ML BC2
2000 1000 - - -
1500 - 900 ! E
1000 F i T
700 I
500 Q
600 X
° i.li ==
0 500 1
500 400
300
-1000 == %@ 200
-1500 100
-2000 0
(a) (b)

Figure 15. Distribution of continuous parameters for constraint level 4: (a) guide positions; (b) link sizes.
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The best simulation results for each constraint level are listed in Tables 5-7.
Table 5. Computed optimal configurations for constraint levels.
Platform Connection Chain Configuration
. Left (I) Module Right (II) Module Left (I) Module Right (II) Module
Level Target Function Chains Chains Chains Chains
1 3 1 2 3 1 3 1 2 3
1 7040.7 1 2 2 1 2 2 2 2 1 1 2 1
2 7265.1 1 1 1 2 1 1 1 1 1 1 1 1
3 7739.7 2 2 2 2 1 2 1 1 1 1 1 1
4 7784.1 1 1 1 2 2 2 1 2 1 1 1 1
Table 6. Computed optimal configuration for constraint levels (continued).
Guide Positions (mm) Platforms
Level Left (I) Module Right (II) Module d_x d_y
x_B11 z Bl1l y B12 zB12 xB13 yB13 xB21 zB21 y B2 zB2 xB23 yB23 (mm (mm)
1 —10280 —629 2000  —957 —1114 1227 419 —1162 1844  —355 682 2000
2 —1042.6 —1031.0 1588.2 —1092.6 —1042.6 1588.2 1165.1 —861.4 1588.2 —1096.6 1165.1 1588.2 140.8 272.7
3 —10665 —1239.2 15679 —12080 —10665 1567.9 10430 —12804 15679 —1283.0 1043.0 15679 1525  300.0
4 —884.6 247.1 1677.1 —1300.6 —884.6 1677.1 891.6 148.7 1677.1 —25.0 891.6 1677.1 148.9 281.7
Table 7. Computed optimal configuration for constraint levels (continued).
Link Sizes (mm)
Left (I) Module Right (II) Module
Level
L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_ L_
BC11 CD11 BC12 CD12 BC13 CD13 BC21 CD21 BC22 CD22 BC23 CD23
1 519.3 573.8 900.0 4434 408.5 569.0 656.7 631.8 685.9 544.6 285.2 822.5
2 603.1 777.0 467 .4 726.6 674.2 397.4 675.7 661.9 450.7 704.3 382.7 744.1
3 780.6 725.0 568.8 783.5 559.8 465.5 725.0 814.9 628.0 682.1 494.2 512.3
4 790.9 799.0 599.1 757.0 393.8 552.2 790.9 799.0 599.1 757.0 393.8 552.2

The increase in the minimum value of the criterion function for the fourth level in
comparison with the third level was 0.57%. The increase in the value of the criterion
function in comparison with the first level was 10.56%. Configuration 9, with the
minimum value of the criterion function significantly exceeds the other nine found
configurations of the fourth level and provides the opportunity to unify the links in
comparison with level 3. To verify configuration 9, a visualization of the movement
along the generated trajectory was visualized, successfully completed without link

interference (Figure 16).

Based on the insignificant difference in the criterion function, with a significant increase
in manufacturability and ergonomics, we will choose the level 9 configuration as the final
one for the production of the prototype.
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Figure 16. Visualization of the movement of the selected optimal configuration.

6. Experimental Investigations

A prototype rehabilitation robot was built with the optimal design solution. The
prototype was made according to drawings obtained as a result of the design algorithm
implemented to NX CAD/CAE system to make the system assembly. The prototype
consists of two modules (I and II according to the Figure 5) identical in structure, which
can be controlled independently of each other (Figure 17). Each module according to the
proposed design, it includes 3-PRRR manipulator (with three kinematic chains A;;B;;C;;D;;
according to the Figure 5) and passive orthosis (E;F;G;H;).

Linear guides _ Module

|
W‘U =

f/70/ .. =

o [ﬁdeffec

"N\ /! inear quides

=,

Figure 17. The built prototype of the designed solution from Figures 4 and 5.

A controller has been selected that provides precise control of the system and maxi-
mum safety for the patient. To control the prototype, an industrial logic controller OWEN
PLC 210 (LLC "Production Association OWEN", Moscow, Russia) was used. The controller
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uses the development environment (IDE) CODESYS V3.5. CODESYS supports IEC 61131-3
programming languages and the additional CFC language, which allows to develop a
human-machine interface and configure data exchange with devices. To control the robot
system, a control interface for the operator was created and visualized. Data exchange with
servo motor drivers are carried out via the R5-485 interface.

When the prototype runs, calibration is performed using limit sensors, and moving
the slider A;; (Figure 5) along the guide during operation is determined from data received
from an encoder mounted on the servomotor. The control system, as shown in Figure 18,
provides for standard motion control of six engines, implementation of control blocking for
all engines, as well as an emergency stop button. To test and verify the operating modes of
the prototype, control programs have been created that implement the developed motion
trajectories for conducting rehabilitation exercises.

Driver
. Servo Motor
Servo Motor
i Servo motor
Driver
Personal Comp Industrial logic B
controller Servo Motor
Servo Motor
Driver Servo motor
river
Driver Servo motor

Figure 18. Control system block diagram for the prototype in Figure 17.

To ensure the seating of patients with different anthropometric data, a chair is used
that can be adjusted to three positions: tilting the back of the chair, as well as longitudinal
and transverse movement of the chair in the plane of the base of the rehabilitation system.
For longitudinal movement of the chair, a stepper motor with a torque of 20 kg/cm is used,
and for transverse movement, a stepper motor is used, the torque of which is 34 kg/cm.
To control these motors, programmable stepper motor controllers SMSD-4.2 are used. The
chair is moved using ball screws along two linear guides.

To prevent injury to the patient when the limb moves into a position not intended by
physiology, the orthosis is connected to the end-effector (platform D;; Dj; D;3 with center
P; according to the Figure 5) of the manipulator by a suspended safety device with elastic
elements that provide shock absorption when a dangerous load occurs. Gas lift GL105 was
used as elastic elements, providing the required forces to meet the safety requirements of
rehabilitation exercises.

Experimental tests of the developed prototype were carried out, which include
as follows:

1.  Operation of the mechanical safety device to ensure patient safety.
2. Practicing the movement of limbs in the sagittal plane.

The safety device is the link between the active 3-PRRR mechanism and the passive
orthosis. In the initial position, there are no external forces acting on the orthosis, all elastic
elements of the safety device are in a relaxed state, their length is maximum (Figure 19).

When the orthosis is exposed to a force exceeding the rigidity of the elastic elements,
directed along the Y-axis, the upper pair of elastic elements is compressed, and the orthosis
is displaced in the direction opposite to the direction of the force.

Similarly, when the orthosis is exposed to a force exceeding the rigidity of the elastic
elements, directed along the X-axis, the lower pair of elastic elements is compressed, and
the orthosis is displaced in the opposite direction (Figure 20).
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(@) (b)
Figure 19. Test position of the safety device: (a) without applying load, (b) compression of the
upper pair of elastic elements and movement of the orthosis when the load directed along the Y-axis
is exceeded.

(b)

Figure 20. Test compression of elastic elements with simultaneous excess load along: (a) X-axis,
simultaneously along the X and Y, (b) when a movement causes a simultaneous excess of load on
both axes, compression of all pairs of elastic elements occurs.

Based on the results of experimental tests, it can be noted that the safety device func-
tions correctly, operates under the required load, and allows for safety when performing
rehabilitation movements of the lower limbs.

The prototype was used to test the trajectory of movement during the rehabilitation
process. The acquired trajectory of movement of the end-effector point P of the active
manipulator is shown in Figure 21. The trajectory is obtained using Equations (7)—(14),
taking into account the following dimensions of a real patient’s orthosis: Lgr = 483 mm,
Lrc = 630 mm, Lgp = 90 mm. The obtained trajectory clearly shows the movement of
the end-effector during the experimental investigations with suitable characteristics in
reproducing a typical human trajectory.

A comparison was made of the simulated and experimentally obtained values of the
angles in the hip and knee joints when moving along the rehabilitation trajectory. The
discrepancy was measured to assess how accurately the experimental sample allows for a
change in angles in the patient’s joints (Figure 22).

Figure 23 graphically shows the difference between the experimental and theoretical
values of the patient’s joint angles.
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Figure 21. Acquired trajectory of test movement of the end-effector of the active manipulator during
the rehabilitation process.
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Figure 23. Discrepancy between experimental and simulated values of angles when practicing
rehabilitation movements.

The maximum discrepancy between the theoretical and experimental angle values was
2.82 deg, and the average discrepancy was 1.2 deg. This discrepancy is due to the design
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features of the passive orthosis, which are difficult to take into account when designing
and calculating the mechanism. Experimental tests have shown that the final version of
the prototype of a robotic system for the rehabilitation of the lower extremities allows
you to perform the required therapeutic movements with a given accuracy, and a safety
device ensures the safety of performing exercises. Discrepancies between the simulation
and practical angles in the patient’s joints do not have a critical effect within the framework
of therapeutic movements of rehabilitation of the lower limbs, but they can be compensated
by correcting errors in the control system of the active mechanism.

7. Conclusions

Based on the results of a numerical experiment, the best configuration for design was
obtained. It has been established that an increase in the level of parametric constraints
reduces the design compactness in the range from 0.57 to 10.56%. But at the same time, a
significant improvement in the ergonomics and manufacturability of the design is achieved.
An experimental sample of a two-module hybrid robotic system was designed and man-
ufactured, which successfully passed experimental tests. To ensure safety, the use of a
suspended safety device has been proposed and experimentally confirmed to compensate
for the excess load acting on the patient’s limb from the active manipulator, which allows,
due to elastic elements, compensation for the movements of the active manipulator that are
unacceptable by the patient’s physiology.
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