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Abstract: The paper considers the problem of interaction between robots with parallel and
serial structures that are part of a robotic system for aliquoting biomaterials. An approach
to selecting the relative position and limiting the ranges of movement of manipulators
working nearby to avoid collisions is presented. The elimination of collisions is ensured
by the absence of intersections between work safety zones (a 3D space within which all
manipulator links can be located for a given range of robot positions). Universal algorithms
for determining work safety zones were developed, including for an individual manipulator
and taking into account the work safety zone of the manipulator installed nearby and other
obstacles. An analysis of the workspace and safety zones was performed, taking into
account both individual limitations and limitations associated with collaboration within
the system. The issue of adapting control algorithms of the robotic system to external
disturbances in order to minimize the time spent on executing a given trajectory was
addressed. In particular, the meeting point (interaction) of robots solving the problem of
biomaterial aliquotation was optimized depending on the workload level of each robot.
Experiments were carried out to verify the developed approaches.

Keywords: robotic system; delta robot; workspace; collision avoidance; meeting point;
robot interaction

1. Introduction

The use of several robots as part of a robotic system introduces additional constraints
on their movement if they are positioned close enough to manipulate objects within the
area belonging to the shared workspace of both robots. Combining the covering sets of
robots obtained separately for each robot enables the selection of a relative position in
which the robots will have a sufficiently large common area. At the same time, the problem
of avoiding collisions between robots arises, which can be addressed both by controlling
intersections during robot motion and by identifying a safe work area where one robot
can remain while the other performs a task in another zone. Additionally, an overview of
several sources on this topic could be included.

Modern robotic systems play a key role in automating production and performing
complex tasks under adverse conditions. Special attention is given to collaborative robots
(cobots), multi-robot systems, and adaptive control algorithms that ensure safety, efficiency,
and flexibility in operations. The use of cobots in industry helps increase productivity
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and reduce human energy expenditure through adaptive control [1]. Furthermore, the
proper distribution of cobots in multi-stage production systems positively impacts the
ergonomics of work processes [2]. Multi-robot systems are becoming increasingly in
demand because they enable the execution of complex tasks that are inaccessible to single
robots. However, their control presents challenges due to differences in the kinematic and
dynamic characteristics of individual robots, as well as the limited ability to transfer data
between them. The control of a robotic system is complicated by the need to coordinate
the movements of its individual components. Various approaches to solving the problems
of controlling such systems are described in [3-11]. The implementation of decentralized
control [12] enables the coordination of multiple robots” movements without the need for
real-time data exchange, making multi-robot systems more reliable and autonomous [13].
Additionally, the use of experience-based task planning significantly reduces computational
complexity when coordinating multiple robots, which is especially important for complex
industrial scenarios [14].

One of the key aspects of ensuring the safety of robotic systems is collision avoidance.
Various methods are being developed for this purpose, including the three-dimensional
artificial potential field method [15] and the online minimum distance tracker [16], which
help predict potential collisions and adjust robot trajectories. Additionally, there are meth-
ods for detecting human-robot collisions involving two-link manipulators using position
sensors [17]. Another approach is a real-time configurable collision avoidance system
for manipulators, which adapts to different robot configurations and ensures collision
avoidance both within the device itself and with external objects [18,19]. Furthermore, a
study [20,21] proposed adaptive robot coordination methods based on interference metrics
to minimize the time required to resolve spatial conflicts and enhance the productivity of a
group of robots.

Based on the performed analysis, it was revealed that the development of methods
that will allow the analysis of the interaction of robotic systems consisting of several
manipulators, taking into account the speed of the system and the elimination of collisions,
is currently relevant. Unlike many known methods based on monitoring the probable
collision and performing operations in real time, this paper proposes methods that allow
us to adjust the operation of robots in the system before starting operations. Of particular
importance is the definition of restrictions on the permissible movements of one of the
manipulators (work safety zone) depending on the zone in which the other manipulator
operates. In this case, each of these zones is formed based on the range of movements of
the end effector needed to perform the operation as well as all possible positions of the
links during the movement of the end effector in a given range.

In a robotic system, the interaction between individual robots occurs in the area where
their workspaces intersect. In addition to interacting, each robot may be involved in other
tasks (e.g., preparing for interaction), which can take varying amounts of time. As a result,
one robot may need to wait for the other at the meeting point. To save time, it is advisable
to position the meeting point in a way that is more convenient for the busier or slower
robot. If, depending on external circumstances, the workload of the robots changes and
their final approach occurs from different points within their workspaces, the meeting point
should be recalculated each time to optimize the performance of the robotic system.

The article provides the following contributions:

1.  The concept of choosing the relative position of robots based on the analysis
of workspaces.

2. An algorithm for determining the work safety zone and workspace of an
individual manipulator.
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3. Analgorithm for determining the permissible workspace and work safety zone of the
manipulator, taking into account the work safety zone of the manipulator installed
nearby and other obstacles.

4. An analysis of various methods of interaction of manipulators during joint manipula-
tion of objects and their analysis.

Within the framework of this article, algorithms have been developed that enable
the analysis of the relative position of robots, evaluation of the workspace areas available
for robot movement as part of a robotic system for biomaterial aliquoting during various
operations within the work safety zone, and consideration of robot interactions. The work
is organized as follows. Section 2 describes the aliquoting system, its main components,
and the mathematical models of the robots. Section 3 presents universal algorithms for
determination of the workspace and safety zones, taking into account the limitations of
collaboration within the system. Section 4 presents the research algorithm for the system
and considers the scenarios of robot operation. Section 5 provides the results of workspace
and safety zone modeling. Section 6 discusses various approaches to organizing robot
interaction and performs a comparative analysis. The experimental results are presented in
Section 7. Conclusions on the work are provided in Section 8.

2. The System Model

Consider a robotic system [22] consisting of a delta robot equipped with a drip device
that performs the aliquoting process, i.e., it dispenses (extracts) the contents of a test
tube into separate portions (aliquots), and a serial robot that handles tubes containing
biomaterial (Figure 1). The figure illustrates the following components: (1) the body, or
non-movable base, of the delta robot; (2) the delta robot itself; (3) the dosing head; (4) the
replaceable cap; (5) the serial manipulator; (6) its fixed base; (7) the workspace; (8) a rack
holding test tubes.

3
o)

Figure 1. Robotic aliquoting system.

The operations performed during the aliquoting process are shown in Figure 2.
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Figure 2. Operations performed by each of the robots.

Figure 3 illustrates the aliquoting area, taking into account the operations performed.
Each operation is indicated by an arrow with a number, as shown in Figure 2. The blue
color represents the workspace of the delta robot and the operations it performs, while the
red color represents the workspace and operations of the serial robot. The placement of
objects within the area is determined based on the workspace of the delta robot, ensuring
that only the objects with which it interacts are positioned within its reach.

The workspace of e D e
the serial robot -~ s ~
\ s s Small test tubes g %
after pipeting
pipeting -
/ - Sty \
-~
/ New rack ” o 2 ~ N
/ with empty 2 N
\\
small tubes h 3
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3 A large tube Used tips
I | Rack with used & for pipetin ]
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71
\ N\ 7
3 ”
\ 1 ~ - /
\ S~ \
N\
\ New large / The delta robot's
test tubes 7/
~ > workspace
~ “ -~
o p— s

e - -

m— C'perations performed by the delta robot

Operations performed by a serial robot

Figure 3. Aliquoting work safety zone, taking into account the operations performed.(numbers
according to Figure 2).

The considered system design and operations determine the features that should
be taken into account when choosing the relative position and organizing joint work, in
particular the following:
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1.  The workspaces of the robots should intersect, since the robots should perform opera-
tions with the same objects (test tubes);

2. During operations that do not involve interaction, the areas in which the robot links
move should not intersect. This should be taken into account when searching for
acceptable ranges of robot movement.

Let us take a closer look at the model of each of the robots included in the system.

2.1. Delta Robot

The delta robot is based on a parallel structure mechanism [23], which comprises
three parallel kinematic chains suspended from the fixed base at points corresponding to
the midpoints of the sides of an equilateral triangle. At their other ends, these kinematic
chains are attached to a movable platform at points corresponding to the vertices of another
equilateral triangle. Each chain consists of a rod and a joint parallelogram connected to
each other. All connections within the mechanism are realized using revolute joints. To
change the position of the mobile platform, electric drives are employed, mounted at
the attachment points of the mechanism to the base, and are used to adjust the states of
the corresponding joints. The delta robot GSK C4-1100 (GSK CNC Equipment Co., Ltd.,
Guangzhou, China) is used in the work. The kinematic diagram of the delta robot [22] is
presented in Figure 4.

(b)

Figure 4. Kinematic scheme of the delta robot: (a) general scheme; (b) kinematic chain A; B; C;.

The control of the robot involves adjusting the values of the angles 61, 65, and 053 in
accordance with the specified trajectory of the x, y, and z coordinates of the center of the
mobile platform. The functional diagram of the control system includes a module for
calculating the input coordinates of the mechanism, three identical rotation angle control
loops, and the mobile platform, whose position is determined by the actual values of 6,
6, and 603. Each of the nested control loops consists of a rotary joint, an electric drive,
a controller, and a rotation angle sensor. The desired values of the input coordinates
are calculated from the output coordinates by solving the inverse kinematic using the

—F+/E? +F +G?

Gi—E

following formula:

0; = 2arctg
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where E;, F;, and G; are auxiliary variables that are defined as

a—2c 2c c—a
Ei =2d —— |,E, =—d(V3 + = T 4y, +
=2l ) BV 250 )

E3=E2+2\/§dxp,F1:F2:
2c a—2c
Gi=x3+y5+2+ + —— |+ -
! z <2f y”)(zx/ﬁ)
2c—a 2c—a 2c—a 2c
2 2 2
— 2 -
G- (500) (55 )+ (57 B
2 —
G3:G2—4XP< C4 LZ)

where 4, ¢, d, e are geometric parameters of the delta robot described above, and are

F3 = ZZpd

+2yp> +d?—é?

determined in accordance with Figure 4.

Of the two possible signs in Equation (1), the “(—)” sign corresponds to the “correct”
orientation of the mechanism links.

Let us write down the formulas for determining the coordinates of the joint centers of

the delta robot (see Figure 4), which are necessary for determining the position of the links.

a

0 i !
A= | == | Ao=| 2= | A= | —4_ )
= s P27 | as VBT as |
0 0 0
. \/§~(m+2dcos(92)) 7\/§~(ﬁ+dcos(93))
B = _ﬁ dcos(6r) |,By = 2[ —|—dzcos( 2) /B3 = 2\[ +dcos(93) ’ ®)
—d sin(67) —d sin(63)
—dsin(6) ’
Xp Xp + % Xp — %
Ci=|W—p5 | C= tos |0 G= | tas | @)
Zp Zp Zp
_k T [ k
By = _zaﬁ —dcos(h) |,Byp = 2\[ —dcos(1) |, ()
—dsin(67) L —d sin(6;)
w _|_% i f( \/»+dcos(92)> h
. - 2 71
By = 2vs Tdcos(fe) | By, = w oL ©
2 .
—d sin(6;) | - ~dsin(fz)
7\/§<Lf+dcos(93)> ok [ 7\/§(ﬁ+dcos(93)) + h
2 1 P L2 4
B31= w_@ /B32: m_F@ ’ (7)
—d sin(63) | i —d sin(63)
=5 p+ 3 x’”+£+%[h
Cn= yp*% ,C12 = }/p*% ,Co1 = #‘T / (8)
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2.2. Serial Robot

Let us consider a mathematical model of a serial robot. Figure 5 presents a block
diagram of a serial robot. The lengths of the links are denoted as L;, wherei € 0,...,6. The
joint rotation angles are denoted as 0;, wherei € 1,...,6.

e

/6 / ‘

/ 65\’/ e

>
Al
ke
T

Figure 5. Block diagram of a serial robot (0-6: robot links).

Let us write down the formulas for determining the coordinates of the joint centers (D,
E, F, G, H) and the points K and ] located on the link FG, which are required to determine
the positions of the links. In this case, we denote sin(6;) as s; and cos(6;) as c;.

X0 X0+ L1s1 xo + L1s1 + Locicp
D= Yo JE=| yo—Licy |, F=| yo+ Lacosy —Licy |, (10)
20+ Lo zo + Lo 2o + Lo + L2s2

xo +s1(L1 — Lé) + Lycico
K= | yo+ Lacas1 —c1(L1 — Lf) |, (11)
zo+ Lo+ Ly - 52

Xo + (Ll — Lé)sl + Lpcico + Lycjcpcs — Léc15253
J = | yo+ Lacos1 — (L1 — Lf)cq + Licocasy — Lisisoss |, (12)
zo+ Lo + Lasy + LéCzS3 + LgC352

x0 + (L1 — L5 4 Lg)s1 + Lacicp + Lacicpcs — Lacisoss
G = | yo+ Lacosy — (L1 — L§ + Ly)cq + Lacaczsy — L3sisps3 |, (13)
zg + Lo 4+ Lysy + L3cpss + Licssy
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xo+ Ly (C4(C]C253 + C1C382) — 84 (C15253 — C1C2C3))+
Lssqy + Lycico + Licicpcs — L3cysos3
H= Yo + La(ca(cos155 + c35152) — s4(s15253 — €ac351)) — (14)
Lscq + Locpsy + Lycpcssy — L3sisps3
zo + Lo + Lpsp — L4(C4 (C2C3 — 5253) - S4(C2$3 + C3Sz)) + Lacpsy + Lacssy

*p
P= |y (15)
Zp
where Xp = X0+ Lg (6551 + S5(C4 (C152$3 - C1C2C3) + 84 (61C253 + C1C3Sz)))+
Ly(ca(crcass + c1c382) — s4(C18283 — €102¢3) ) +
Lssq + Lpcicy + Licicpcy — Lacisass
Yp = Yo + La(ca(cas183 + 35152) — 54(518253 — C2C351) ) —
L6(C105 — S5(C4 (815253 — C2C3Sl) + 54(025153 + Cgslsz))) — Lscq + Lycpsi+
L3C2C3Sl — L3515253

zZp =20 + Lo+ Lysy — L4(C4<C2C3 — 5253) - 54(0253 + C3Sz)) + L3cpss + Laczsy—
L6S5(C4 (CzSg + 0352) + S4(C2C3 — 5253))

During the aliquoting process, there are constraints on the orientation of the end effec-
tor of the serial robot, which take into account the specific features of the gripping device
used [24]. When the robot performs the operation of transferring a rack, the orientation of
the normal plane of the flange of the end effector should remain close to vertical (Figure 6a).
To achieve this, we introduce a constraint on the angle a between the normal and the
vertical axis (Figure 7).

—0y < o < 0y, = acos ZHL_ zp (16)
6

During the tube transfer operation, the orientation of the normal plane of the flange of
the end effector should remain close to horizontal (Figure 6b). In this case, the constraint
on the angle « takes the following form:

T T 37 37
Summarizing the mathematical model obtained in this section, the following can
be highlighted:

1.  Formula (1) is a solution to the inverse kinematics for a delta robot and is necessary
both for calculating the coordinates of the links in subsequent formulas and for
checking the reachability of the position, which will be used in subsequent sections.

2. Formulas (2)-(9) allow us to determine the position of the delta robot links and are
the basis for decomposing the robot, which will be discussed in Section 3.

3. Formulas (10)—(15) are used in same way for a serial robot.

4. Formulas (16) and (17) will be used to check the admissibility of the orientation of the
serial robot for scenarios of moving racks and test tubes, which will later be used to
check the admissibility of coordinates in the joint space.
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(a) (®)

Figure 7. Limitation on the orientation of the end effector during work safety zone.

3. Algorithm for Determining the Work Safety Zone

A huge amount of work is devoted to defining the workspace (the set of possible
positions and orientations of the robot end effector). At the same time, no attention is
paid to defining the entire space that the robot links need for safe operation. In previous
studies, we proposed an algorithm for defining such a space [25]. However, it used
assumptions on the radii of the links that were not taken into account, resulting in a
space that was smaller than its actual dimensions. In the case of small radius values, the
error is insignificant, but with an increase in the radii, it increases. In the current study,
the methodology has been modernized, taking into account the radii of the links. The
algorithm is universal and applicable to robots of various structures. In the context of the
current work, determining the zones that robots need to perform operations is important
for determining the permissible ranges of motion of a serial robot in order to eliminate
collisions between a delta robot and a serial robot. The work safety zone will be understood
as an area of three-dimensional space within which all robot links can be located for a
given range of robot positions. Let us imagine the robot links as spherocylinders (cylinders
with two hemispheres at the ends). In most cases, the centers of the hemispheres coincide
with the centers of the robot joints (point B; in Figure 8), but in some cases they can be
specified at other points, taking into account the maximization of the correspondence of
the decomposed model to the real robot design. An example of such a case is point K at
the bending point of the serial robot link in Figure 5. For a more convenient designation
of all points that are the centers of the hemispheres of the spherocylinders, we call them
anchor points.
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Figure 8. Representation of robot links.

Let us consider the algorithm for determining the work safety zone (Figure 9). At
the beginning of the algorithm, a set of points is formed in the generalized (joint space)
coordinates’ space or in the coordinates of the end effector space, depending on which is
easier to obtain, a solution to the forward kinematics or a solution to the inverse kinematics.
For example, for a delta robot, as for most parallel robots, it is easier to obtain a solution
to the inverse kinematics (1). Therefore, it is more convenient for the delta to form a set
A in the coordinates of the end effector space, since it is easy to check their reachability
for these coordinates and calculate the anchor point coordinates. Whereas it is easier for
a serial robot to obtain a solution to the forward kinematics (Equation (15)). Therefore,
it is more convenient for him to form a set A in the generalized (joint space) coordinate
space. Next, an empty set B of points of the safety zone and an empty set of workspace
W are created. Creating a workspace set is not necessary for defining a safety zone, but
if it is needed to define both sets; this allows us to avoid performing the same check for
points from A again. After that, the search begins for all the points A; in set A. For each
of them, metrics of relevance of the values of this point are calculated. For example, for a
delta robot, such metrics are position reachability and the absence of singularities. In the
course of the current study, the condition for the positivity of root expression in (1) was
used to verify reachability. To verify singularities, the condition for sign invariance of the
determinant of the Jacobi matrix [22] was used. If the position in question is acceptable, the
anchor point coordinates are calculated. For a delta robot, these are Formulas (2)—(9), for a
serial robot, they are Formulas (10)—(15). Then, a check is performed on the intersections
of the links. In the current work, the approach described earlier by the authors in [26] is
used to check the intersections. If there are no intersections, A; is added to the workspace
W (this operation can be skipped if the workspace definition is not required). Then, the
enumeration of spherocylinders begins. The centers of the hemispheres of the spherical
cylinders are located in anchor points, and the radius 7; of the cylinder corresponds to
the radius of the link to which it corresponds. To limit the number of points forming
the work safety zone, a discretized space is used, taking into account the accuracy of the
approximation 6. That is, each of the points in the space My := (M, Myx, Myt), My € R3
corresponds to a certain point (cell of the discretized space) S; := (Sy;, Syis S,i), Si € 73,
which is calculated as

Sxi = [Mxk/ 5]
Syi = [Mye/d] (18)
Sai = [Mx /9]

where J is the accuracy of the approximation, and [ ] is the rounding operation here and
further in this section. Taking into account the discretized space, there are ranges Sy,
Sy, and S; for each of the spherocylinders, which completely include the spherocylinder
(Figure 10a). Define the upper Sy and lower Sy boundaries of the range Sy as
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Sx = [min(P;, Pj11) —7j], Sy = [min(P;, Pjyq) — 1] (19)

The boundaries of the S, and S, ranges are defined similarly. After calculating the
ranges Sy, Sy, Sz, the algorithm iterates through all possible values S,;, Syis Szi within the
calculated ranges. For each of the points S;, the distance d; from the center T; of the cell §;
to the segment P; P is calculated

[P, ifr <o
ds = HPJ'“ i, ife=1 (20)

2,
HP] o —t- P]Pj+1H2 — else

where T; = (5,6,5/:6,5.;0), t is the projection parameter that shows at which point of the
segment Pj P(;, 1) is the closest point to the point T; and is calculated as

_ P]P]+1 . P]Tz
= (21)
[P
2
Let us write down the condition of a guaranteed absence of intersections between the
spherical cylinder and the cell S;.

ds > 0.5V/35 +r; (22)

This is obtained based on an estimate of the maximum possible distance at which an
intersection can occur (when the spherical cylinder touches the top of the cell), as shown in
Figure 10b. If the condition (22) is not satisfied, then a check is performed for the point S; to
enter the array B of the work safety zone. If S; is not included in array B, then S; is added
to B. After iterating through all points S; in the range Sy, Sy, S;, the transition to the next
spherical cylinder (j + 1) is performed. After the iteration of all the spherical cylinders is
completed, the transition is performed to the next point in the array A. After the end of the
iteration of points in A, the algorithm completes its work. The result is an array of work
safety zone B.

The above algorithm can be used for various structures of individual robots without
taking into account other robots working nearby. In the case of several robots, as, for
example, in the considered system for aliquoting, this algorithm can be used to determine
the work safety zone of one robot (for example, delta), but to determine the work safety
zone of the second robot (for example, serial), an algorithm supplemented with a check
for the absence of intersections of work safety zones at the moment of its formation can
be used. Let us consider the supplemented algorithm in more detail (Figure 11). Unlike
the previous algorithm, this one uses several additional sets. First, there is the set C of
the work safety zone of another robot. It is used to check each of the points S; belonging
to the set C. If at least one of the points S; belongs to C, this means that one of the robot
links in this position can collide with another robot. Therefore, during the algorithm, the
point A; is added to the array W not before the enumeration of the spherocylinders but
only after checking all the points S; for this position to ensure that they are not included in
C. Similarly, the points S; are not immediately entered into B but are first entered into the
auxiliary set D, and only after a successful check of all the spherocylinders of the current
position are those points from D that do not yet belong to B entered into it.
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Figure 9. The algorithm for determining the work safety zone.

(a) (b)

Figure 10. Cells of the discretized space: (a) ranges for one spherical cylinder; (b) the maximum

distance from the center of the cell to the anchor point of the spherical cylinder, if there is an intersect.

We use synthesized algorithms to determine the location and permissible ranges of
motion of a serial robot, taking into account the workspace and work safety zone of a
delta robot.
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Figure 11. The algorithm for determining the work safety zone, taking into account the work safety

zone of another robot.

4. Determination of the Location and Permissible Ranges of Motion of

the Serial Robot

The proposed approach to determine the relative position of robots in the system as

well as the permissible ranges of motion of a serial robot, taking into account the exclusion

of collisions in various scenarios, includes the steps shown in Figure 12.

L

Defining the delta
robot's workspace

Defining the work safety zone
of the delta robot for various
l scenarios

Defining the serial

robot's workspace

Calculating the
relative position of

.

Determination of the
l workspace and work safety
zone of the serial robot, taking
into account the work safety
zone of the delta robot for
robots various scenarios

Figure 12. The stages of determining the relative position and permissible ranges of motion.
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Let us consider each stage in detail.

4.1. Defining the Workspace of the Delta Robot

The constraints of the workspace take into account the reachability of positions and
the absence of failures in the robot’s operation. Reachability assumes the existence of such
drive angles 6;, at which the lengths of the kinematic chains will be sufficient for the robot
to be in this position. This can be taken into account by limiting the value of the radical
expression in Equation (1). The absence of failures in the robot’s operation assumes the
exclusion of loss of control (singularity), which can be taken into account by the constancy
of the Jacobian matrix. Collisions of links with each other can also be attributed to failures
in operation. The algorithm for exclusively determining the working space, taking into
account all these constraints, is described in [13].

4.2. Defining the Workspace of the Serial Robot

The definition of the workspace is performed using the algorithm in Figure 11, but
without enumeration of the spherical cylinders and the formation of the work safety zone.
Thus, it consists of a sequential discrete enumeration of the input coordinates 6; with a
given step size, followed by calculating the coordinate values of the centers of the joints
and reference points of the links for each node using Formulas (10)—(15). For each position,
if the workspace permits moving a rack, condition (16) is verified, while conditions (17)
are applied for moving test tubes. Subsequently, link intersections are checked using
a geometric approach based on calculating the minimum distance between segments
connecting the joint centers, as described in detail in [26]. If no intersections are detected,
the coordinates of the end effector are added to the workspace array. At this stage, the
coordinates of the base O of the serial robot in the coordinate system of the delta robot are
unknown and are assumed to be zero, i.e.,

X0 0
Z( 0

4.3. Calculating the Relative Position of Robots

We denote the covering set of the workspace of the delta robot as W; and the covering
set of the workspace of the serial robot as Ws. In accordance with the proposed concept of
the relative arrangement of workspaces, illustrated in Figure 3, it is proposed to align the
extreme achievable positions of the robot workspaces on one side. With this in mind, the
xo coordinate of the base of the serial robot in the coordinate system of the delta robot is
calculated as follows:

max x; — min X;
x]'EVVS X]EW.;

Xp = max x; —

24
xiEWd 2 ( )

The yo coordinate is assumed to be zero due to the symmetry of the workspaces
relative to the x-axis.

yo =0 (25)

The zp coordinate is calculated based on the attachment of the serial robot to a desktop
having a height at which the horizontal end of the delta robot has a maximum diameter,
that is

z0 =12 | xi = max x; (26)
i d
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4.4. Defining Work Safety Zone of the Delta Robot for Various Scenarios

We use the algorithm for determining the work safety zone without taking into
account the second robot (Figure 9). Let us consider the scenarios for performing delta
robot operations that affect the formation of the array A of the end effector positions at the
beginning of the algorithm. Anchor points in each of the scenarios are calculated using
Formulas (2)—(9). Let us denote the work safety zone of the delta robot as S;.

Scenario 1. The delta robot is positioned at its home position Py, the coordinates of
which are calculated as follows:

XPH 0
Ph = YrPH - 0 ’ (27)
ZPH Z]z:’ga/);o “

where Wy C W, | Vx; € Wy, Yy; € Wy, (x; = 0Ny, = 0).

Therefore, the initial array A in the algorithm for determining the work safety zone
will consist of one point Py,.

When the delta robot is in the home position, the serial robot performs operation 2
according to Figures 2 and 3.

Scenario 2. The delta robot performs the aliquoting process (operations 6 and 7, accord-
ing to Figures 2 and 3). To allow the serial robot to perform operations 3—4 simultaneously,
we introduce a constraint on the position of the delta robot. The workspace of the delta
robot for this scenario is denoted as Wy,

Wy C Wy | Vx; € Wy, (Xl' > 0) (28)

Thus, the array A = W; in the algorithm in Figure 9. The condition x; > 0 is the metric
of the admissibility of the position, since the delta robot performs dosing in the right part
of the system.

Scenario 3. In addition to the two scenarios mentioned above, there is a third scenario
where the serial robot performs operation 4 while the delta robot performs operation 5.
This scenario involves potential robot interaction. In this case, the work safety zones of
the robots may overlap, necessitating the consideration of interaction options during the
scenario. This will be discussed in detail in Section 5.

4.5. Defining the Workspace and Work Safety Zone of a Serial Robot, Taking into Account the Work
Safety Zone of a Delta Robot Under Various Scenarios

Let us consider the problem of defining the work safety zone of a serial robot for
the first two scenarios. For this, the algorithm shown in Figure 11 is used. The set A
contains joint coordinates theta;. The anchor points are calculated using Formulas (10)—(15).
The metrics of position admissibility are the condition for the admissibility of the angle
« (according to condition (16) for transferring racks and according to condition (17) for
transferring test tubes). In the case of determining the workspace without taking into
account the orientation of the end effector (for free movement), the condition for the
admissibility of the angle « is not satisfied. The set C in the algorithm is equal to the work
safety zone of the delta robot of the scenario under consideration.

Let us consider the application of the synthesized algorithms for selecting the rel-
ative position of the robots and determining the workspace and work safety zones for
various scenarios.
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5. Results of Modeling of Workspaces and Work Safety Zones

The algorithms are implemented programmatically in the C++ programming language
using the OpenMP library for parallel computing. The simulation results are exported as
JSON files and are subsequently utilized for visualization through custom Python (3.8.10)
scripts leveraging the Matplotlib (3.1.2) library. The simulation was performed for the fol-
lowing geometric dimensions of the delta robot: 4 = 560 mm, ¢ = 95 mm, d = 400 mm, and
e = 960 mm; the dimensions of the serial robot: Ly = 125 mm, L1 = 140 mm, L, = 430 mm,
L3 = 375 mm, L3’ = 125 mm, Ly = 108 mm, L5 = 106 mm, and Ls = 102 mm; permissible
deviation of the orientation of the end effector of the serial robot J, = 71/36; approximation
accuracy § = 50 mm. Figure 13 presents the results of modeling the workspace and work
safety zone for a serial robot. As can be observed from the figure, the shape and size of
these areas exhibit minimal differences, primarily because the boundary positions of both
the work safety zone and the workspace are largely determined by the position of the end
effector. Meanwhile, the remaining links are positioned closer to the robot attachment
point, resulting in negligible deviations between the two zones.

750

250 o _ 500
1000 750 250 _750 ~1250 1000 Y,mm
X,mm

(a) (b)

Figure 13. Areas of the serial robot: (a) workspace; (b) work safety zone.

y, mm 500

Figure 14 shows the results of modeling the workspace and work safety zone of a
delta robot. In this case, the shape and dimensions are different, since the upper part of the
work safety zone is formed due to the movement of intermediate links.

1000 1000 °%°  X.mm

(b)

Figure 14. Areas of the delta robot: (a) workspace; (b) work safety zone.

Based on the obtained workspaces and the methodology for determining the relative
position of the robots proposed in Section 4.3 the following position of the attachment point
of the serial robot was selected:

—250 mm
O— 0 (29)
—1130 mm
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As a result of the workspace analysis, the home position of the delta robot was selected.

0
P, = 0 (30)
—570 mm

To determine the permissible operating sequences for the different scenarios, the
work safety zones of the delta robot were constructed for the two scenarios discussed in
Section 4.4 The results are presented in Figure 15b (scenario 1) and Figure 16b (scenario 2).
As can be observed from the comparison of Figure 16a,b, the dimensions of the workspace
and the work safety zone also differ.

Figure 16. Areas of the delta robot during dosing: (a) workspace; (b) work safety zone.

Since the work safety zone of the delta robot, as well as the permissible workspace of
the serial robot, is also affected by the presence of a table, a set of points corresponding to
the table’s surface is added to the work safety zone of the delta robot (Figure 17).

500
Xmm 1000 —-1000 —500

(a) (b)

Figure 17. Areas that are unacceptable for a serial robot: (a) when the delta robot is in the home
position; (b) during dosing.
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Taking into account the obtained work safety zone, the simulation of the workspace
and work safety zone of the serial robot was performed. Based on the simulation results, a
comparison of workspaces was conducted, considering both the inclusion and exclusion of
the delta robot work safety zone, as well as the presence or absence of restrictions on the
orientation of the end effector. Figure 18 presents the results without accounting for the
delta robot work safety zone. As can be observed from the figure, the size of the workspace
of the serial robot (Figure 18a) decreases when restrictions on the orientation of the end
effector are introduced (Figure 18b).

500 0 —-500 -1000 500 0 —500  -1000

(a) (b)

Figure 18. Workspace of a serial robot with various restrictions on the orientation of the end effector:
(a) without restrictions; (b) with restriction (16) on the angle a.

Subsequently, modeling was carried out for scenarios 1 and 2, taking into account
the presence of the table and the work safety zones of the delta robot. Table 1 provides a
comparison of the workspace volume for each scenario under different constraints on the
orientation of the end effector of the serial robot. The simulation results are presented in
Figures 19 and 20.

Subsequently, we verified the absence of intersections between the work safety zones
by combining the work safety zones of the robots, as illustrated in Figure 21. In the figure,
the green color represents the work safety zone of the serial robot, while the purple color
corresponds to the delta robot.

Table 1. The amount of workspace of a serial robot for various scenarios.

Type of Workspace Volume, m?
Taking into Account the Taking into Account the
The Original Limitations of the Table and Limitations of the Table and
the Delta Robot in the the Delta Robot
Home Position During Dosing
No restrictions on orientation of
the end effector 4.056 2.528 1.186
With a restriction (16) on the
orientation of the end effector 3.3195 1.825 0.77
for carrying a rack
With a restriction (17) on the
orientation of the end effector 3.928 2.446 1.162

for transferring tubes
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500 0 -500 —1000
X,mm

(a)

Figure 19. Permissible workspaces of a serial robot, taking into account the table and the delta robot

in the home position, with various restrictions on the orientation of the end effector: (a) without
restrictions; (b) with a restriction (16) on the angle «.

Z,mm Z.mm
250
0
0
-50
—50
~1000
-10
-15
-15
Y.mm Ymm ee————
250 0 —-500 -1000 —1500 250 0 —500  -1000  -1500
X,mm X,mm
(a) (b)

Figure 20. Permissible workspaces of the serial robot, taking into account the presence of the table
and the delta robot during dosing, as determined under various restrictions on the orientation of the
end effector: (a) without restrictions; (b) with a restriction (16) on the angle «.
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_500 —1000 100! Y.mm
0 —— %00 |,

0

- 500

$1000

+1500

Y, mm
—-1000 -500 0 500 1000

(a) X,mm
(b)

Figure 21. Combining the work safety zone of robots: (a) scenario 1; (b) scenario 2.

The resulting workspaces are utilized to constrain the movement of the robots during
the execution of operations in scenarios 1 and 2 separately. This ensures that there are no
collisions between robots during operations that do not require their interaction. Next, we
will consider the interaction of robots within the framework of scenario 3 (when performing
operations 4 and 5 in accordance with Figures 2 and 3). In this case, ensuring the absence
of intersections does not make sense, since the opposite is required—a common area for
manipulating test tubes.

6. Analysis of Robot Interaction

During scenario 3, the serial robot must bring a test tube to the delta robot, from which
the delta robot must obtain biomaterial for dosing. The interaction between the robots



Machines 2025, 13, 310

20 of 39

lasts approximately 10-20 s, depending on the volume of the biomaterial to be aspirated.
During this period, the serial robot holds the biomaterial tube stationary, while the delta
robot lowers the pipette (the replaceable tip of the dosing device) into the tube. Initially,
the pipette moves quickly, reaching slightly below the upper liquid level, followed by a
slower descent synchronized with the aspiration process. Once the lower liquid level is
reached (with some margin), the pipette is retracted from the tube. Upon completion of
the interaction, the serial robot places the tube containing the spent biomaterial on a rack,
then moves to another rack with new test tubes, picks up one of them, and slowly moves
it to the photographing area to minimize significant vibrations on the liquid surface. In
the photographing area, the robot rotates the test tube to identify the optimal angle for
determining the required levels and boundaries of the fractions. Subsequently, the tube
is moved to the interaction point for aspiration. Since the movement of a tube containing
liquid must occur at a slower speed compared to that of an empty tube, in order to enhance
the efficiency of the robotic system, it is preferable, all other factors being equal, to organize
the robot interaction directly at the photographing point. Following the completion of the
interaction, the delta robot moves the dosing device to the aliquot site, where it dispenses
the collected liquid in a controlled and precise manner. Subsequently, the receiver of the
pipetting device is replaced, and the robot returns to the interaction point. During the
aliquoting process, the accurate positioning of the pipetting device is essential; therefore,
the robot moves it slowly. As a result, the volume of the aliquoted biomaterial substantially
influences the duration of the delta robot’s preparation for the next interaction. In the case
of a large liquid volume, the delta robot may return to the interaction point immediately,
causing the serial robot to wait, which results in a time loss. In such situations, it is advisable
to consider relocating the interaction point along the trajectory of the serial robot closer
to the rack containing the spent biomaterial. In the course of the study, a delta robot was
simulated in the MATLAB R2021a environment (Figures 22 and 23). In this case, the general
scheme was used for mechanisms with three parallel kinematic circuits (Figure 4).

ul r 61 .
Controller 1 H Drive 1 Joint 1 |—<F Control |
object |
Angle sensor 1 4—‘——
Pil.] ‘ |lJ
: ' @2r A2 u2 02 L—»f R
-> Trajactory Controller 2 %»‘ Drive 2 'ﬁ Joint 2 I—-‘-m» Movnbile
eslimaolion | platform

Angle sensor 3

Figure 22. Functional diagram of the control system.

The model comprises three subsystems: LEG-1, LEG-2, and LEG-3, each containing
parallel kinematic circuits connected to a fixed base and a movable platform. Each subsys-
tem also includes a target input, which receives the current setting of the corresponding
angle ;.
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Figure 23. Delta robot model in MATLAB.

Motion settings from a precalculated trajectory are sequentially supplied. For subse-
quent analysis of the control results, the transform sensor stores a retrospective record of
the moving platform’s positions. Solid blocks model the tip of the dosing device.

The contents of the subsystems are identical (Figure 24). Each subsystem includes the
kinematic chain itself (the Solid1 rod and parallelogram joint—the remaining solid blocks
with all necessary joints), a DC motor with a gearbox, a device for matching angular velocity
and torque (rotational multibody interface), a controlled stress source, and a closed-loop
system for the automatic control of the drive joint rotation angle with a PID controller.
Electric motors with the following parameters are used as drive motors in the model: rated
supply voltage, 12 V; rated load (mechanical power), 10 W; anchor inductance, 0.01 Gn;
rotor inertia, 0.0002 kg - m?; rotor damping, 5 - 10~%(rad/s); rated rotation speed (at rated
load), 2500 rpm. The geometric parameters of the robot were selected in accordance with
the physical model GSK c4-1100. The kinematic chain is depicted in gray, the electrical
components in blue, the mechanical parts in green, the control system in black, and the
physical signals in brown.



Machines 2025, 13, 310

22 of 39

F1 ;\
B‘?F FZ.Fe_1 F(&B F{/ﬁ—F

Solid5

-
|

Solid4

Platform ({ > \
F (®'B Fi 1 (* B

JEu Solid1 =aled Solid2

‘ F_j—ﬂ‘ltz B ?OF 52.:—

M
L 3

Dotk £
ase
Pt § w w )
N
\\‘ S |
= Gearbox L @I R
P t L/Vm\‘v_’./ S— 1
/X cR ot | s— '
AN : il’ ‘ z +
Rotational Multibody —
Interface ]| DC Motor

g PID(s) ——p>—————— > @

Target Controlled Voltage
Source

’ PID Controller
<«

Figure 24. LEG-1 subsystem.

To ensure the sustainability of the control system, its stability was assessed. Since
the inertia-free modules (trajectory estimation and mobile platform in Figure 22 do not
influence the stability of the control system, the assessment is restricted to determining the
stability of three identical automatic rotation angle control loops. During the identification
of the unchangeable parts of the circuit, which includes an electric motor, a gearbox, a
control object in the form of a rotary joint, and a rotation angle sensor, it was found that
the control system is nonlinear. This is because the load on the electric motor shaft varies
significantly depending on the position of the delta robot. Consequently, the Popov criterion
was employed to verify its stability. As a result of this analysis, constraints were established
for the controller parameters, ensuring the stability of the control system.

The following accuracy limits have been set for the robotic system: during the inter-
action, the dynamic error of the delta robot in the (x, ) plane should not exceed 1 mm to
ensure that the pipette remains properly aligned within the test tube; during aspiration, the
error along the z-axis should not exceed 0.2 mm.

During the simulation, the fulfillment of these restrictions was directly validated. The
limitations were formulated with some margin based on the accuracy characteristics of
the second element of the robotic system, the serial robot, which utilizes the AUBO-i5
manipulator [27]. The AUBO-i5 robot is constructed using a mechanism where straight
and L-shaped elements are connected in a series through six driven rotary joints. Figure 25
illustrates its appearance and workspace, which is a spherical wedge of 350° with a coaxial
cylindrical region removed from it.
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Figure 25. AUBO-i5 manipulator and its workspace.

6.1. Interaction at the Point of Photographing

As mentioned in Section 1, if the delta robot is not delayed in reaching the interaction
point, it is advisable to reduce the duration of the aliquoting cycle by minimizing the
distance that the manipulator must slowly move the test tube containing biomaterial. To
achieve this, it is recommended to conduct robot interaction directly at the tube photograph-
ing point. For the same reasons, it is also preferable to locate the photographing point near
the rack with new test tubes.

The proposed layout of the laboratory table, with approximate dimensions of
150 x 110 cm, provides for the installation of the serial robot in the center of the left half
of the table (as shown in Figure 26) and the mounting of the delta robot above the center
of the table. In the bottom-left corner of the figure is the new test tubes zone, where racks
containing test tubes with biomaterial ready for aliquoting are placed. To the right is the
photography area, used for imaging the test tubes. At the top-left is the used test tubes
zone, where racks are installed to receive test tubes transported by the serial robot after
biomaterial collection. On the right side of the table, the small tubes zone, used tips zone,
and new tips zone are designated for the dosed dispensing of biomaterial into small tubes,
removal of used tips, and installation of new tips, respectively. This arrangement enables
the efficient organization of operations while accounting for the workspaces of each robot
(the gray area corresponds to the serial robot’s workspace, and the area inside the green
circle corresponds to the delta robot’s workspace). It can be observed from the drawing
that it is convenient to organize interaction, for example, at one of the points along the red
line. In this case, the manipulator can traverse this line (or its vicinity) in both directions:
moving forward from the new test tubes zone through the photography area to the used
test tubes zone while moving a test tube, and returning in the opposite direction to collect
the next one. During the forward movement (upward in Figure 26), the delta robot can also
follow the red line, return along an arc, and sequentially pass over the zones located on the
right side of the table, from top to bottom.

During the simulation, the trajectory of the delta robot’s movement corresponding to
a portion of its working cycle was successfully executed. Figure 27 shows x/,/, 2’ as the
target coordinates and x, y, z as the actual coordinate values.

The trajectory comprises the following stages: moving the tip of the dosing device from
the installation area to the photography area (section I in Figure 27, velocity = 300 mm/s),
followed by a slow lowering (section III, velocity = 90 mm/s), followed by a slow lowering
(section III, velocity = 3 mm/s), removing the pipette (section 1V, velocity = 90 mm/s),
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and moving to the dosing area while simultaneously lowering the pipette (section V,
velocity = 300 mm/s). The entire trajectory is completed in 21.94 s.

e A
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Figure 26. Layout of the laboratory table.
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Figure 27. Experiment No. 1. Practicing interaction at the point of photography.

The accuracy of trajectory execution can be assessed from the dynamic error graph
(Figure 28). Notably, the error along the z-axis during aspiration remains within 0.2 mm.
Additionally, the dynamic error in the (x, y) plane during robot interaction does not exceed
1 mm (Figure 29).

Now let us assume that, as a result of determining the liquid levels in the test tube, it
became known that the delta robot would be 9 s late for the next stage of interaction. If
nothing is changed, this time will simply be lost, and the total duration of working out the
trajectory will be 21.94 + 9 = 30.94 s. If you change the point of interaction, you can spend
an additional 9 s approaching the dosing site and the rack with spent test tubes and thus
save a little time.
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Figure 28. Experiment No. 1. Dynamic error on coordinate axes.
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Figure 29. Experiment No. 1. Dynamic error in the plane (x, y).

6.2. Transferring an Interaction Point

Thus, the interaction point is shifted along the y-axis (it lies on the red segment in
Figure 25 above the photography point). As noted in Section 1, the test tube containing
liquid must be moved carefully to avoid inducing fluctuations. To achieve this, it is
necessary to limit the acceleration at which the serial robot begins and ends its movement.

To cover the biggest possible distance, the test tube should move from the photography
point to the new interaction point in two stages: the first stage involves moving half of
the distance at an equidistant acceleration, and the second stage involves moving the
remaining half with the same magnitude of acceleration. If the velocity on any segment of
the trajectory exceeds the maximum permissible value, it is constrained to this limit. Upon
being released, the delta robot proceeds to the interaction point at its maximum velocity.
The robots must arrive at the interaction point simultaneously.

The most critical task is to determine the coordinates of the interaction point. Since
the x and z coordinates of this point are known (the x coordinate is identical to that of the
photography point, and the z coordinate corresponds to the position of the pipette above
the test tube), the focus is on calculating the y coordinate, which is determined based on
the following considerations:
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1.  During the movement of the delta robot, it traverses the distance from the starting
point (xp, yp) to the interaction point (0, v):

vo(t —to) = /22 + (v — yo)? (31)

where vy is the velocity of movement of the delta robot, ¢j is the time of its delay, and
t is the time of movement of the serial robot.

2. For half the time of movement of the serial robot from the rest state (0, y1), it covers
half of the distance:

v _ ”(Tl>2, T > 0

2
— 2 _ . —
on — a +v1(—f h —T), if T < 5h,

(32)

where t is the start time of the serial robot (the duration of segment I in Figure 27),
T = vy /a is the moment in time when, starting from rest and accelerating at v;, the
serial robot reaches its maximum permissible velocity.

To determine the interaction point of the robots, the following algorithm may
be employed:

1.  Based on the analysis of the photographic image of the test tube, the levels of fraction
separation and the number of aliquots are determined.

2. One of two events is expected: either the insertion of the dosing device tip by the
delta robot or the moving of a test tube to the photography area by the serial robot.

3. If the installation of the dosing device tip is completed earlier than the moving test
tube arrives at the photography zone, the photography point is designated as the
interaction point, and the algorithm finishes.

4.  Considering the current position of the delta robot and the previously determined
number of aliquots, the time required for it to reach the photography point is predictable.

5. If the forecast indicates that there will be no delay with the delta robot, the photogra-
phy point is assigned as the interaction point, and the algorithm finishes.

6. A joint solution of Equation (31) and system (32) is performed, and the resulting
interaction point is assigned based on the solution.

From Equation (31) and system (32), we express y:

v =yo+ 1/ (@olt — t0))* — 53 (33)
2
y=y12+%, if <ty 422,

; . (34)
y=y1—F+oi(t—t), ift >t +

20,
a ’

Substitute g = 9, t; = 0.53 s, v1 = 37.5 mm/s, vy = 300 mm/s, xg = 150 mm,
Yo = —450 mm, and y; = —500 mm. We assume a = 10 mm/s?, which is 1000 times
less than the gravitational acceleration, corresponds to the inclination of the test tube by

arctan (0.001) = 0.057° = 3.4’ and, obviously, will not cause noticeable fluctuations in the

liquid level.

By jointly solving Equation (33) and system (34) using any acceptable method, the
values t = 9.74 s and y = —288 mm are determined. The graphical solution is presented in
Figure 30.

The corresponding trajectory was successfully executed (Figure 31). An additional
orange line illustrates the change in the y coordinate of the serial robot until it converges
with the delta robot.
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The accuracy of trajectory execution can be assessed from Figures 32 and 33). As can
be observed from the graphs, the error along the z-axis, as well as the error in the (x,y)
plane, remains within the specified limits.

The duration of the trajectory was 30.46 s, which is 0.48 s less than in the case of waiting
at the photography point (Experiment 1). The relatively small time gain can be attributed
to the fact that robot interaction in this robotic system takes significantly longer than their
rapid movements, upon which the adaptation of the movement trajectory is based.
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Figure 30. Defining a new interaction point: the blue line is the graph of Equation (33), and the red
line is system (34).
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Figure 31. Experiment No. 2. Working out interaction at the design point.
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Figure 32. Experiment No. 2. Dynamic error on coordinate axes.
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Figure 33. Experiment No. 2. Dynamic error in the plane (x, y).

6.3. Interaction in Motion

An additional reduction in time can be achieved by organizing the interaction of
robots during their movement. For the problem under investigation, this approach is quite
feasible, provided that the constraint on the magnitude of the dynamic error is maintained.

Let us first consider the coordination of interaction during the motion, starting from the
photography point. At some point in time as a pipette enters a test tube, a joint uniformly
accelerated motion along the y-axis commences. Upon reaching the maximum allowable
velocity, the motion along the y-axis continues at a constant speed until the pipette is
completely withdrawn. Subsequently, the dosing device moves at maximum velocity
toward the aliquoting site, while the test tube is directed to the rack for spent biomaterial.

The specified motion trajectory has been successfully executed (Figure 34) in 20.04 s,
which is 1.90 s less than in the case where the interaction occurs entirely at the photography
point (Experiment 1). A comparison with Figure 27 reveals that the time savings result from
the reduction in segment V. From Figures 35 and 36, it can be observed that the dynamic
errors occurring during movement along this trajectory remain within the specified limits.

The described method of robot interaction during motion can be applied both when
the delta robot arrives at the photography point on time and in the event of its delay.
However, a delay in the delta robot’s arrival enables the combination of two time-saving
approaches: robot interaction during motion and the relocation of their interaction point.
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Figure 34. Experiment No. 3. Practicing interaction in motion, starting at the point of photographing.
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Figure 35. Experiment No. 3. Dynamic error along the coordinate axes.
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Figure 36. Experiment No. 3. Dynamic error in plane (x, y).

Thus, the serial robot moves the test tube from the photography point along the y-axis,
first with uniform acceleration and then at a constant velocity. In contrast to the previously
described case of relocating the interaction point, there is no need for the robot to stop at
this point now.
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Consequently, in the algorithm for calculating the interaction point, the system of
Equation (32), is replaced with a system that determines the total path traversed by the
serial robot to reach the interaction point:

2
y_yl - H(tatl) ’ lfTZ t—tl, (35)
Yoy =T o (t—t —T), fT<t—t,

Taking into account T = v1 /4, expressing y, we obtain
2
y=y1+ U0 i <+ 2,

'U% . 201 (36)
y=y1—5+01(t—t1), if t > t1+7,

By substituting the aforementioned values ty, t1, v, v1, X0, Yo, ¥1, 4 and solving Equation (33)
and system (36) together, we determine the values t = 9.92 s and y = —218 mm (Figure 37).

The corresponding trajectory is presented in Figure 38, while the errors are shown in
Figures 38—40. The trajectory is completed in 28.94 s. This represents exactly a 2 s reduction
compared to waiting for interaction at the photography point (Experiment 1) and a 1.52 s
reduction compared to interacting at the calculated point (Experiment 2).

200
y, mm
100

— 300

— 400

— 500 “ . -
g 8.5 10 10.5 11

Figure 37. Determining the starting point of interaction: the blue line is the graph of Equation (33),
and the red line is system (36).
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Figure 38. Experiment No. 4. Development of interaction in motion, starting at the calculated point.
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Figure 39. Experiment No. 4. Dynamic error along the coordinate axes.
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Figure 40. Experiment No. 4. Dynamic error in plane (x, y).

Compared to the scenario of interaction during motion starting at the photography
point (Experiment 3), the advantage is significantly more modest. This is evidently due
to the fact that the interaction did not fully occur within the segment of uniform motion
(the linear portion of the y(t) graph in Figure 38), resulting in a segment of uniformly slow
motion in Experiment 4.

When the delay is reduced to 6 s, robot interaction occurs along the straight segment
depicted in Figure 41. Consequently, the time savings amount to 0.38 s relative to Exper-
iment 3 and 2.28 s relative to Experiment 1, which corresponds to an approximate 9%
increase in the operational efficiency of the robotic system.
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Figure 41. Experiment No. 5. Development of interaction in motion with a delay of the delta robot by

6s.
The accuracy of the trajectory development (Figures 42 and 43) satisfies the requirements.
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Figure 42. Experiment No. 5. Dynamic error along the coordinate axes.
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Figure 43. Experiment No. 5. Dynamic error in plane (x, y).
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7. Conducting Experiments on Real Robots

Experiments involving the biomaterial aliquoting process using the developed in-
teraction algorithm were systematically reproduced on real robots. The absence of robot

collisions during the aliquoting process in the limited areas defined in Section 5 was verified
(Figure 44).

Figure 44. Absence of robot intersections during aliquot operation.

Experiments on real robots have shown that the estimate of the inertial characteristics
of the delta robot’s electric drives, used to build its model in MATLAB, was somewhat
overestimated. In addition, the requirements for the accuracy of the delta robot’s trajectory,
adopted for mathematical modeling purposes with a certain margin, also turned out to
be excessive. Their weakening made it possible to significantly increase the speed of
movement of the robotic system; therefore, the duration of trajectory testing in the real
system decreased in comparison with the model one. The control algorithm did not change:
the rotation angle settings are still serially fed to the inputs of the local control circuits, in
each of which the controller forms a control action on the electric drive; however, due to
an increase in the speed of changing tasks, the performance of the algorithm increased,
which is reflected in the results of the experiments. The delay time of the delta robot in
Experiments 1-4 was set to 4 s. In the first experiment, robot interaction occurred at the
photography point: the collaborative robot took a test tube containing a bio-sample, moved
it to the photography point, and then the delta robot proceeded to the same point to acquire
the tube. Following the simulation of liquid collection, the delta robot poured the sample
into small tubes, while the collaborative robot placed the used test tube onto a rack. Under
the conditions specified, the cycle duration was 11.1 s. Robot collaboration is illustrated in
Figure 45.

In Experiment No. 2, the robot interaction point was relocated along the y-axis, and its
coordinates were determined by solving the system of Equation (34). Consequently, the
cycle duration was reduced to 7.9 s, which represents a 28.1% decrease compared to that
of Experiment No. 1. The movement of the robots in Experiment No. 2 is illustrated in
Figure 46.
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(b)
Figure 45. Performing a simulation of the fluid intake process at the point of photographing. (a) Liquid
is drawn from the tube at the point of photographing; (b) the delta robot performs pipetting, and the
collaborative robot performs the movement of the tube; (c) the delta robot continues pipetting, and
the collaborative robot performs the capture of a new tube.

In Experiment No. 3, liquid sampling from a test tube was performed during the
motion starting from the photography point. The cycle duration was 9.8 s, representing
an 11.5% reduction compared to that of Experiment No. 1. The movement of the robots in
Experiment No. 3 is illustrated in Figure 47.

aatiok0M1

b)

Figure 46. Performing a simulation of the fluid intake process at the calculated interaction point.

(a) Liquid is drawn from the test tube at the calculated point; (b) the delta robot performs pipetting,
and the collaborative robot performs the movement of the tube; (c) the delta robot continues pipetting,
and the collaborative robot places the used tube in a rack.
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(b) (c)
Figure 47. Performing a simulation of fluid intake in motion from the point of photographing.
(a) Fluid intake in motion from the point of photographing; (b) the end of fluid intake in motion;
(c) the delta robot performs pipetting, and the collaborative robot moves the used tube.

In Experiment No. 4, the robot interaction point was relocated along the y-axis, and its
coordinates were determined by solving the system of Equation (34). Unlike in Experiment
No. 2, liquid intake was performed as the robots moved together from the calculated point
along the y-axis. The cycle duration was 6.7 s, representing a 39.5% reduction compared to
that of Experiment No. 1. The movement of the robots in Experiment No. 4 is illustrated in
Figure 48.

(b)

Figure 48. Performing a simulation of fluid intake in motion from a precalculated point. (a) Liquid
intake in motion from the design point; (b) the delta robot performs pipetting, and the collaborative
robot performs tube movement; (c) the delta robot continues pipetting, and the collaborative robot
installs the used tube in a rack.
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In Experiment No. 5, the delay time of the delta robot was decreased to 2 s, resulting
in the interaction point being shifted along the y-axis. The cycle duration was 6.2 s,
representing a 43.5% reduction compared to that of Experiment No. 1. The arrangement of
the robots in this experiment is illustrated in Figure 49.

——=w

foloM12

(b) (c)
Figure 49. Performing a simulation of fluid intake in motion from a precalculated point with a delta
robot delay of 2 s. (a) Fluid intake in motion from the design point; (b) the end of fluid intake in
motion; (c) the delta robot performs pipetting, and the collaborative robot moves the used tube.

To quantitatively evaluate the performance of the proposed control strategies, a series
of 10 repeated experiments was conducted for each scenario. The execution time of the
technological process was measured using a stopwatch with a resolution of 0.1 s. The results
(Table 2) indicate that the average execution times across all scenarios were comparable,
with variations within the measurement error margin (£0.2 s). This suggests that the
considered control strategies exhibit similar efficiency in terms of process duration under
the given experimental conditions.

Table 2. Comparative analysis of system operation time in various scenarios.

Experiment ?:“a Rob(;t;)elay Average Time for a Series of Experiments
Interaction at the photographing point 9.1 11.1 9.3
Interaction at the calculated point 7.5 7.1 7.6
Interaction at the photographing point,
. S . . 7.8 9.8 7.7
simulated liquid intake in motion
Interaction at the calculated point, simulated 6.2 6.7 6.3

liquid intake in motion

While analyzing the experimental results, it was found that the cycle time for interac-
tion at the precalculated point, combined with liquid intake simulation during motion and
a delta robot delay of 4 s, was 6.7 s, which corresponds to a 39% reduction compared to
the baseline experiment. With a delta robot delay of 2 s, the cycle time decreased to 6.2 s,
representing a 43.5% improvement over the baseline experiment. The discrepancy in cycle
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time between simulations and experiments in real conditions occurs because the velocity
characteristics of the robots and the actual object locations are not taken into account.

8. Conclusions

The algorithms developed allowed the organization of the relative position and the
limitation of the areas of serial robot operation based on the exclusion of intersections
of work safety zones for the specified ranges of motion. The volume of the permissible
workspace of the end effector, taking into account the exclusion of collisions, decreased for
each of the scenarios. For scenarios in which the delta robot is in the home position, the
volume of the workspace of the serial robot decreased by 37.6%; for the scenario where
the delta robot performs the aliquoting process, the volume decreased by 70.7%. The
absence of robot collisions during the aliquoting process in the limited areas was verified
in experiments.

Within the framework of this study, the potential for adapting the control algorithms
of a robotic system to external disturbances—specifically, the workload of its components—
was investigated with the aim of minimizing the processing time of a given trajectory.
During the adaptation process, the robot trajectories were adjusted by selecting their inter-
action point and implementing interaction during the motion, ensuring that the accuracy
characteristics of the robotic system remained unaffected.

Using the example of a robotic system for biomaterial aliquoting, it has been demon-
strated that optimizing robot trajectories based on the proposed formal relationships enables
the attainment of a certain reduction in the operating time of the robotic system while
maintaining the specified positioning accuracy of its components. The maximum increase
in the operational efficiency of the robotic system, as observed during the experiments
compared to the baseline interaction mode of its elements, was approximately 43.5%.

In the course of the study, a delta robot was modeled using the MATLAB package.
Graphs reflecting the accuracy of trajectory execution were obtained, a functional diagram
of the control system was proposed, and an algorithm for determining the interaction point
was developed.

During real robot experiments, it was found that, in Experiment No. 5, the cycle execu-
tion time was reduced by 43.5% compared to the baseline experiment, thereby confirming
the feasibility and effectiveness of the developed algorithm.
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