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Infiltration was performed via heat treatment in a gas-flame furnace according to a pre-
established regime. After the soaking period, the tooling was disassembled, and the bushing
underwent machining to expose the functional composite layer. Inspection revealed that uneven
heating within the furnace led to variations in material properties along the height of the bushing,
indicating a requirement for strict temperature control throughout the entire volume of the product.
Overheating causes the partial dissolution of copper granules into the brass, thereby altering the
composite’s microstructure.

In the case of using a composite material based on granules infiltrated with lead, the required
infiltration temperature is significantly lower. This reduces energy consumption and allows for the
utilization of alternative equipment or the implementation of heat shields and trays to ensure
uniform heating.

In conclusion, the developed composite materials meet the requirements for antifriction
coatings in the sliding bearings of ore-grinding crushers. The most promising candidate is the
composite with a lead matrix, characterized by superior antifriction properties, a simplified
manufacturing process, and lower energy consumption. The use of such materials allows for a
reduction in tin consumption (B12 Babbitt), a 30% increase in the mean time between repairs for
crushers, and an improvement in the environmental sustainability of the production process.
Practical results indicate that the service life of these units increases by a factor of 1.5-2 compared
to bronze analogs. Future research should focus on “metal + high-molecular-weight polymer”
coatings to further mitigate the impact of abrasive particles within the “shaft — bushing” interface.
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ANALYSIS OF VELOCITY AND FORCE TRANSMISSION IN A MACHINE TOOL
WITH A PARALLEL MANIPULATOR

Machine tools with parallel manipulators are characterized by high stiffness, potentially high
velocities of end-effector motion and the possibility of creating compact layouts of technological
equipment. For three-coordinate machining, machine tools with combined kinematic structures are
promising, in which a two-coordinate parallel manipulator is combined with a conventional linear
axis [1, 2]. This approach makes it possible to simplify the machine-tool structure while preserving
the advantages of parallel kinematics in the generation of end-effector motion.

The investigated machine tool with a bipod mechanism consists of two variable-length links
that connect the end effector with the base by means of joints (Fig. 1). The parallel manipulator
provides controlled motion in the Y and Z coordinates, while displacement along the X coordinate
is realized by an additional linear table axis [2].

In previous studies [1, 2], inverse kinematic relations and actuator displacements were determined
for this mechanism. To evaluate the technological capabilities of the machine tool, it is necessary to
additionally analyze the transmission properties of the mechanism: velocity transmission
coefficients, force transmission coefficients, manipulability indices and singularity indicators [3].
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Fig. 1 — Machine-tool structure [2]

The position of the end effector is specified by the vector [1]
p= [X, Y, Z]T' q= [llf lZ' ZS]T! (1)
where [, and [, are the lengths of the variable-length links, and [ is the compensation displacement
of the table. For the spherical motion of the end effector relative to joint O, the following relation

IS used:
xg =VIZ—Y2—72 (2)
The rotation angles of the end effector are defined as
. VA . Y
siny = - sinf = Teosy" 3
The lengths of the actuated links can be written in vector form as
L= 1D, L =DM, I3 =xs—X, 4)

where vectors D, and D, are determined by the geometric parameters of the mechanism and by
the current coordinates Y and Z. This form is convenient for further differentiation, because the
elements of the Jacobian matrix can be calculated as
. T .
WD i seqy,z), i=12 (5)

ds I, os’
The inverse-kinematics Jacobian matrix has the form
=—. (6)
It establishes the relationship between the velocity of the end effector and the actuator
velocities:
q =]p. ()
For end-effector motion in the direction of a unit vector e, the velocity transmission coefficient
is defined as [3, 4]

ky(e) = IlJell. (8)
Force characteristics are determined from the condition of power equivalence [3, 4, 6]
F'p =Q"q, ©)
from which it follows that
F=]"Q. (10)
Then the actuator-load coefficient for a unit force in the direction e is
ko(e) = I "ell (11)

and the force transmission coefficient from the actuators to the end effector is defined as
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ke(e) = = (12)
For numerical modeling, calculations were performed for the range Y = —800 ...800 mm at

Z = 0, as well as for characteristic spatial points of the workspace. Fig. 2 shows the velocity and
force transmission coefficients as functions of coordinate Y.
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Fig. 2 — Velocity transmission coefficients a) and force transmission coefficients b) at Z =0

The graphs show that velocity transmission along the X coordinate remains constant, since this
coordinate is directly implemented by linear table motion. The coefficient k,, has a minimum
value near the center of the workspace and increases sharply near its boundaries. This means that,
to provide the same end-effector velocity in the Y direction near the workspace boundaries, higher
actuator velocities are required. The force characteristics show the opposite tendency: the force
transmission coefficient in the X direction is maximal in the central part of the workspace and
decreases significantly near the boundaries.

To estimate the proximity to singular configurations, the condition number and the minimum
singular value of the Jacobian matrix were used [3, 5, 6]

_ omax(J)
k() = ZmaxD (13)
min(J)
The results are shown in Fig. 3.
8 —— sigma_min())
0.7 1
7 <4
6 0.6
_ 2
® 5 £
§ o' 0.5
~ 44 5
3 0.4
2 -
— kappal)) 0.3 1
_800 -600 -400 —-200 O 200 400 600 800 _800 -600 -400 —-200 O 200 400 600 800
Y, mm Y, mm
a) b)

Fig. 3 — Condition number a) and minimum singular value b) at Z=0

The minimum value of k is observed near Y = 0, which corresponds to the best isotropy of the
mechanism. When approaching the workspace boundaries, the condition number increases and
Omin decreases. Thus, the extreme positions of the end effector are less favorable for accurate and
force-intensive machining, even if they are geometrically reachable [5, 6].
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For a geometric interpretation of the local properties of the mechanism, spatial manipulability
ellipsoids were constructed. This approach is based on the use of the Jacobian matrix and its
singular values and is a development of the classical concept of manipulability of robotic
mechanisms [4]. If the actuator velocity norm is limited, the velocity ellipsoid is described by the
inequality

. . 1
L ] (14)

If the actuator-force norm is limited, the force ellipsoid is determined by the transformation
F =J7Q, and its semiaxes are agf) =ag;()).

F=J"Q, af’ =0, (15)

Thus, the velocity and force ellipsoids are dual to each other [4, 6].

Fig. 4 — Spatial velocity a) and force b) manipulability ellipsoids at characteristic points of the
workspace

The quantitative characteristics of the spatial ellipsoids are given in Table 1. Here n
characterizes the local spatial isotropy of the mechanism.

Table 1 — Singular values of the full Jacobian matrix and isotropy index

Point Y, mm Z, mm c1 62 o3/ M
P1 0 0 1.000 0.804 0.737/0.737
P2 400 0 1.202 0.818 0.638/0.531
P3 700 0 1.693 0.921 0.421/0.248
P4 0 200 1.047 0.895 0.680/0.650
P5 0 -300 1.113 0.697 0.688/0.619

The analysis of the table confirms that the mechanism has the best spatial properties in the
central part of the workspace. At point P,, the isotropy coefficient is n = 0.737, whereas at point
P;, which corresponds to approaching the boundary along coordinate Y, it decreases to n = 0.248.
This indicates a significant increase in anisotropy and deterioration of velocity and force
transmission conditions near the workspace boundaries [5, 6]. Displacement along coordinate Z
also worsens isotropy, but less sharply than displacement along Y.

Thus, when evaluating the workspace of the machine tool, it is not sufficient to consider only
the geometric reachability of end-effector positions. It is necessary to introduce the concept of a
rational working area, in which the velocity and force transmission coefficients, the condition
number, the minimum singular value and the manipulability indices remain within acceptable
limits [3-6]. The constructed dependences can be used for optimizing the geometric parameters of
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the mechanism, selecting rational machining modes and forming constraints in the machine-tool
control system.

Based on the inverse kinematic model of a machine tool with a two-coordinate parallel
manipulator, the Jacobian matrix was determined and used for analyzing velocity and force
transmission. It is shown that the velocity properties are described by the Jacobian matrix, while
the force properties are described by its transposed form. The central part of the workspace has the
best isotropy indices, whereas near the boundaries along coordinate Y the condition number
increases and the minimum singular value decreases. The construction of 3D manipulability
ellipsoids makes it possible to visually determine the directions of the best and worst velocity and
force transmission.
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TRENDS AND PROSPECTS OF HIGH-SPEED SPINDLE UNITS

The fundamental role of motor-spindles in modern mechanical engineering is a primary driver
of industrial evolution. Current trends are dictated by increasing requirements for machining
precision and productivity, both of which are defined by operating speeds. As the spindle is the
most critical machine component — providing the main cutting motion and energy transmission —
its thermal stability directly determines the quality and consistency of the final product.

From a historical perspective, machining precision has evolved from millimeter to nanometer
tolerances since the 1940s. The transition to hybrid ceramic bearings in the late 1990s allowed for
a doubling of speed performance without significant changes to structural dimensions. Current
scientific research focuses on resolving the conflict between power and heat generation, as thermal
deformations remain the primary barrier to achieving maximum precision.

Historical development demonstrates continuous improvement in machining capabilities.
Modern classification categorizes machining into normal, precision, and ultra-precision, with the
latter operating at dimensional errors of less than 0.001 um. Fig. 1 illustrates the evolution of
machining accuracy over time, from the past into the near future [1].

A key technological leap was the introduction of ceramic rolling elements, which allowed the
speed factor n dm to exceed values of 4.0 10° mm/min. This reduced machining time and improved
surface quality due to ultra-high cutting speeds [2, 3].
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