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DYNAMIC ANALYSIS AND DESIGN
OF A VIBRATORY FINISHING
DEVICE FOR BIONIC PROSTHETIC
HAND COMPONENTS

The aim of this study is to develop and investigate a
vibratory machine with a toroidal bowl intended for post-processing
polymer components of bionic prosthetic devices manufactured
using additive manufacturing technologies. A design of a
laboratory vibratory installation is proposed, in which the toroidal
geometry of the working bowl is used to ensure the formation of a
closed spiral trajectory of motion of the abrasive media and
processed parts.

To analyze the operation of the device, a mathematical
model of spatial oscillations of the vibrating system was developed,
in which the working bowl is considered as a rigid body with six
degrees of freedom, taking into account the action of the
unbalanced excitation drive, elastic suspension, and damping.
Numerical solution of the system of differential equations of motion
was performed in the Maple environment, which made it possible
to obtain time dependencies of the center-of-mass displacements
and to study the spatial nature of the oscillations.

To verify the adequacy of the mathematical model, spatial
trajectories of a characteristic point located on the mean radius of
the torus were constructed for different separation angles of the
unbalances. The obtained results demonstrated the possibility of
controlling the spatial character of the oscillatory motion and
forming operating modes required for the circulating movement of
the working media in the toroidal bowl.

For the first time, the use of a toroidal bowl in a vibratory
finishing machine for post-processing bionic prosthetic
components with the realization of a closed spiral trajectory as the
working path has been substantiated. An approach for verifying the
dynamic model of the vibratory machine by analyzing the
trajectories of a characteristic point obtained from the numerical
solution of the equations of motion in the Maple environment has
been proposed.

Key words: vibratory finishing machine, toroidal bowl, bionic
prosthesis, additive manufacturing.

Introduction. The development of additive
manufacturing technologies has opened new
opportunities for producing functional components
of bionic upper-limb prostheses. Multi Jet Fusion
(MJF) and Selective Laser Sintering (SLS)
technologies have become widely used for
manufacturing parts with high strength comparable
to injection-molded plastic products [1], good
geometric stability, and biocompatibility [2].

However, surfaces of such parts exhibit
characteristic roughness and grain structure, which
limits their use in final medical devices without

additional post-processing. As a result, the surface
of prosthetic elements that actively interact with the
external environment tends to wear rapidly: it
becomes scratched, loses its initial smoothness,
and acquires an unattractive appearance after
relatively short use (Fig. 1). Traditional mechanical
polishing or grinding methods are often ineffective
for parts with complex geometries, especially
prosthetic fingers, which are not only small in size
and composed of multiple interconnected elements
but also represent the most functionally loaded
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parts of the prosthetic structure that constantly
interact with surrounding objects.

One effective solution to this problem is the
use of vibratory finishing machines. Such
equipment can uniformly polish surfaces due to the
controlled motion of abrasive media and can ensure
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process automation with minimal human

intervention. At the same time, their application for
post-processing parts manufactured by 3D printing
remains insufficiently studied, which determines the
relevance of research in this field.

Fig. 1. Allbionics TR bionic prosthetic hand showing visible signs of surface wear after use

Therefore, the development of a specialized
vibratory machine with design features suitable for
post-processing bionic prosthetic fingers in small-
batch production is relevant. It is proposed to use a
toroidal bowl, which makes it possible to implement
a closed spiral trajectory of motion of both the
processed parts and the abrasive media. Such
geometry creates conditions for more uniform and
controlled surface processing. The oscillatory
motion of the bowl is generated by an unbalanced
excitation drive that produces the required forces
and moments.

In this context, the objective of this work is to
develop and investigate a vibratory machine with a
toroidal bow! intended for surface finishing of small
components of bionic prostheses manufactured
using additive technologies. To achieve this
objective, the study includes the development of a
mathematical model of the motion trajectory of the
parts, engineering calculations of the main
structural elements, and verification of the system
operation using Maple.

The developed device represents a
laboratory  prototype intended for further
experimental investigation of the influence of

vibratory finishing on the surface quality of parts
manufactured by MJF and SLS technologies. At the
same time, most requirements typical for industrial
machines (such as energy efficiency, durability of
components, maintenance convenience, noise
level, and productivity) are not considered in this
work, since they do not directly affect the surface
processing results. The presented results are
aimed at substantiating the conceptual design of

the vibratory device and creating a basis for further
experimental studies.

Literature Review. In modern prosthetics,
polymer materials produced using additive
manufacturing technologies are increasingly used,
particularly polyamide 12 (PA12), which is
characterized by good mechanical properties,
stability in humid environments, and
biocompatibility. Several studies report that PA12
manufactured using Multi Jet Fusion (MJF)
technology is non-toxic, insoluble in water, and
does not undergo degradation in humid
environments [2]. However, it has also been noted
that this material does not possess antibacterial
properties and may be susceptible to biofilm
formation, which creates the need for additional
post-processing, including polishing or chemical
smoothing.

The effectiveness of PA12 for medical
applications and prosthetics has also been
confirmed in a number of studies [3-8]. For
example, in the rapid manufacturing of
individualized prosthetic sockets, PAl12 was
identified as the most suitable material compared to
polycarbonate and ABS [3]. Similar results are
presented in other review papers emphasizing that
MJF and SLS technologies are already widely used
for manufacturing medical devices and prosthetic
components [4], [5]. In [7], the development of a
lightweight finger prosthesis manufactured from
PA12 using MJF technology is presented,
demonstrating the suitability of this material for
small functional prosthetic components due to its
favorable combination of strength and low weight.
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However, one of the key unresolved
problems for PA12 components produced by SLS
and MJF technologies remains the high surface
roughness. According to [9], even when compared
with FFF printing, the surface roughness of SLS
parts remains high, although it is approximately
43% lower. When comparing properties of SLS
parts with injection-molded components, it was
shown that the strength is comparable, but SLS
parts are more brittle and exhibit significantly
rougher surfaces [1]. This feature limits the use of
such parts without additional post-processing in
mechanical assemblies and medical devices where
low surface roughness and smooth surfaces are
required [10].

For this reason, many studies focus on the
development of effective post-processing methods
for additive manufacturing technologies [10-15]. In
[11], the influence of different post-processing
methods  (mechanical treatment, chemical
treatment, and antibacterial coatings) on the
surface properties of PA12 manufactured by SLS
and MJF technologies was investigated. It was
found that SLS samples had, on average, a surface
roughness approximately 33% higher than that of
MJF samples. Mechanical treatment reduced the
arithmetic mean height parameter (Sa) by 42%,
while chemical treatment reduced it by 80%. A
decrease in surface slope parameters (Sdqg) and
developed surface area ratio (Sdr) resulted in
improved gloss and optical quality of the surface.
Regarding antibacterial coatings based on silver,
one type had almost no influence on the surface
properties, whereas another produced a slight
smoothing effect.

Another study [15] evaluated three types of
mechanical post-processing of SLS-printed parts:
grinding, diamond turning, and milling. Grinding
showed the best results, achieving a surface
roughness of Ra = 0.055 ym (a reduction of 99.2%)
and demonstrating the highest quality and stability
of results. Diamond turning achieved Ra = 0.28 ym
(—96.1%), while milling resulted in Ra = 0.45 pym (—
93.6%). All methods slightly reduced the hardness
of the material by 0.13%, 1.42%, and 2.46%,
respectively.

Laser polishing is another effective post-
processing technique capable of significantly
improving surface quality. According to [14], surface
roughness was reduced by 91%, reaching a
minimum Ra value of 0.6 um. At the same time, the
physical properties of the parts remained almost
unchanged: hardness did not change, while tensile
strength decreased by only about 6%. Such
polishing also improved the tribological properties
of the surface, which opens prospects for the use of
polished PA12 parts in medical and sealing
application.

Some studies also indicate potential long-
term stability issues of polymer materials. In [12],
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the mechanical and aesthetic stability of PA12
components after 12 months of operation was
investigated. It was found that SLS samples
retained nearly unchanged strength (=45 — 43
MPa, i.e., —-4%), while MJIF samples lost
approximately 34% of their strength (43 — 29 MPa).
In the case of SLS, coloring slightly increased
strength after 12 months (44 — 45 MPa), while for
MJF it only partially slowed degradation (31 MPa
compared to 28 MPa for uncolored samples). As a
result, SLS (PA2200) demonstrated significantly
higher resistance to physical degradation
compared with MJF (PA12), where the strength
reduction approached 50%.

Thus, despite the widespread use of additive
manufacturing technologies in medicine, surface
quality and durability of polymer components
remain significant challenges, stimulating the
development of alternative post-processing
methods. One such method is vibratory finishing,
which allows simultaneous polishing of a large
number of parts with complex geometries. In [16], it
was shown that the use of chemical accelerators in
the vibratory finishing process reduced the
processing time of hard steel components from 48
hours to 4 hours, achieving a surface roughness of
Ra = 1-2 pinch. This demonstrates the potential for
adapting vibratory finishing technology to polymer

components.
Recent studies on modeling vibratory
finishing processes demonstrate significant

progress in the simulation of media motion. Works
[17-20] show that simulation systems based on
RecurDyn—-EDEM, ABAQUS/Explicit, and ADAMS—
EDEM can reliably reproduce the trajectories of
particles in toroidal bowls, opening possibilities for
optimization and validation of vibratory machine
designs. In particular, [17] confirms that such
simulations show only minor deviations from
experimental data, while [18] demonstrates that
ANSYS CFX can be used to determine the
distribution of surface roughness on complex three-
dimensional surfaces after processing. Additionally,
[21] proposes modeling the working media of
vibratory machines as non-Newtonian fluids,
providing an alternative approach to analyzing
particle motion and complementing DEM-based
studies of complex flows in toroidal bowls.
Fundamental theoretical principles and practical
recommendations for vibratory machines with
toroidal bowls are most comprehensively described
in domestic sources [22], where the principles of
harmonic oscillations of working bodies and
engineering calculation methods are presented in
detail. These works form the theoretical basis for
further research and design of modern vibratory
systems, including the system proposed in this
study.
Presentation of the main material. The
trajectory of motion of the abrasive media and
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processed parts in a toroidal bowl has a complex
spatial character, which can be approximately
described as a closed spiral developing on the
surface of a torus. Such a motion pattern ensures
cyclic movement of particles along the annular
channel, continuous renewal of contact zones
between the parts and the media, and minimal
direct contact between the parts themselves. This,
in turn, contributes to a more uniform grinding and
polishing process.

To describe the dynamics of the toroidal
bowl, it is considered as a rigid body with six
degrees of freedom. The adopted coordinate
system of the oscillatory system is shown in Fig. 2a.
The generalized vector of coordinates has the
following form:

q=1[xy2¢,0y] (€Y)

where x, y, z are the linear displacements of

the center of mass, and ¢, 6, ¢ are the small rotation

angles of the bow! with respect to the corresponding
axes.

The equations of motion of the entire system
can be logically divided into three main parts. The
system of equations describing the linear motion of
the center of mass is written as:

mi + ¢, x + kyx = F,
my+c,y+k,y=F, 2
mZ+c,z+ k,z=F,.

The system of equations describing the
angular motion of the bowl is:
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](p¢ + C(p¢ + k(p(p = M,,
]99+C99+k99 =My, (3)

]Ip'(/) + Clplp + kwlp = MZ'

where m is the mass of the oscillating part
including the attached mass of the load; /,, /s, Jy are
the principal central moments of inertia about the
corresponding axes; c;and ki (i =x y, z @, 6, Y) are
the equivalent damping and stiffness coefficients
corresponding to the generalized coordinates; Fx, F,
F;and My, M,, M are the components of generalized
excitation forces and moments.

In addition, to describe the motion of the
entire oscillatory system, the rotation of the
unbalanced excitation drive (Fig. 2b) is taken into
account and is represented by the equation of
moments [23-25]:

Ja+coa+ My +V =My, 4)

where ais the rotation angle of the shaft; Jis

the reduced moment of inertia of the unbalance

shaft; k. is the torsional damping coefficient; Mais

the torque of the electric motor; M, is the friction
torque in the bearings; Vis the vibratory torque.

The variation of the motor torque is described
by the relation [24]:

2Mmacsn ()
Md = .. 2 7 (5)

sn + (“57)

22P . .
where M5 = — s the maximum motor

torque; s, = 0.15 is the slip of the electric motor; w
is the synchronous angular velocity.

The vibratory torque acting on the motor shaft is expressed as:
V(t) = myr,; - (Jcosa — isina) + mdrd(j}cos(a +vy) — Xsin(a + y)) (6)
where m, is the mass of the unbalance; r, is the distance from the shaft axis to the center of mass
of the unbalance and y — is the separation angle of the unbalances.

The friction torque in
assumed in the following form:
52

mgrqd“d

Mo=f =5

the bearings is

()

where f — is the friction coefficient in the
bearings and d is the bearing diameter.

In the adopted coordinate system, the
components of excitation forces are expressed as:

E, = 2myryd?cos (g) cos (0( + g),

F, = 2myryd® cos (g) sin (a + g), (8)
F,(t) =0;
M, = 2myryd?h, sin (g) cos ( g)
) o

—+

a

M, = 2mgryd®h, sin (g) sin|a +
M, =0,

where hg is the distance between the planes
of the unbalance locations along the shaft axis.

Design Calculations. To determine the
structural parameters of the unbalanced excitation
drive, the design oscillation amplitudes are
preliminarily assumed as follows: linear amplitude
X =1 mm and angular amplitude ® = 0.007 rad.
These values are used in the calculation based on
the known relationships presented in [22].

The amplitude values of the excitation force
and moment required to ensure the specified
oscillation amplitudes of the container are
determined according to the following relations:

Fy = mXw?; M, = ],Pw*. (10)

Since the unbalances are spaced along the
rotor axis at a distance hg, the required amplitude
values of the inertial force of a single unbalance and
the separation angle between the unbalances are
determined from the relations:

1 ’

(11
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The required static moment of a single
unbalance is determined by the expression:

Fiy
—. (13)

(/J2

The power of the electric motor required to
ensure a harmonic oscillation regime is estimated
using the generalized relation:

Véw?
P = n
where 7 is the motor efficiency.

According to the calculation results, an
asynchronous electric motor with a rated power of
180 W was selected. Structurally, an unbalance
with a mass of 0.24 kg and an eccentricity of 0.04
m was adopted, providing the required static
moment.

In the design of a vibratory machine with a
toroidal bowl, one of the key elements is the
vibration isolation system, which provides elastic
suspension of the container and determines the
character of its spatial oscillations. The most
appropriate solution is the use of helical cylindrical
springs as vibration isolators, which are widely
available and have a broad range of standard sizes.

In vibratory machines of this type, the springs
operate under a complex stress—strain state.
Because the upper end of the spring is attached to
the container performing spatial oscillations and the
lower end is fixed to the stationary supporting
structure, the spring simultaneously experiences
compression, bending, and torsion.

The total stiffness of the vibration isolation
system in different directions can be determined
using the corresponding relations [26]. The axial
stiffness (along the spring axis) is defined as:

mgraq =

(mX? + J,®?) (14)
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k, =SS 15
7 8D3N,’ (15)

The transverse stiffness (spring bending in
the X and Y planes) is defined as:
12E]n
ky=k,= (16)

N (t _ 8QD3\]’2+ocost
c\"% n.Gd? 2sint

The angular stiffness around the vertical axis
of the bowl is determined as:
12EJ,R2n;

kl/) = 3 3 .
N (t _ 8QD¢ 2+ 0cost
c\"® n,Gd? 2sint

(17)

The angular stiffness during bowl tilting is

determined as:
12EJn,Z3
[N (t B 8QA§) 324 0cos T
c\"% n,Gd? 2sin T

Gd*R,

803N,

where E,G,o are the Young’'s modulus,
shear modulus and Poisson’s ratio of the spring
material, respectively;

dg, D, Js are the wire diameter, mean coil
diameter and second moment of area of the spring
wire cross-section of the spring, respectively; nsis
the number of springs; Q is the weight of the
oscillating system; N, is the number of active coils;
to is the pitch of the spring in the free state; 7 is the
helix angle of the spring coil; Ry is the radius at
which the springs are mounted; Zx is the distance
from the center of mass to the lower mounting plane
of the springs.

For the elastic suspension of the working
bowl, six identical cylindrical springs made of spring
steel were selected (£= 207 GPa; ¢=80 GPa; o=
0.29). All geometric and structural parameters of
the suspension are presented in Table 1.

k9=k(p=

(18)

Table 1.
Parameters of the elastic suspension
Parameter Symbol Value Units
Spring wire diameter d 1.25 mm
Mean coil diameter D 10 mm
Number of active coils Nc 5
Spring pitch to 5.45 mm
Helix angle of the spring T 10 deg
Second moment of area of the wire cross-section Js 9.6x1014 m#
Number of springs in the suspension ns 6
Radius of spring arrangement Ro 120 mm
Distance from center of mass to mounting plane Zk 130 mm
coordinate is introduced through the relative For rotational coordinates:
damping ratio . For translational coordinates, the ¢ = 2¢ [J k;, i€ (0,09} (20)

damping coefficients are determined as:

c; =2&/mk;. i € {x,y,z} (19)

174




ISSN 2306-8744

Ne 1 (120) Bi6bpauyii 8 mexHiuyi

where J; represents the corresponding
reduced moments of inertia; k; and k; are the
corresponding stiffness coefficients.

Based on the calculated stiffness and
mass—inertial parameters (Fig. 3), the natural
frequencies of the oscillatory system were
determined as: fox = for =9.40 Hz, fo- =7.40 Hz, fo, =

ma mexHoJsio2isix
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foe = 15.5 Hz, foy =8.34 Hz. The operating frequency
of the system is f= w/2r = 23.9 Hz, which exceeds
all natural frequencies of the system. Therefore, the
installation operates in a super-resonant regime,
and resonance phenomena do not occur within the
operating range.
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Fig. 3. Mass—inertial characteristics of the oscillating part of the vibratory machine taking

into account the attached mass of the load

Table 2.
Calculated parameters of the mathematical model of the vibratory machine
Parameter Symbol Value Units
Mass of the oscillating part m 13.55 kg
Moment of inertia Jo 0.14678 kg-m?
Jo 0.14678 kg-m?
Ju 0.24755 kg-m?
Stiffness (15-18) ki ky 47261 N/m
k- 29296 N/m
ko ko 1384 N-m /rad
ky 680 N-m /rad
Damping (19-20) Cy Gy 325 N-s/m
Cz 256 N-s/m
Cy,Co 5 N-m-s/rad
Cy 5 N-m-s/rad
Unbalance mass (13) md 0.3 kg
Distance from shaft axis to the center of mass of the m
rd 0.03
unbalance
Distance between unbalances along the shaft axis ha 0.18 m
Mean radius of the bowl R 0.135
Angular velocity of the shaft w 150 rad/s
Drive power (14) P 180 wW
Bearing diameter d 0.02 m
Friction coefficient in bearings f 0.004
Drive damping coefficient Ca 0.001

Mathematical Modeling. The developed
mathematical model of the oscillatory system is
presented as a system of second-order differential
equations (2-4) with constant coefficients and
harmonic excitation.

To obtain the time dependencies of the
displacements in generalized coordinates, the
system of equations was reduced to a Cauchy
problem by specifying zero initial conditions for the
coordinates and their first derivatives. The
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numerical solution of the Cauchy problem was
carried out by direct integration of the system of
differential equations in the Maple environment,
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which made it possible to obtain continuous time-
domain solutions for the oscillatory system.

L
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Fig. 4. Time dependence of the displacement of the center of mass of the vibratory system
along the x and y axes and the bowl tilt angle ¢ (at y=90).

Figure 4 shows the time dependence of the
displacement of the system center of mass along
the horizontal axes and the tilt angle of the bowl
about one of these axes. The plot demonstrates the
harmonic nature of oscillations with a frequency
determined by the angular velocity of rotation of the
unbalances and a constant amplitude defined by
the mass—inertial characteristics, stiffness, and
damping parameters of the oscillatory system.

The increased amplitudes observed at the
initial section of the graph are caused by the
presence of a free component of the solution that
arises when zero initial conditions are specified
under non-zero harmonic excitation. As the
oscillations progress, the influence of this
component gradually decreases due to damping,

0 il 0.2 0.3 0.4 0.5
t, |5]

a)

Fig. 5. Time dependencies of the drive parameters of the vibratory system: (a) -
torque; (b) - angular speed of unbalance rotation

Trajectory Analysis. The construction of the
spatial trajectory of a point located on the mean
radius of the toroidal bowl is used as a criterion for
verifying the adequacy of the proposed
mathematical model of oscillatory motion and for
determining the vertical component of the
oscillations. The agreement between the obtained
trajectory and the expected physical behavior of the
vibratory system confirms the correctness of the
mathematical model.

and the system transitions to a steady-state
periodic regime with constant amplitude. The
steady-state oscillation amplitude of the center of
mass is approximately Ax= 1mm.

Since equation (4) describing the drive was
included in the mathematical model, it was also
possible to obtain the corresponding time
dependencies of the drive parameters. The graphs
demonstrate a short transient process during
system start-up. At the initial stage, the motor
torque (Fig. 5a) increases to its maximum value,
accelerating the system, after which it decreases
and stabilizes at a level sufficient to maintain the
steady operating regime. Accordingly, the angular
velocity quickly reaches the operating value and
then remains nearly constant (Fig. 5b).

[IN] 0.2 0.3 04 0.5
t, |5l

b)
motor

The position of a point located on the mean
radius R: (Fig. 2), rigidly connected to the body, in
the global coordinate system is determined by the
relation:

o () = 1em (8) + R(O)7%,, 21

where rem(t) is the position vector of the

center of mass; R(t) represents the elementary

Euler rotation matrices; 1, is the constant radius

vector of the point in the coordinate system
attached to the bowl.
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To analyze the spatial character of motion, a
point located on the mean radius of the torus was
selected, for which:

1, = [Re 0 0] (22)

Substituting this vector into the expression
for rem(t) makes it possible to obtain the parametric
equations describing the coordinates of the point:

Px(t) = X(t) + erRt'
Py(6) = y(t) + Ryrg, ,
P,(t) = z(t) + R,73,-

Using the obtained parametric curve (23), the
trajectory of motion of the point R; can be
constructed in the Maple environment for different
separation angles of the unbalances. In the case
where no separation between the unbalances is
present (Fig. 6a), the trajectory takes the form of a
closed almost planar curve close to a circle. This
indicates the dominance of the horizontal
component of the oscillatory motion generated by

(23)
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the excitation forces and the absence of angular
oscillations.

For intermediate values of the separation
angle (Fig. 6b, d—f), the trajectory transforms into a
spatial elliptical curve, which indicates the presence
of both horizontal and vertical components of
oscillatory motion and the formation of a combined
spatial motion required to generate the spiral
movement of the abrasive media along the bowl.

When the unbalances are separated in

opposite directions (Fig. 6¢), the trajectory becomes
a complex spatial curve with pronounced curvature
lying in one of the vertical planes. This is caused by
the presence of only angular oscillations generated
by excitation moments.
It is also observed that at the separation angle
y=270° (Fig. 6.f), an elliptical trajectory with an
opposite inclination is formed compared with the
case y=90°. This indicates a change in the direction
of motion of the point and, consequently, a change
in the direction of circulation of the working media
inside the bowl.
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Fig. 6. Trajectories of motion of a point on the mean radius of the torus for different
separation angles of the unbalances: a - y=0°; b - y=20°; ¢ - y=180°, d - y=120°; e - y=90°; f - y=270°.

Table 3.

Amplitude values of oscillations of a point on the mean radius of the torus for different
separation angles of the unbalance

Separation angle of unbalances, y Axi, mm Ay, mm Azi, mm
0° 15 15 0
20° 1.47 1.47 0.81
90° 1.06 1.06 3.41
120° 0.75 1.75 4.18
180° 0.04 0 4.82
270° 1.06 1.06 3.41

Device Design. The developed design of the
device is shown in Fig. 7. The working toroidal bowl

(1) is mounted on a base plate (2). A distinctive
feature of the design is the quick-release mounting
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of the bowl (10), which allows rapid unloading of the
bowl without dismantling additional structural
elements or performing complex manipulations.

The oscillatory motion of the bowl is
generated by a central drive unit consisting of a
shaft (6) and two unbalances (4). The shaft is driven
by an electric motor (7) through a flexible coupling
(8). All elements are mounted on the supporting
frame of the device (9). The working bowl (1) is
installed on a vibration isolation suspension using
elastic elements (3), which provide the required
compliance of the system and allow the system to
pass through resonance during start-up.

ma mexHoirsoeisix
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One of the critical structural elements of the
vibratory machine is the shaft on which the
unbalances are mounted. To verify its strength, a
stress—strain analysis was performed using the
finite element method in SolidWorks Simulation
(Fig. 8). The loading was applied in the form of a
centrifugal load, taking into account the unbalances
and the operating angular velocity w.

The calculations were performed for
characteristic separation angles of the unbalances,
and the obtained maximum stress values are
summarized in Table 4.

B

Fig. 7. Structural diagram of the vibratory device with a toroidal bowl.

Table 4.
Stresses in the drive shaft at characteristic separation angles of the unbalances
Separation . . _Parameter . .
angle, y Maximum equivalent stress (von Mises), Safety factor relative to yield
' MPa strength
0° 59.8 3
90° 61.4 59
180° 62 59
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| a)

b) |

Fig. 8. Results of the stress—strain analysis of the drive shaft in SolidWorks Simulation (y =
90°): (a) equivalent von Mises stress distribution; (b) factor of safety (FOS)

The maximum equivalent stresses in all
investigated operating regimes do not exceed 62
MPa, which is significantly lower than the yield
strength of the material (approximately 180 MPa).
The minimum safety factor is about n = 2.9,
confirming sufficient strength of the drive shaft
within the entire range of characteristic separation
angles of the unbalances.

Conclusions. A laboratory vibratory
machine with a toroidal bowl for finishing polymer
components of bionic prosthetic devices
manufactured using additive technologies (MJF,
SLS) has been proposed. A distinctive feature of
the design is the quick-release toroidal bowl, which
simplifies unloading and operation of the
installation. It is shown that the use of a toroidal
geometry of the working element ensures the
formation of a spatial spiral trajectory of motion of
the abrasive media and processed parts.

A mathematical model of spatial oscillations
of the vibratory system has been developed, in
which the working bowl is considered as a rigid
body with six degrees of freedom, taking into
account the action of the unbalanced excitation
drive, elastic suspension, and damping. Numerical
solution of the system of differential equations in the
Maple environment made it possible to obtain the
time dependencies of the center-of-mass
displacements and the trajectory of motion of a
point located on the mean radius of the bowl. It has
been shown that variation of the separation angle
of the unbalances allows control of the spatial
character of the oscillatory motion and enables the
formation of operating regimes required for
circulating movement of the media in the toroidal
bowl. This adjustment provides variation of the
oscillation amplitudes of the point on the mean
radius of the torus within the ranges A4x; = 0-1.5 mm,
Ayz=0-1.75 mm and Az: = 0-4.82 mm, which makes
it possible to modify the spatial structure of media
motion within the working zone.

The parameters of the unbalanced
excitation drive and the elastic suspension of the
oscillatory system have been determined. Finite
element analysis of the stress—strain state of the
drive shaft showed that the maximum equivalent
stresses do not exceed allowable values, while the
safety factor is approximately 2.9. The proposed
device can be used as a laboratory installation for
further experimental investigations of vibratory
finishing processes, including studies employing
DEM modeling to determine optimal operating
regimes.
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OVMHAMIYHUIA AHAMI3 TA TPOEKTYBAHHS
BIEPALIAHOrO MPUCTPOIO AN ®IHILIHOL
OBPOBKW OETANEN BIOHIYHUX NPOTE3IB

PYKU
Memoro Ub020 00CiOXEeHHS €
po3pobrieHHs ma  QocnidxeHHs  eibpauiliHor

MawuHU 3 mopoidasibHO pPoboYo EMHICMIO,
rpusHa4yeHoi 0ns iHiWHOI 06pobKuU MnosliMepHUX
KoMmnoHeHmie bGIioHIYHUX Mpome3HUX rnpucmpois,
gueomossieHUx 3a  O0MoMO20t0  adumueHUX
mexHoJioaid. 3anpornoHosaHo KOHCMPYKUito
Jn1abopamopHoi 8ibpayitiHoi  ycmaHo8KuU, y SKil
mopoiGanbHa eeomempiss  poboyoi  emMHocmi
8UKOPUCMOBYEMbLCS onsa 3abesrneyvyeHHs1
¢opMysaHHsI 3aMKHEHOI cripanbHOi mpaekmopii
pyxy abpa3sugHoz20 cepedosuwja ma
obpobntogaHux 0emarned.

Ana  awHanisy  pobomu  npucmporo
p0o3pobrieHo MamemMamuyHy modernb
rnpocmoposux KonueaHb eibpauiliHol cucmemu, y
SKili poboya emMHicmb po3ansdaembcs K meepde
mino 3 wicmbmMa cmyrneHAMU 8ifnbHOCmi 3
ypaxyeaHHsiM  Oif  OebaslaHCHO20  npugody
36y0KeHHSs1, npyxxHoi nidgicku ma Oemrighy8aHHS.
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YucernbHe p038’a3aHHS cucmemu
dugbepeHujanbHUX PiBHSIHb pPyXy BUKOHaHO 8
cepedosuuyi Maple, wo dano 3mogy ompumamu
yacoei 3anexHocmi nepemiuweHb ueHmpa mac i
docnidumu rpocmoposull xapakmep KosiugaHsb.
Lns rnepesipku adekeamHocmi
MamemamuyHoi modesi nobydoeaHo rpocmoposi

mpaekmopii xapakmepHOi moYKu, po3mauwogaHoi

Ha cepedHboMy padiyci mopa, Ons pi3HUX Kymie
po3HeceHHs1 debanaHcie. OmpumaHi pe3ynbmamu
npodeMoHcmpysanu  MOX/ugicmb  KepyeaHHs
MIPOCMOPOBUM XapakmepoM KOMueasibHo20 pPyXy
ma ¢popmysaHHsI poboyux pexumie, HeobXiOHUX
Ond  YUpKynsayidHo20 nepemMiueHHs: pobo4oe2o
cepedosuuya 8 mopoidarbsHili eMHOCMI.
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Ynepwe o06rpyHmogaHo BUKOPUCMaHHS
mopoifarnbHoi poboyoi emHocmi 'y eibpauiliHil
iHiWHIG  MawuHi 0 06pobKu KOMMOHEeHMmIe
GioHiYHUX npome3sie i3 pearnizauielo 3aMKHEHOI
criipanbHOI  mpaekmopii 9Kk  poboyoao  Wisxy.
BanporoHogaHo nidxid do nepesipku OUHaMIYHOT
modesni  8ibpayiliHOI MawuHU WIIssXoM aHarisy
mpaekmopili xapakmepHOi MOYKU, OmMpuUMaHuUx Ha
OCHO8I 4UCe/IbHO20 PO38’S3aHHS PIBHSIHb PyXy 8
cepedosuui Maple.

Knroyoei cnoea:. gibpauiliHa MauwuHKa
Onsi 06pobku, mopoidanbHa 4Yawa, O6ioHiYHUl
npome3s, adumusHe 8UpPObHUUMEO.
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