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SIMULATION OF SPATIAL MECHANISMS OF TECHNOLOGICAL
MACHINES OF LIGHT INDUSTRY

Dvorzhak V.!, Rubanka M., Polishchuk O., Zhlali Zh."!
IKyiv National University of Technologies and Design, Ukraine
’Khmelnytskyi National University, Ukraine

Abstract. In modern productions of light industry, there is a constant need to improve technological
equipment for the manufacture of various products. This process requires the development of new
mechanisms with accurate reproduction of complex work trajectories, including spatial ones, during
technological operations. The design of such mechanisms, in particular spatial hinge-lever mechanisms,
requires an accurate calculation of their kinematic characteristics. The analytical methods of kinematics
research used in the work allow obtaining more accurate results compared to traditional methods. Also
the work examines the kinematics of links of spatial mechanisms of technological machines of light
industry using the vector method of coordinate transformation. On the example of the needle
mechanisms and loopers of sewing machines for performing class 500 stitches, a structural analysis was
carried out, geometric parameters were determined, and structural and vector diagrams of these
mechanisms were developed. Calculations were made for each link of the spatial mechanisms of the
investigated sewing machine. The results of the study are presented in the form of visualization graphs
of kinematic schemes of spatial mechanisms of the needle and loopers of the sewing machine, graphs
of trajectories and laws of movement of the characteristic points of the working bodies of the spatial
mechanisms of the needle and loopers of the sewing machine depending on the angle of rotation of the
main shaft in Mathcad. The obtained results make it possible to carry out a more accurate assessment
of the functionality of the mechanisms and the detection of inertial loads based on the values of the
maximum accelerations. This will make it possible to identify possible design flaws during the design
of new mechanisms or the study of existing ones in the garment industry. The calculation presented in
the paper allows for mathematical modeling of the spatial mechanisms of sewing machines using CAE
programs, for example, Mathcad, which is an effective tool for design and research modern high-speed
sewing machines.

Keywords: sewing machine, spatial mechanism, needle mechanism, looper mechanism, vector method
of coordinate transformation.

Introduction

The park of technological machines of light industry has various types of machines for
the production of sewing, knitted, footwear and other products. Modern productions of light
industry require the development of new technological equipment with improved mechanisms
that can accurately reproduce complex trajectories of working bodies, in particular spatial ones,
during the implementation of the technological process. This create a need in the use of spatial
mechanisms as part of technological machines. In the implementation of a complex of technical
solutions for the creation of such mechanisms, scientific researches as well as development
aimed at achieving high standards of product manufacturing quality, machine and result
products efficiency which all put together have the crucialest part in success of manufacturing.
One of the most important stages of this process is the design of the main mechanisms,
especially the most common such as spatial hinge-lever mechanisms.

When designing spatial hinge-lever mechanisms, a key aspect is the calculation of their
kinematic characteristics. The accuracy of these calculations determines the reliability of
further analyzes of dynamic processes, technological processes, etc. In the special literature on
the design and research of sewing machine mechanisms, simplified calculation methods are
used that do not take into account the peculiarities of spatial movements and loads [1]. This
highlights the need for new methods to accurately determine the kinematic characteristics of
complex spatial mechanisms that provide higher accuracy compared to traditional methods.
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The way to solve this problem is to use analytical methods of kinematics research [5, 6, 7, 8, 9,
10, 11], in particular, the method of vector transformation of coordinates [2, 3, 4, 12].

The goal is to study the kinematics of the links of spatial mechanisms of technological
machines of light industry by the vector method of coordinate transformation, in particular
spatial mechanisms of sewing machines using the example of needle mechanisms and loopers
of a sewing machine for performing class 500 stitches.

Research results

At the first stage of the research, a structural analysis of the needle and looper
mechanisms was carried out, the geometric parameters of their links were determined, the
peculiarities of their connections (type and class of kinematic pairs to be more precise) were
established, and structural as same as vector diagrams of the spatial mechanisms of the needle
and loopers were developed (Fig. 1, Fig. 2).

Structure of mechanisms and their equations of motion. In a class 500 sewing machine,
all working bodies receive movement from the main shaft 1 (Fig. 1), on which the driving links
of the space mechanisms of the needle and loopers under investigation are fixed. The
instantaneous position of the main shaft is determined by the angle @1. The angular positions of
the driving links of the corresponding mechanisms directly depend on the angle o;.

The diagram (Fig. 1) shows the following links of the needle mechanism: 1 — main shaft;
2 — the crank of the needle mechanism, made in the form of a crankshaft with a spherical pin 3;
4 — connecting rod with spherical heads; 6 — rocker arm with spherical trunnion 5; 7 — rocker
shaft; 8 — rocker arm 6; 9 — connecting rod with forked heads; 10 — the leash of the needle
driver 11 with a sewing needle 12. Links 2 — 3, 4 — 6 form kinematic pairs of the third class;
link 11 forms a translational kinematic pair of the fifth class with the riser; links 8 - 9 form a
rotational kinematic pair of the fifth class; links 2 and 6 form rotational kinematic pairs of the
fifth class with the riser.

Also, the diagram (Fig. 1) shows the following links of the looper mechanism: 13 — the
crank of the looper mechanism with a spherical pin 14; 15 — connecting rod with spherical
heads; 17 — a rocker arm with a spherical head 16; 18 — shaft; 20 — the second arm of the
rocker-holder looper 21; 19 — shaft; 22 — the third arm of the rocker arm; 23 — double
connecting rod; 24 — rocker arm axis 25; 26 — the second arm of the rocker arm-loop holder
27. Links 13 — 15, 15 — 17 form kinematic pairs of the third class; links 22 — 23, 23 — 25 form
rotational kinematic pairs of the fifth class; links 13, 17, 24 form rotational kinematic pairs of
the fifth class with the riser.
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Fig. 1. Structural diagram of the Spatial mechanisms of the needle and loopers of the
sewing machine

For a kinematic study, let’s depict the mechanisms of the needle and loopers in the form
of free vectors (Fig. 2), which are built on its links, and we will call these vectors “link vectors”.
The starting and ending points of the vector-links are set in the geometric centers of the
kinematic pairs formed by the corresponding links of the mechanisms. Link vectors are denoted
as P;;, where the index “7” indicates the beginning of the vectors, and the index *;”” indicates its
end. We place the coordlnate system so that the abscissa axis is oriented along the geometric
axis of the main shaft 1 to the right, the ordinate axis is up perpendicular to the abscissa axis,
and the applied axis is so that a right coordinate system is formed. The radius vectors that
determine the centers of kinematic pairs and characteristic points of mechanisms in the
specified coordinate system are denoted by P;, where the index *“i” indicates the number of the
kinematic pair or characteristic point according to the des1gnat10ns in fig. 2.

To study the needle mechanism, the input metric parameters are the lengths of link
vectors (modules)|Pi2-13], |Pi3-14], |Pis-14], |Pi6-17), |P17-18|, |Pi1s-19|, length of the area, which
determines constructing features — |P;s.14|, |P19-20|, crank riser coordinates P;>, coordinates of
the riser of the needle guide, the angle between the arms of the rocker arm 6 — 8, the angle
between the leash 10 and the needle guide 11, the coordinates of the riser 7.

Since the needle of the mechanism moves in the plane X'OY’, which is inclined relative
to the vertical plane XOY by an angle a, convenient it will be to perform the calculation of the
needle mechanism in the hatched coordinate system X'Y'Z’, rotated around the X axis by an
angle a clockwise.

The vector-link crank P';2.73, which depends on the angle of rotation of the main shaft
1, is obtained from the expression:

“ *99

0
P'15-13(91) = [|P12-13] - cos(@1 + @o-1)|, (1)
|P12-13] - sin(@1 + @o-1)
where @o.; — The initial angle of the needle mechanism.
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Fig. 2. Vector scheme of the spatial mechanisms of the needle and loopers of the sewing
machine

The radius vector of the kinematic pair P;3, which depends on the angle of rotation of
the main shaft 1, is obtained from the expression:
P12XI
P'13(p1) = |Pray,| + P'12-13(01) - (2)
P12Z[
We determine the auxiliary free vector P’;5.;3 of variable length and direction, which

depends on the angle of rotation of the main shaft 1, as the difference between the radius vectors
P';3and P'ys:

p ,15Xr
P'15-13(91) = P'13(p1) — P115y/ . 3)
P'is,,
Imagine the vector link of the rocker arm P’;5.74, which depends on the angle of rotation

of the main shaft 1, as the product of its orth e’is.14 on the modulus of the vector-link of the
rocker arm |P;5.14:

P'i5_14(91) = e115-13(@1) " |P15_14] . 4)

The expressions obtained in [12] are used to determine the components of the orte'is-14
in the hatched coordinate system X'Y'Z':

[P115—13(@DI%+IP15—141*=IP13-14l?
2|Py5-14l

Prys—13(@1)xr—

I (Pr15-13(@1)x1)2+(Pr15-13(@1)y1)?— )I

_ . 2
Pr15-13(p1)yr _(IP’15—13(<P1)|2+|P15—14|2—|P13—14IZ)
2:|Py5-14l

; (5)

€ 15-14 ((pl)X, - (Pr15-13(@1)x)2+(Pr15-13(@1)yr)?
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2|P15-14l

|Pr15_13(@1)I12+IP15_141%~IP13_14/?
Pris—13(@1)yr+

(Pr15-13(@ 1) x1)?+(Pry5_13(@1)yr)?-
\+P'15—13(‘91)Y" _(IP’15—13(<P1)|2+|P15—14|2—|P13—14|2)2/

2|P15-14l

(6)

e'|s_ , =
15 14((,01)y (Pry5-13(@1)x1)%+(Pry5-13(@1)yr)?

It should be noted that the component of the orth e'1s.14 in the hatched coordinate system
X'Y'Z', which determines its projection on the axis of the applicator, is zero, because the line of
the rocker 6, which we determine vector-link P;s.74, perpendicular to the axis of the shaft 7, so

e'15-14(@1)z = 0.
Determine the radius vector of the kinematic pair P';4, which depends on the angle of

rotation of the main shaft 1, as the sum of the vectors P’;s and P's5.14:

P’15X[
P'i4(@y) = P115y, + P'i5-14(1) . (7)
P’lSZ[

Determine the vector link of the connecting rod, which depends on the angle of rotation
of the main shaft 1, as the difference between the two radius vectors P';4 and P';3:

P'13-14(p1) = P'14(p1) — P'13(@1) . (8)

Determine the vector-link the second arm of the rocker arm P’';5.;7, which depends on
the angle of rotation of the main shaft 1, in the hatched coordinate system:

P'i5_14(@1)x - cos(xy) — P'15-14(p1)y, - sin(ecy)

! ’ . 1 . |P — |
P'16-17(91) = |P'15_14(@1)xs - sin(ey) + P'15_14(91)ys - cos(e,) |p,151_6141(ipl)| y
0

9)
Determine the radius vector of the kinematic pair P';7, which depends on the angle of
rotation of the main shaft 1, as the sum of the vectors P';s and P'16.17:

P'y7(p1) = P16+ P'1s-17(01) . (10)

Determine the vector link of the connecting rod P;7.;s, which depends on the angle of
rotation of the main shaft 1:

, Py 18/(@)x - COS(‘xz (‘P1)) — P17 18/(@1)y, - sin(ecy)
p 17—18(()01) = P,17—18I((p1)X’ - Sin(<x2) + P,17_18,((p1)y, ) COS(0<2)
0
|P17-18l
|Pri7—18r(p1)|’ (1D

—p’
’ , N1-N2y |(P'17—N1(<P1)X0Tt(P’N1—N2))Z‘
where P'17_1g/ (1) = | P N1-N2y |’

0
built on a perpendicular, which is drawn from the kinematic pair P;7right to the line point P;s

moves by ( Fig. 3); denoted line is determined by the vector P'ni-n2: P y1i—n2r = Pnz2r — Pys
|(P’17—N1’(<P1)XOTt(P’N1r—N21))Z|

- — is the vector, which is
|P'n1-nz2]

«, (¢,) = arccos ( ) - an angle between the vectors P';7-1s

[P17-18l
and P';7.1s, which depends on rotation angle of the main shaft 1; P';7.v; — auxiliary vector, the
one that is defined as the difference of radius vectors P’y and P';7: P'y7_pn1,(@q) =

P'yy — P'i7(01) .
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Determine the radius-vector of the kinematic pair P';s, which depends on the angle of
rotation of the main shaft 1, as the sum of the vectors P’;7 and P';7.1s:

P'ig(@1) = P'17(@1) + P'17-18(01) . (12)
P}'?—TB
Py Pisoss Pis.1u

Fig. 3. Vector diagram of the spatial mechanism of the needle sewing machine

Determine the vector link of the leash P’;s.;9:

—|P1g-10l
0
0

Determine the radius vector of the kinematic pair P';9, which depends on the angle of
rotation of the main shaft 1, as the sum of the vectors P’;s and P'1s.19:

P'y9(@1) = P'1g(@1) + Plig_19 . (14)

Determine the free vector P'19.20, which characterizes the position of the working point
of the needle P relative to the radius vector P's9:

(13)

’ —
P 18—-19 —

/ _|P,N1_N2| [P1o—20l
Plyg_20 = 0 Prvenal’ (15)
0 N1-N2

Determine the radius vector of the working point of the needle P’>9, which depends on
the angle of rotation of the main shaft 1, as the sum of the vectors P';9 and P'19.20:

P'20(91) = P'19(¢1) + P'19-20 - (16)

To translate the coordinates of the link vectors and the radius vectors of the characteristic
points of the mechanism from the hatched coordinate system X'Y’Z" into not hatched XYZ the
desired coordinates of the link vectors and radius vectors in the hatched coordinate system by
the Mz(a), rotation matrix should be multiplied to the right, the arguments of the guide cosines
of which are the angle of inclination a:
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cos(x) —sin(x) 0
Mz(x) = |sin(x) cos(x) 0]. (17)
0 0 1
For example, to determine the radius vector of the operating point P;¢ in a non-hatched
coordinate system, the following expression should be made:

Pyo (1) = Mz () - P30 (@1) . (18)

Similarly, we determine the other radius vectors of the characteristic points of the needle
mechanism.

For example, to determine the vector-link, the P;7.;s connecting rod in a non-hatched
coordinate system should be as follows:

Pi7_1g(91) = Mz() - P'17_15(@1) . (19)

Similarly, we define other vectors-links of the needle mechanism.

To study the mechanism of loopers (Fig. 1, Fig. 2) the input metric parameters are the
lengths of the vectors-links (modules) |P;-2|, |P2-3|, |P4-3|, |Ps-s|, |P7-8|, |Ps-9|,|P10-9], |Po-1:] the
length of the sections that determine the design features of the mechanism - |P4s|, |P4-7|, crank
riser coordinates P;, coordinates of rocker arms risers Ps, P7, P, angles between the shoulders
of the rocker arm17 - 20, 17 — 22, 25 - 26.

Vector-link crank P;.,, which depends on the angle of rotation of the main shaft 1, get
from the expression:

0
Pi_5(p1) = [|P1-z2| - cos(p1 + @o-2)|, (20)
|P1—2| - sin(@q + @o-2)
where @¢.> — The initial angle of the crank mechanism of the needle.

The radius vector of the kinematic pair P>, which depends on the angle of rotation of the
main shaft 1, is obtained from the expression:
Py,

Py(91) = |Pry| + P1_2(91) - (21)

Py,

We define the auxiliary free vector P4.2 of variable length and direction, which depends
on the angle of rotation of the main shaft 1, as the difference between the radius vectors P, and
Py

Py
Pr_3(p1) = Po(@1) — |Pay|. (22)
P,

Let’s imagine the rocker link vector P43, which depends on the angle of rotation of the
main shaft 1, as a product of its orth es.3 by the module of the rocker link vector |P..3|:

Py_3(p1) = es—3(p1) - |Pa3l. (23)

To determine the components of orta es.3 in the unshaded XYZ coordinate system, the
expressions obtained in [12] were used:
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2:|Pg—3|

|P4—2(@1)|%+|P4—312-|P2_3|?
( 1—2(p1 4-3 2-3 Pas(@)x+ \

\/ (Py—2(@1)x)%+(Ps—2(@1)y)?— )

2
_(|P4—2(<P1)|2+|P4—3|2—|P2—3|2)

\+P4—2(<P1)Y'
2:|P4—3|

84_3(([)1))( - (Pa—2(91)x)2+(Ps—2(91)y)? ; @4
2 2_ 2
( |P4—2(<P1)|2:*|-1|Di4_—33|.| |P2_3| Py—s(@1)y—
| (Pa2 (@) x)2+(Pa—2(@1)y)?—
\_P4—2(‘Pl)y' _(IP’4—2(<P1)|2+|P4—3|2-|P2—3|2)2)
2:|Pg—3|
es-3(@1)y = (25)

(Pg-12(901)x)2+(Pa—2(01)y)?
The orthogonal component es3 in the unshaded XYZ coordinate system, which
determines its projection onto the applique axis, is zero, since the rocker line 17, which is
defined by the link vector Py, is perpendicular to the shaft axis 4, so e4_3(¢;)z = 0.
We determine the radius vector of the kinematic pair P3, which depends on the angle of
rotation of the main shaft 1, as the sum of the vectors P, and Py.3:
Py
P3(p1) = |Pay| + Py_3(e1) . (26)
P,

We define the link vector of the connecting rod, which depends on the angle of rotation
of the main shaft 1, as the difference of two radius vectors P3 and P;:

P,_3(p1) = P3(91) — Pr(¢4) . (27)

We determine the vector link of the second arm of the rocker arm Ps.s, which depends
on the angle of rotation of the main shaft 1:

Py_3(@1)x - cos(¢3) — Py_3(@1)y - sin(3)

) |Ps_g|
Ps_6(91) = |Py_3(p1)x * sin(eg) + P_3(@)y - cos(exs)| - m )
0
(28)

where a3 — the angle between the arms of the rockers 17 and 20.
We determine the radius vector of the kinematic pair Ps, which depends on the angle of
rotation of the main shaft 1 and determines the position of the working point of the looper 21,
as the sum of the vectors Ps and Ps.¢:

P(p1) = Ps + Ps_g(1) . (29)

We determine the link vector of the third arm of the rocker arm P7.s, which depends on
the angle of rotation of the main shaft 1:

Py—3(91)x - cos(¢) — Py_3(¢1)y - sin(excy) 1P gl
Pr_g(@1) = [Py_3(@1)x - sin(xs) + Pa_3(@y)y - cos(oc,)| - |P4—3(p )|’ (30)
0

where o4 — the angle between the shoulders of rockers 17 and 22.
We determine the radius vector of the kinematic pair Ps, which depends on the angle of
rotation of the main shaft 1, as the sum of the vectors P7 and P7.s:

Pg(@1) = P; + P;_g(¢4) . (1)
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We define the auxiliary variable vector P;.s, which depends on the angle of rotation of
the main shaft 1, as the difference of two radius vectors Ps and P;o:

P1o—_g(®1) = Pg(®1) — Pip . (32)

We determine the auxiliary variable angle a5 between the vectors Pjo-s and Pjg-9, which
depends on the angle of rotation of the main shaft 1:

|P10—8(¢1)|2+|P10_9|2_lps_glz) . (33)

o = aT'CCOS(
5 ((01) 2:|P1o-g(@1)|-|P1o—9l

We determine the link vector rocker arm Pj¢-9, which depends on the angle of rotation
of the main shaft 1:

Pio—g(@1)x - cos(xs) — Pyg_g(¢1)y * sin(xs)

) |P1o—ol
Pyo—9(p1) = Pio—g(@1)x * sin(xs) + Pyg_g(¢1)y - cos(xs) 'm'
0
(34)

We determine the radius vector of the kinematic pair Py, which depends on the angle of
rotation of the main shaft 1, as the sum of the vectors P9 and P;o.9:

Py(@1) = Pig + Pro—o(@1) . (35)

We define the link vector of the connecting rod Ps.o, which depends on the angle of
rotation of the main shaft 1, as the difference of two radius vectors Py and Ps:

Pg_o(@1) = Py(1) — Pg(@1) . (36)

We determine the vector link of the second rocker arm Py.;;, which depends on the angle
of rotation of the main shaft 1:

Pio—o(®1)x - c0s(Xg) — P1g_o(®1)y - sin(x)

) [Po_11]
Py_11(¢1) = |Pyy_o(p1)x - sin(g) + Pyg_o(@1)y - cos(Xg)] - m )
0
(37)

where a5 — angle between arms of rockers 25 and 26.
We determine the radius vector of the kinematic pair P;;, which depends on the angle
of rotation of the main shaft 1 and determines the position of the working point of the looper
27, as the sum of the vectors Py and Po.;;:

P11(@1) = Po(@1) + Po_11(1) . (38)

According to the obtained values of the radius vectors of the characteristic points of the
needle and looper mechanisms P[, Pz, P3,P4, P5, Pg, P7, Pg, P9, P]o, P[[, P12, P13, P14, P15, P16,
Pz, P1s, P1o, p2o graphs of the visualization of the kinematic scheme of the spatial mechanisms
of the needle and loopers (Fig. 4, Fig. 5, Fig. 6), graphs of the trajectories of the characteristic
points of the working organs of the needle — P2y, loopers Ps and P;; (Fig. 7), graphs of the
dependence of absolute displacements were built in Mathcad as well as characteristic points
P, Psand P;; (Fig. 8).
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<041
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Fig. 4. Visualization graph of the Fig. 5. Visualization graph of the
kinematic scheme of the spatial mechanisms of  spatial mechanism of the sewing machine
the needle and loopers, combined with the needle, combined with the trajectories of
trajectories of the characteristic points of the  the characteristic points of the mechanism
mechanisms in Mathcad in Mathcad

Fig. 6. Visualization graph of the spatial mechanism of the sewing machine loopers,
combined with the trajectories of the characteristic points of the mechanism in Mathcad
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Fig. 7. Graphs of the trajectories of the characteristic points of the working bodies of the
spatial mechanisms of the needle and loopers of the sewing machine in Mathcad

20 T T T T T T T T T

10

Movement
(=]

- 10

-20
Angle of rotation of the main shaft
Fig. 8. Graphs of movements of the characteristic points of the working bodies of the
spatial mechanisms of the needle and loopers of the sewing machine depending on the angle
of rotation of the crank in Mathcad

Calculations were made for all links of the spatial mechanisms of the sewing machine
under consideration. The obtained results make it possible to more accurately assess the
performance of the mechanisms, identify inertial loads based on the values of maximum
accelerations to identify possible structural violations during the design of new and research of
existing sewing machine mechanisms.

Conclusion

The obtained results make it possible to effectively use the developed analytical
dependencies for more accurate modeling of the movement characteristics of the spatial
mechanisms of sewing machines. It is advisable to use the proposed approach in studies of the
kinematics of spatial mechanisms of sewing machines.

The calculation given in the paper makes it possible to carry out mathematical modeling
of spatial mechanisms of sewing machines using CAE-programs, for example, Mathcad, which
is an effective tool for designing and researching modern high-speed sewing machines.
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