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I Introduction

The analysis presented below is a devel-
opment and continuation of the patented
concept [1] of manufacturing a 3D spa-
tial knitted fabric. Due to the fact that
the solution is highly innovative [2, 3],
there is a lack of literature on the subject,
apart from a reference to distance knitted
fabrics [S]. Currently simulation studies
are being performed, the results of which
will be used to construct an experimen-
tal stand, and next a prototype of a warp
knitting machine [4]. Current research
tests focus on determining mechanical
parameters of the drive (force and power)
and also technological strength param-
eters - forces occurring in warp threads
of the inner layer of a knitted fabric. In
the first variant, the simplest possible
geometrical form of the product was se-
lected, i.e. a knitted fabric of rectangular
cross-section square (see Figure I).

The knitted fabric is constructed from
two pairs of side walls arranged opposite
each other and a filling connecting them.
A computer model of the machine form-
ing the structure adopted was construct-
ed. The model takes into account two
basic technological zones of the ma-
chine, i.e. knitting and feeding zones.
Looking further ahead, this model will
be expanded to a collecting zone, which
at the current stage of the analysis has
been deliberately omitted. In compari-
son to a knitting machine forming a flat
knitted fabric, the fundamental difference
in the structure is the presence of addi-
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tional needle bars of the filling, leading
threads of the inner layer of a 3D knitted
fabric. The guides of these needle bars
move between the side walls of the knit-
ted fabric. A warp thread led connects the
opposite side walls and fills the space be-
tween them. Forming an internal spatial
structure in two orthogonal directions of
the threadconfiguration is a fundamental
novelty with respect to distance knitted
fabrics [5]. Also compared to the classic
warp knitting machine, the far greater
(due to filling a knitted fabric volume)
consumption of warp thread per one cy-
cle imposes the necessity of a thorough
analysis of its load.

Preliminary assumptions accepted re-
garding the geometric dimensions and
kinematics enable to state that the move-
ment of guide needle bars of the filling
and its synchronisation with the move-
ment of other elements will probably
have the greatest impact on the efficiency
of the warp knitting machine and its per-
formance [3, 4]. For this reason it is ex-
pedient to conduct simulation dynamic
tests of these knitting elements first, be-
fore performing the next tests planned.

Geometric-kinematic model of
feeding and knitting zones of a
3D warp knitting machine

In Figure 2.b (see page 128), directions
“I""and “II” refer to the planes - sections
adopted, in which, from a technological
point of view, the process of knitting the
walls and links of the filling looks identi-
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Figure 1. 3D knitted fabric of open struc-
ture [1]: 1 —side walls 2 - filling, not closed

from the top and bottom.

cal, however it is shifted in time by half
a cycle. The formation of two opposing
sides of a 3D knitted fabric and their links
— the filling, separately in plane “I” or
“II" is performed similarly to the method
of creating a three-layer distance knitted
fabric [S]. The combination of using this
method simultaneously in two perpendic-
ular planes enables to form a spatial struc-
ture, which in this case consists of four
identical walls connected with each other
with the links’ loops of the filling. In each
plane “7” and “II” the knitting elements
are two needle bars (3), two sinker bars
(4), two guide needle bars of the walls
(2) and one guide needle bar of the filling
(1). Sliders of the needle bars (1) move
along the guide rails (5) over a distance
of 120 mm (maximum over 160 mm
- cross section dimensions of a knit-
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Figure 2. Geometric-kinematic model of a 3D warp knitting machine: a) — feeding zone (only elements present in ‘I’ plane are shown,
Z1 — beam, Z2 — whip roll), b) — knitting zone (without drive, 1 - guide needle bars of the filling, 2 — guide needle bars of the walls,
3 —needle bar, 4 — sinker bar, 5 — guide rail of guide needle bars of the filling, 6 — body).

ted fabric). The dynamics of the move-
ment of the guide needle bars (1), with a
shift several times greater than a typical
shift of other knitting elements (2, 3, 4),
generates the main constraints in con-
struction and speed. The times of shifts
adopted in the analysis correspond to an
average capability of 300 cycles/min,
and will be optimised in the following
stages.

Dynamic model of the feeding
system of guide needle bars of
the filling

In Figure 3, a dynamic model of the
feeding system of a guide needle bar of
the filling is presented. The model con-
sists of four basic elements: a slider with
a guide needle bar (1), moving along
the guide rail ((5) on Figure 2.b), warp
threads (2) between the warp beam and
the edge of the knitted fabric (Z axis
line), rotary-tilting whip roll (3), and
warp beam (4). In its structure the model
is similar to those known from literature
[6, 11]. The main difference is the pres-
ence of a slider with a guide needle bar,
which performs horizontal to-and-fro
movement of shift “x”.

Figure 3. Dynamic model of the feeding system of a guide needle bar of the filling; ,,x"- L .

shift of the slider, v — momentary speed of the slider, mg — mass of the slider with a guide ~ Parameters of rigidity and damping were
neleldle bar, kl_ rigidity of warg, c ;l damZing coefficient of warp, k) Z rigZdity OZJI( the whip  introduced in the model, including the
roll, — angle of rotation of the whip roll, J,,— moment of inertia of the whip roll, ¢, — an- . .

gle o(promtiégn ofJ;he beam, .;n - moment of inpertia of the bj;am, R, —fmdius of the bfam, H, rheologlca?l proPeﬂles of warp threads
— braking force, N, S}, S» — forces in the warp, T — frictional force slider-guide, F — driving and mass in motion. A warp thread in the
force of the slider. model is treated as weightless. A parallel
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connection of the damping section and
rigidity was proposed as a rheological
model of a stretched warp thread (Kelvin
- Voigt model) [8].

The driving force F, of required maxi-

mum values and nature of instantaneous

changes, performs the kinematics of the

slider (1) movement assumed at a speed v

and forward and backward shift “x”, with

needle bars leading the warp threads (2).

A summary of tensions of all 48 threads

(which, in the Figure, are presented as

a single line for a clear view) drawn-in

through the guide needle bar is given as

follows:

N — in section between the edge of the
knitted fabric (line of the beginning
of the cycle, overlaying the Z axis in
the Figure) and guide needle bar,

S1 — in section between the beam and
whip roll,

$2 — in section between the whip roll and
guide needle bar.Resistance to the
movement of the slider with a guide
needle bar and the driving force F is
a variable in the time resultant force,
which is a sum of:

the frictional force T in the guide
rail (resulting from the summary
pressure from external forces
loading the slider),

warp tension N - parallel to the
direction of movement X,

S,x force - projected in the direc-
tion of X of the variable (also in
the angle of operation) tension S>
dynamic forces of the masses in
motion (mass of the slider with a
guide needle bar and a movable
part of the driving actuator).

All the forces included in the model act
within the plane X-Y (corresponding
to the technological plane designated
as “I” in the description in the chapter
‘Geometric-kinematic model of feeding
and knitting zones of a 3D warp knitting
machine’.

At the time of the forward and then
backward shift of the slider with a guide
needle bar, warp threads are arranged
between the walls of the knitted fabric,
forming its filling. Associated with these
temporary changes in the length of the
individual sections of warp thread are
compensations in the form of a deflec-
tion of the whip-roll. After crossing the
boundary value of thread tension (set by
the brake of the beam), the warp thread
unwinds in an amount corresponding to
a longer period of time to the length of
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thread knitted-in the knitted fabric. In
this model the rotation of the beam of
angle ¢, corresponds to this quantity in
a short period of time. The rheology of
the threads are defined by their rigidity &
and damping coefficient ¢ [10, 12]. The
damping of the beam was omitted as
practically non-existent, and the beam
arm was assumed to be rigid, with a ro-
tational fastening of torsional rigidity k.

The predetermined distance and speed in
the phases of the slider’s movement for-
ward, backwards, and stopping are pre-
sented in Figure 4.

For the elements of the model of the
beam, whip roll and slider, the equations
of movement can be written as (1, 2, 3):

@, My =M, @)
J,p,* M, =M, 2)
mi+N+S, +T=F, (3

Forces in the threads are described by de-
pendencies (4):

S, =8,e", N =8, 4)

where,

M,,, - braking torque of the beam (main-
ly of force H,, but also of force §;
and weight of the beam),

M, - moment of warp thread tension
causing a rotation of the beam (of
force S)),

M, - moment of torsional rigidity of the
whip roll (of the angle of inclina-
tion @),

M,, - moment of warp thread tension
causing a movement of the whip
roll (of forces S; and S5),

Sy - S, force projection in direction of
slider movement x.

The relationship between the values oc-
curring in Equations 1 - 3 result from the
dynamic model shown in Figure 3, by
adopting specific values of rheological
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parameters of the thread. Threads in the
model are the elements linking the beam,
whip roll and slider.

It was assumed that the cycle of move-
ment of the guide needle bar includes a
forward shift, transient stop and return
to the starting position (Figure 4). The
times of forward and backward shifts
are approximately equal to each other,
7=0.1, 0.05 & 0.03 s in three time tri-
als, while the time of the transient stop
is, for technological reasons (forming a
loop, side laps of needle bars), always the
same and equal to 0.1s. The cycle time is
equal to 0.3, 0.2, & 0.16 s, respectively.

The following values of model param-

eters were adopted [6, 10, 11, 14]:
rigidity of the whip roll k, = 0.03 -
0.2 Nm/deg,
warp rigidity £ = 8 — 300 kN/m (up-
per values correspond to the technical
yarns),
damping coefficient of warp thread
cp=10.2 —20 kNs/m,
friction coefficient between the slider
and guide rail « = 0.04 - 0.30,
friction coefficient of a warp thread on
the whip roll and of a warp thread in
the needle bar eyelet xy = 0.08 - 0.30,
friction coefficient of the beam reel
1, =0.15,
mass of the slider with a needle bar
guide and movable part of the actuator
my=10.6 - 1.8 kg,
mass of whip roll m, = 0.018 -
0.176 kg,
mass of beam m,;: 0.1 — 0.5 kg,
shift of slider 60, 120 (basic), 180 mm,
initial tension of warp thread Sp: 10 N
(20 cN per 1 thread) — 80 N (160 cN),
angle of wrapping whip roll with warp
thread o1 = 30°,
angle of wrapping needle bar eyelet
with warp thread a,=180°,
radius of beam Rn =0.08 m - 0.03 m.

0500 0.1 0. 3

-1.5 1
2 b)

Figure 4. Predetermined distance (a) and speed (b) of the slider with a guide needle bar.
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I Results of simulation tests

Instantaneous values of moments and
forces according to dependencies (1 - 4)
were obtained using the dynamic simula-
tion module of Autodesk Inventor soft-
ware. Exemplary results are presented in
the following Figures.

Figure 5 shows the characteristics of
forces acting on the slider according to
Equation 3. For a time of shift 7= 0.1 s
(Figure 5.a), the forces that significantly
and comparably act against the move-
ment of the slider are the following: a
load with warp thread from the edge of
the knitted fabric N and frictional force of
the slider on the guide rail 7. To a lesser
degree the load is composed of a com-
ponent in the X direction of warp thread
tension from the whip roll side S»y. From
the angle of the technological inclina-
tion of the thread (S, deviation in regard
to Y - Figure 3), it results that this force
is directed opposite to the X-axis in both
phases of the movement, both forwards
and backwards, which means that in
the phase of the return movement of the
slider, when the sense of F is reversed, it
becomes a driving component.

With the shortest (analyzed) time of a
shift 7= 0.03 s (Figure 5.b), the share of
the resisting forces associated with the
influence of the warp thread on the slider
(technological resistance) in relation
to the driving force clearly decreased,
which indicates the dominance of dy-
namic forces.

Figure 6 presents instantaneous values of
the moments of the beam Mn and whip
roll M), in the same variants of the long-
est and shortest time of the shift ana-
lysed. The characteristics of moments
are shown in relation to an increase in
the beam twist angle ¢,. Momentary
drops in warp thread tension at turning
points of the shift, visible for small val-
ues of 7 (Figure 6.b), are caused by the
inertia of the beam in the moments of its
movement (starting and stopping), in re-
sponse to crossing the boundary values
of thread tension adjusted with a brake.
These changes are suppressed in the warp
thread and practically do not transfer to
the slider (Figure 5.b). It means that in
the model constructed, the beam acts to-
wards the drive as an immobile point of
thread fastening, which is also consistent
with the assumptions of some of the simi-
lar models known from the literature [6]

130

250
200 1
150 1
100 1 g
50 {p—"_-

F; N; T; S, N

501
-100
-150 /°

-200 - ts
a)

(=
§=3
S
/
/

o
e
|

o

800 T N

600 —F S,
400
200

==

po/ 005 010 e
2001 \
-400 /

600 {/
-800 ts

F; N; T; S, N
OO

b)

Figure 5. Characteristics of forces loading the slider of a guide needle bar: driving force F
and resistant forces N, T, S3: a) time of shifi t = 0.1 s (cycle time 0.3 s), k, = 0.03 Nm/deg,
k=8 Nimm, x =120 mm, b) time of shift t = 0.03 s (cycle time 0.16 s), k,= 0.2 Nm/deg,

k=200 kN/m, x =120 mm.
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Figure 6. Characteristics of moments of warp tensions for the beam M,, and whip roll M,
a) time of shift t = 0.1 s, b) time of shift t = 0.03 s.

describing the dynamics of the feeding
system at short intervals of time.

A slight response of the whip roll (Fig-
ure 6.b), however, results from the geom-
etry of the warp thread (smaller angle of
wrapping) near the turning point of the
slider.

Due to the proper selection of the driving
actuator, the value of force F in relation
to the speed of movement of the slider is
important [7, 9, 13, 16]. Figure 7 shows
characteristics of the driving force F in a
single cycle of slider movement in terms
of phase, at different times of shift z. Dif-
ferences between the shapes of the loop
corresponding to the slider shifts forward
and backward can be seen, wherein they
are greater for a longer time and decrease
with a decrease in time. This indicates the
decreasing effect of technological resist-
ance in relation to the dynamic forces.
The maximum values of the driving force
F are similar for the forward and back-
ward movement in each case of time 7.
As a result of the impact of the inertial
force, the peak value of the driving force
increases from 220 N in the first variant
to 700 N in the third with a decrease in
the time of the shift. The characteristics

also show that for the case of a short time
7=0.05 s and even more so for the short-
est time 7= 0.03 s, the force F changes
its sense before reaching the end value of
the shift range. This applies to both for-
ward and backward movements.

The instantaneous demand of the slider
system on the driving power P was calcu-
lated as a product of instantaneous values
of the driving force and the speed of the
slider:

P=Fv (5)

Characteristics of instantaneous values of
power P as a function of time are shown
in Figure 8. With a double decrease in
the time of a shift, the peak value of the
driving power increases three times. For
a longer time 7 = 0.1 s in the braking
phase, the power decreases, while for a
short time, and especially for the short-
est time analysed, the braking involves a
change in the sense of the driving force
to the opposite one before reaching the
turning point.

Similar simulations to those in Figures 6
and 7 were repeated several times, each
time changing another dynamic param-
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Figure 7. Instantaneous values of the driving force F as a function of the slider speed, times of shifis: a) t=0.15,b) 1= 0.05s,c)t=0.03s;

ky= 0.2 Nm/deg, k = 200 kN/m.
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eter. Summary results of the analysis car-
ried out under varying dynamic condi-
tions are presented in the graphs grouped
in Figures 9 and 10, which describe only
those parameters whose influence was
considered significant. Thus, for exam-
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ple, with respect to the beam, only the
effect of changes in its radius is given.

Figure 9 shows a graphs of the warp
thread load under variable dynamic con-
ditions. Figures 9.a, 9.b & 9.c show the

Som; Sp, N
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b) ky (x=0.05 5, k = 200 kN/m,
w=0.14-0.08 uy=02-0.17,
=0.12 m, ¢y = 200 Ns/m)

100
80
60

Som, N

40
20

10 20 30 40 50 60
So, N

o +

e) Sy (t=0.05s, k=200 kN/m,

kp =0.05 Nm/deg, X = 0.12 m,

w=0.14-0.08 puy=0.2-0.17,
co = 200 Ns/m)

influence of the mass and rigidity of the
whip roll and of a shift on the value of
the maximum load of the warp thread
Som- This load increases linearly with a
decrease in the mass of the whip roll and
an increase in its rigidity, and nonlinearly
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Figure 9. Maximum warp tension S,
and initial tension Sy as a function of
the slider as a function of different dy-
namic parameters.
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Figure 10. Peak values of force F
(Fm) and driving power P (Pm) of
the slider as a function of different dy-
namic parameters.

1 =0.17-0.08 uy=02-0.17, 5= 15N)

with an increase in the shift of the slider.
The load of warp thread decreases (Fig-
ure 9.d) with an increase in the radius and
mass of the beam associated, at a con-
stant braking torque. It is advantageous
from the point of view of the warp load
to reduce the initial tension as shown in
Figure 9.e. A noticeable influence of oth-
er parameters analysed (z, u, uo, k) on the
force S is not observed. The influence of
various dynamic parameters sequentially
introduced (in chapter Dynamic model of
the feeding system of guide needle bars
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of the filling) on the maximum instanta-
neous values of the power P of the drive
and driving force F was analysed. The
test results are shown in Figure 10.

Figure 10.a presents the influence of
the time of the shift. When decreasing
the time of the shift below 7= 0.1 s, an
adverse effect of the inertial force is re-
vealed. Both the values of the force and
power of the slider drive increase, and
for the shift time 7 = 0.03 s these val-
ues increased several times (e.g. values

of the power increased eight times).
A similar effect is caused by increasing
the range of the shift x with the same
time 7, as shown in Figure 10.b. For the
basic shift of 120 mm, the peak value of
power is 600 W. The following figures
show the influence of the rigidity of the
whip roll (Figure 10.c) and warp thread
(Figure 10.d). A reduction in the rigidity
of the whip roll is advantageous for the
dynamic load of the warp thread, which
translates into the load of the slider dur-
ing the movement, thus reducing the
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Table 1. Average values.

0.14 - 0.08
0.11

Hmax -~ Mmin 0.04
Hay 0.04

value of the force and driving power. In
contrast, an increase in the rigidity of
the warp thread within the range from
50 N/mm up to 300 N/mm (technical
yarns) does not give a noticeable increase
in the driving force and power. Results
of the analysis of frictional properties of
yarns and machine components are pre-
sented. The influence of average values of
the friction coefficient for configuration
yarn-metal and metal-metal are shown in
the graphs (Figure 10.e and 10.f). Values
of the friction coefficient of warp thread
in the guide needle bar eyelets result
from the literature data available [12, 15]
and were adopted as values irrespective
of the velocity. Values of friction coef-
ficients of the slider-guide were adopted
within the ranges. A change from static
to kinematic friction is associated with a
decrease in its value along with increas-
ing speed [17]. The ranges corresponding
to average values were adopted for the
analysis, as given in Table 1.

The influence of mass changes was ana-
lysed for both the slider and whip roll,
which in practice involves the use of dif-
ferent materials for these elements and
slightly different shapes. The impact of
the slider mass proved to be significant
(Figure 10.g), while that of the whip roll
mass (Figure 10.h) is small. The next
graph (Figure 10.i) shows that, as ex-
pected, an increase in the initial tension of
warp thread S, leads to an increase in the
force F and power P of the drive, while
a six-fold increase in S, corresponds to
a two-fold increase in the driving power
of the characteristics similar to linear.
Figure 10.j shows that (as in the case
of the warp thread rigidity) the damping
coefficient of warp thread, characterising
a particular yarn, is relevant only within
the range of small values of up to approx.
300 Ns/m. Its further growth, even ten-
fold, does not affect the value of the force
and power of the drive. The final input
quantity, the impact of which was tested,
is the radius of the beam. Assuming a
constant braking torque (set), along with
a decrease in the radius of the beam, the
warp thread tension increases as well as
the technological resistance of the slider,
the consequence of which is an increase
in the parameters of the drive, as present-
ed in Figure 10.k.

Determination of the characteristics of
the power and forces for certain times of
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0.2-0.12
0.16

0.24 - 0.16
0.20

0.3-0.2
0.25

shifts of the slider with a needle bar guide
enables to select pneumatic or electric
actuators with optimal fit. The peak val-
ues of power and speed of the slider are
the output parameters for selection of the
driving actuator [9, 13]. For example,
for time 7 equal to 0.1, 0.05 & 0.03 s the
power is 250, 700 and 2200 W, respec-
tively. These values are at a similar level
for both warp threads made from classic
yarns of smaller rigidity and - which is
worth emphasising — made from technical
yarns, of a rigidity several times larger.

M Conclusions

1. The main resistant forces of a slider with
a guide needle bar are technological re-
sistances for shift times within the range:
0.1-0.05s.

2. The resistant forces of the slider are
small compared to its dynamic forces for
the time of the shift within the range 0.03
-0.05s.

3. At the same time, for a range of shorter
times of the shift, with a gradual decrease
in time, the instantaneous driving power
increases exponentially up to approx. 2
kW.

4. The immediate effect of reducing the time
of the shift is also a gradual increase in
the similarity of phase characteristics of
the slider’s movement forward and back-
ward.

5. The beneficial effect on the load of warp
thread and technological resistance of
the slider is shown by a reduction in the
rigidity of the whip roll and initial tension
of the warp thread.

6. An increase in the rigidity of the warp
thread above 50 kN/m (for technical
yarns) does not increase the load and
driving force.

7. The system can be modelled, for short
times of shifts, omitting the impact of in-
ertia of the beam and replacing it with an
immobile point of warp thread fastening.

8. A five-fold reduction in the coefficient of
friction between the slider and guide rail
reduces the force and driving power by
approx. 30%.

9. An increase in the beam radius, assum-
ing a constant braking moment, has a
beneficial effect on the parameters of the
drive and load of the warp thread.
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