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Abstract
A model of the beating-up force of a weft thread in a weaving loom was developed on the 
basis of the shed geometry. A dynamic model of the process of thickening weft threads 
was built and a multi-parameter simulation of vibratory thickening was performed. The 
effect of the dynamic parameters of the vibratory motion of the reed on the improvement in 
technological parameters of weaving was tested. The energy of vibratory beating-up was 
determined on the basis of the results of the simulations performed.
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woven fabric from both zones, equal to 
the displacement of the reed y, is done 
with the same resistance force of the reed 
load on a weft thread. Therefore both of 
the zones create a serial configuration 
with two degrees of freedom.

21 yyy +=                       (1)

As shown in Figure 2.a, the contact 
distance y1max between the newly intro-

sometimes limited by the strength of 
warp threads [4, 6, 9]. These tightly wo-
ven fabrics are often made ​​of yarns of a 
high coefficient of friction, and of those 
in which  increased adhesion occurs [1, 
4], such as carpet fabrics and some  tech-
nical fabrics. From a technical point of 
view, it is important to obtain high den-
sities in a fabric with a relatively small 
beating-up force. The influence of the vi-
bratory motion of a reed on the efficiency 
and dynamics of the thickening process 
is the subject of  numerical analysis in 
this paper.

	 Modelling the resistance to 
the movement of weft threads 
on warp threads during the 
thickening process

During the process of thickening a wo-
ven fabric, the beating-up force Qd was 
identified as that of the reed acting on  
weft thread moving towards the warp 
thread. In this process, there are two 
zones of interactions. The first one is 
the movement of a weft thread towards 
the warp threads y1. The second one is 
the movement of the edge of the woven 
fabric within the elasticity of the configu-
ration: woven fabric-warp threads y2. A 
summary displacement of the edge of the 

n	 Introduction
The concept of a slay mechanism for a 
weaving loom with a flexible reed is not 
novel. The literature available presents 
specific constructional solutions, for ex-
ample, the one shown in Figure 1. If a 
periodically variable exciting force acts 
in the area of the upper back of the reed, 
the mechanism is known as a vibratory  
slay mechanism. With the accurate fre-
quency of changes in the values of the 
exciting force, the reed in the mechanism 
vibrates in   resonance.

The vibratory slay mechanism is ap-
plied in the production of woven fabrics 
whose thickening, commonly known as 
beating-up, requires considerable force, 

Figure 1. Slay mechanism with a flexible 
reed [10]

Figure 2. a) Geometry of the movement of a weft thread towards the warp threads, b) distribution of forces in a weft thread.

a) b)
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of  the  Qd/F1 course within the range of 
smaller pitches is similar. The difference 
mainly relates to the range of the con-
tact area  of the weft thread  and  warp 
threads,  resulting from the different dis-
tances of y1max.

It was assumed that the warp threads 
and  woven fabric create a parallel con-
figuration of two rigidities and damping 
[7, 8]. The configuration is shown sche-
matically in Figure 4 where: ko, kt –ri-
gidity of warp threads, woven fabric; co, 
ct - damping coefficient of warp threads, 
woven fabric. Taking into consideration 
the diagram, the force of the reed acting 
on the weft thread is the following:

( ) ( )totod ccykkyyQ +⋅++⋅= 222 )(    (6)

The force in  warp threads in the front 
part of the shed F1 is the sum of the pre-
tension of the warp threads’ Q0 force re-
sulting from the rigidity of the warp and  
that resulting from the rheology of the 
warp threads [7, 8].
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Taking into account Equations 1, 4, 6 and 
7, a system of four equations with four 
unknowns Qd, F1, y1, y2 was obtained. 
Two of the equations are  differential , in 
which the unknowns are in the form of 
derivatives over time. A numerical solu-
tion of the configuration was obtained by 
means of a dynamic model, described in 
the next subchapter.

duced weft thread with the warp threads 
and the weft thread previously introduced 
is the theoretical maximum path of a weft 
thread on the warp threads. Of course, the 
actual displacement  of the weft thread 
during the thickening process is smaller 
due to the pitch of weft threads in a wo-
ven fabric. From the geometry shown in 
Figure 2.a, the following dependencies 
arise:

αtg
dy =max1 ,
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where: d-diameter of the warp and weft 
threads, t-momentary pitch of weft 
threads in a woven fabric. The distribu-
tion of forces on the weft thread (Fig-
ure  2.b) result from the following de-
pendency:
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where: µ - coefficient of friction of warp 
threads – weft thread; Qs - adhesion force 
between the warp and weft threads [4] 
(assumed Qs = const). Finally it was as-
sumed that:
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The solution of Equation 4 as a ratio of 
the momentary beating-up force and  ten-
sion of the warp threads as a function of 
the relative pitch is shown in Figure 3. 
On the basis of Figure 2.a, the relative 
pitch is in a relation to the movement of  
warp threads:
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On the basis of the dependency Qd/F1, it 
was found that this ratio depends mainly 
on the geometry of the shed and  momen-
tary position of the weft thread towards  
warp threads, while to a lesser degree 
on the frictional properties of  warp and 
weft threads. When changing the angle of 
the front side of the shed, the character 
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Figure 3. Ratio of the momentary beating-up force and the tension of the warp threads as a function of the momentary relative pitch: a) for 
various coefficients of friction between the threads (α = 4º), b)  for various initial angles of the front side of the shed (µ = 0.4), Qs/F1 = 0.01.

Figure 4. Parallel configuration – elasticity zone of warp thread-woven fabric configura-
tion. 
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	 Description of the numerical 
simulation model of thickening

Simulations of the process of thickening 
the weft threads with both  rigid and vi-
brating reeds were performed using the 
dynamic simulation module of Inventor 
2009 software [2]. The module uses the 
ANSYS WORKBENCH program and it 
is used for  numerical simulation of the 
dynamics of assemblies of the rigid parts 
loaded with generalised forces and vary-
ing in time. The simulation model of the 
thickening zone developed, shown sche-
matically in Figure 5, assumed two zones 
of interactions described previously.

The first zone, the movement of a weft 
thread on the warp threads, was defined 
as a sliding joint between units mw and 
mzt. The movement is accompanied by 
the beating-up force Qd, described by 
equation (4) and warp tension force F1, 
whose momentary values are determined 
by the program on the basis of equation 
(7). The second zone, the movement of 
the edge of the woven fabric, was defined 

as a sliding joint between the mzt unit and 
the loom frame. This movement takes 
place under  conditions of the rigidity of 
the configuration: warp threads-woven 
fabric ko + kt and resistance related to 
the rheology of threads co + ct, according 
to equation (6). Between the weft thread 
and  reed there is a joint of a 3D contact 
type,  characterised by rigidity k3D and 
damping coefficient C3D. The sinusoidal 
kinematically forced rotation of a slay of 
mass mb, towards the axis connected to 
the loom frame was assumed. This move-
ment, ϕb,  refers to  half of the working 
cycle of the slay. The rotating joint is pro-
vided between the reed and  slay at the 
lower back of the reed, characterised by 
an angular rigidity kw and angular damp-
ing of coefficient cw. It models the real 
possibility of bending the reed in order to 
conduct vibratory motion.

The vibratory thickening of weft threads 
was simulated in two variants of imple-
menting the vibratory motion of a reed: 
dynamic and kinematic. The variant with 
a dynamic excitation assumed a sinusoi-

dal variable force Pw, applied around the 
upper back of a reed. This force, of  spe-
cific frequency, leads to a resonant char-
acter of the vibratory motion of the reed 
[4, 6]. The courses of reed movement 
towards the slay simulated, with both a 
rigid and vibrating reed, are presented in 
Figure 6 (see page 62). The courses show 
a decrease in the amplitude of vibratory 
motion of the reed during the beating-up 
phase, which is caused by an increase in 
damping in this area.

The second variant of excitation assumed 
a kinematic implementation of a sinusoi-
dally variable vibration of the reed, with-
out force excitation. In this case the dy-
namics of vibration of the reed is not dis-
cussed. In the assumptions, the configura-
tion did not work in resonance conditions, 
which enabled to assess the influence of 
the frequency of the vibrating motion of 
the reed, or the number of strokes of the 
reed during the beating-up, on the effec-
tiveness of vibratory beating-up.

 

 
 
 
 
 
 
 
 
kw- rigidity of rotating joint slay-reed, 
k3D- rigidity of contact joint, 
cw- damping coefficient of rotating joint slay-reed, 
c3D- damping coefficient of contact joint, 
Pw- excitation force of vibratory motion of a reed, 
mzt- substitute mass of woven fabric, 
mw- mass of weft, 
mp- mass of reed, 
mb- mass of slay, 
ϕb- slay rotation angle, 
ϕw- reed rotation angle towards slay, 
 

 

Figure 5. Model of thickening the weft threads with a dynamic excitation of reed motion.

Contact joint 3D,
k3D, c3D
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	 Simulation analysis of the 
influence of reed vibration on 
the efficiency of thickening the 
woven fabric

The influence of the dynamic param-
eters of the vibratory motion of a reed 
on the effectiveness of thickening  weft 
threads was analysed. The efficiency of 
thickening was defined  by reaching the 
highest possible density of wefts, with a 
minimum dynamic load of  warp threads 
by means of the beating-up force [5, 9]. 
Based on the dynamic model developed, 
simulations of the thickening cycle of 
weft threads were performed, succes-
sively changing the parameters of the 
reed’s vibratory motion. The simulation 
was carried out for a frequency of slay 
movement fb = 10 Hz, which corresponds 
to the efficiency of modern looms. The 
resonant frequency of the reed vibra-
tory motion was equal to fw = 400 Hz. 
Exemplary courses of the momentary 
dynamic load of the warp threads with a 
beating-up force and  corresponding dis-

placements of a weft thread towards the 
warp threads in  conditions of different 
values of the excitation force amplitude 
are shown in Figure 7.

Based on the results of the simulations  
performed, a decrease in the maximum 
dynamic load of the warp threads with a 
beating-up force was noted, along with 
an increase in the value of the dynamic 
parameters: the amplitude of the excita-
tion force, as well as the amplitude and 
frequency of the vibratory motion of the 
reed. Simulation results in terms of per-
centage reduction of the beating-up force 
are presented in the form of graphs in 
Figure 8. A significant reduction in the 
load of warp threads was observed for 
large values ​​of the amplitude of the force 
exciting the vibratory motion of the reed 
(P = 20 N) or the amplitudes of  reed mo-
tion within the range Y = 0.4 - 0.6 mm. 
The reduction in the warp threads’ load 
was positively affected by the upper 
range of frequency of the vibratory mo-
tion of the reed (fw = 600 - 800 Hz). It 

was noted that thickening with a vibrat-
ing reed can diminish the load of the 
warp  by even 30%.

In the next stage of the study,  simulations 
of the thickening cycle with the use of a 
rigid reed and one vibrating at a constant 
maximum dynamic load of the warp were 
performed. The simulations were carried 
out under  conditions of different values 
of the following parameters: the ampli-
tude of the exciting force, amplitude of 
the vibratory motion of the reed and the 
frequency of the vibratory motion of the 
reed. Exemplary courses of momentary 
displacement of the weft thread towards  
the warp threads and the corresponding 
dynamic load of the warp threads under  
conditions of different amplitudes of the 
exciting force are shown in Figure 9.

On the basis of the results obtained, it 
was found that the maximum displace-
ment of weft a thread on the warp threads 
increased, rising with an increase in  val-
ues of the parameters of the dynamic 

Figure 8. Relative decrease in the values of the dynamic load of warp threads with a constant thickening of woven fabric  produced using 
a vibrating reed, excited: a) in a dynamic way with a variable force of different amplitude, b) in a kinematic way with a variable motion of 
different amplitude (fw = 400 Hz), c) in a kinematic way with a variable motion of different frequency (Y = 0.3 mm).

Figure 6. Momentary displacement of the reed towards the slay at 
the height of the woven fabric’s edge, excited with a variable force 
of different amplitude. 

Figure 7. Momentary beating-up forces of five warp threads and 
the displacements of a weft thread on warp threads during the cycle 
of thickening the wefts with a rigid and vibrating reed excited dy-
namically with a variable force of different amplitude. 

a) b) c)
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vibratory motion of the reed analysed:  
amplitude of the exciting force, as well 
as the amplitude and frequency of the vi-
bratory motion of the reed. The thicken-
ing of weft threads in the woven fabric 
produced depends on the value of the 
displacement of the weft thread on the 
warp threads obtained, according to the 
relationship:

1max1 yy
L

t
LZ

−
==               (8)

where: Z - thickening, L - length of the 
section tested (assumed L = 10 mm).

Results of the simulation performed are 
shown in the form of  graphs in Fig-
ure 10.

On the basis of the graphs, a significant 
increase in the thickening of weft threads 
for relatively high amplitudes of the ex-
citation force of the reed’s vibratory mo-
tion (P = 20 N) and high amplitudes of 
the reed motion (Y = 0.4 - 0.6 mm) were 
noted. The improvement in the thicken-
ing of weft threads obtained was influ-
enced by the upper range of the frequen-
cies of the vibratory motion analysed  
(f = 600 - 800 Hz). Finally it was found 
that thickening with a vibratory reed ena-
bles to increase the thickening of weft 
threads by even 30%, without increasing 
the load of the warp threads.

	 Energy balance and  demand 
for power during  thickening 
with a vibrating reed

One of the main technical parameters 
characterising the thickening of a woven 
fabric with a vibratory reed is the energy 
of beating-up the weft threads and mo-
mentary demand for power during the 
beating-up process. Unlike  thickening 

with a rigid reed, in which a slay is the 
only source of power, during  thickening 
with a vibrating reed beside  the slay, the 
excitation mechanism of the reed’s vibra-
tory motion is also a source of power [3].

The demand for  momentary power of 
the exciting device of the reed’s vibratory 
motion and that for the power  of a slay 
was determined according to the depend-
ency:

)()()( ttMtN pww ω⋅=

)()()( ttMtN bbb ω⋅=            
 (8)

where: Mw (t)-driving moment of the 
reed, ωp(t)-circular frequency of the vi-
bratory motion of the reed, Mb(t) – driv-
ing moment of the slay, ωp(t)-circular 
frequency of slay motion.

A case of producing a woven fabric with 
the use of a rigid and vibrating reed of  
constant density was analysed, assum-

ing a kinematically forced vibratory mo-
tion of the reed. Figure 11 (see page 64) 
shows exemplary courses of momentary 
demand for power to enforce the vibrato-
ry motion of the reed with a constant am-
plitude, determined according to depend-
ence (8). Momentary values of Mw(t) 
and ωp(t) were obtained on the basis of 
the numerical dynamic simulation. The 
values of power calculated correspond 
to 100 warp threads. The corresponding 
width of the reed is expected to excite 
vibrations with one exciting device of 
motion.

The overlaying courses, marked in differ-
ent colors, correspond to different values 
of amplitude of the vibratory motion of 
the reed. It was found that the peak val-
ues of power in the beating-up phase are 
much greater than those in the phases in 
which the reed is not in contact with the 
edge of the woven fabric.

Figure 9. Momentary displacements of a weft thread on the warp threads and dynamic 
loads of five warp threads during the cycle of thickening the wefts with a rigid and vibrating 
reed excited dynamically  with a variable force of different amplitude.

Figure 10. Relative increase in the thickening of weft threads obtained with a constant dynamic load of the warp, of a woven fabric pro-
duced using a vibrating reed excited:  a) in a dynamic way with a variable force of different amplitude, b) in a kinematic way with a variable 
motion of different amplitude (fw = 400 Hz), c) in a kinematic way with a variable motion of different frequency (Y = 0.3 mm).

a) b) c)
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The courses of momentary values of the 
power exciting device and the momentary 
power of the slay were averaged over the 
time in which the thickening cycle takes 
place. After multiplying the average val-
ues of power by the beating-up time, the 
energy of beating-up was obtained. The 
results are shown in  graphs of the energy 
calculated as a function of the amplitude 
of the reed’s vibratory motion, presented 
in Figure 12.

Analysing the courses, it was found that 
the energy of beating-up with a rigid 
reed, which comes only from the slay, is 
smaller than the total energy of beating-
up with a vibrating reed, which consists 
of  energy of the exciting device and the 

slay. With an increase in the amplitude of 
the vibratory motion of the reed, the en-
ergy of the slay decreases slightly. At the 
same time, the excitation energy of the 
vibratory motion of the reed increases. 
For greater amplitudes of the vibratory 
motion of the reed, the excitation energy 
is greater than that of the slay.

n	 Conclusions
1.	 The beating-up force depends main-

ly on the geometry of the shed and 
preliminary tension of warp threads, 
while to a lesser extent on the fric-
tional properties of the warp and weft 
threads.

2. 	 With an increase in the values of am-
plitude and frequency of the vibra-
tory motion of the reed, the values 
of thickening weft threads in woven 
fabric produced with the use of a 
smaller beating-up force increase.

3. 	 The thickening of weft threads with 
a vibrating reed enables to achieve 
a greater density of  woven fabrics 
produced and to diminish the load of  
warp threads by even 30%.

4. 	 There were no energy advantages 
connected with the vibratory thick-
ening of woven fabrics. The total en-
ergy of the beating-up process with a 
vibrating reed (slay and exciting de-
vice) is greater than that of beating-
up with a rigid reed.

5. 	 The thickening of weft threads with 
a vibrating reed slightly reduces the 
energy of the slay, with a simultane-
ous increase in  momentary demand 
for power of the driving unit.
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Figure 12. Energy of slay Eb, an exciting device for the vibratory motion of the reed Ew and 
total energy of beating-up Ed in one cycle of thickening the wefts.
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