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Abstract
In a typical carpet tufting machine, kinematic and dynamic characteristics of the needle 
multi-linkage mechanism are the important factors affecting the quality of the tufting car-
pet. For providing a rational basis for mechanism design and vibration characteristic anal-
ysis, a mathematical model of the needle multi-linkage mechanism is constructed using the 
complex vector analysis method. On the basis of the model, kinematic characteristic curves 
and dynamic characteristic curves of the needle multi-linkage mechanism are analysed 
by simulation methods. Finally experimental validation of the alternating load dynamic 
characteristics is performed on the needle multi-linkage mechanism in a typical carpet tuft-
ing machine. The results prove the theoretical analysis validity of the needle multi-linkage 
mechanism.

Key words: carpet tufting machine, needle multi-linkage mechanism, kinematic character-
istics, dynamic characteristics.

sists of the main shaft, the driven shaft 
of the needle multi-linkage mechanism, 
the driven shaft of the hook multi-linkage 
mechanism, multiple sets of the needle 
multi-linkage mechanism and multiple 
sets of the hook multi-linkage mecha-
nism. The needle multi-linkage mecha-
nism and hook multi-linkage mechanism 
are made up of the driving link and driv-
en link, respectively.

The basic working principle of carpet 
tufting is shown as follows. Thousands 
of tufting needles are driven by the main 
shaft in the carpet tufting machine’s driv-
ing system to move up and down togeth-
er. At the same time, the looper hooks 
the yarn and makes it form a loop on 
the rear of the backing, coordinating with 
the  tufting needle movement precisely. 
By controlling the yarn-feeding, different 
loop heights can be obtained [10, 11].

driving system is  described. A math-
ematical model of the needle multi-link-
age mechanism is constructed using the 
complex vector analysis method. Kin-
ematic and dynamic characteristics of the 
needle multi-linkage mechanism are ana-
lysed. Motion curves and force curves 
of the  needle multi-linkage mechanism 
are obtained by simulation methods. Fi-
nally the alternating load dynamic char-
acteristics of the needle multi-linkage 
mechanism were verified by experiment. 
The results prove the theoretical analy-
sis validity for the needle multi-linkage 
mechanism.

	 The tufting carpet machine’s 
driving system

Figure 1 shows a schematic diagram of 
the typical tufting carpet machine’s driv-
ing system. In general, the driving system 
of a typical tufted carpet machine con-
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n	 Introduction
Carpet tufting technology originated in 
America. Due to low cost and easy-to-de-
velop new varieties, tufted carpet quickly 
occupied the market from the  1840s, 
whose production accounted for 80% of 
the total amount of all kinds of carpets 
[1 - 3]. 

The carpet tufting machine is very com-
plex modern textile equipment that can 
be used to weave all kinds of tufted car-
pet products. The multi-linkage mecha-
nism is one of the most important parts 
of the carpet tufting machine’s driving 
system [4 - 9]. Its motion trajectory, dis-
placement, velocity and acceleration de-
termine the quality of the tufting carpet, 
and the inertial force and inertial torque 
produced by the multi-linkage mecha-
nisms, which are both an alternating load, 
will react on the main shaft and cause it 
to vibrate. Therefore knowing the mo-
tion law and alternating load character-
istics of the multi-linkage mechanism is 
very important. Not only can it provide 
an instruction for the mechanism design 
of a  carpet tufting machine, but also it 
is the  basis for vibration characteristic 
analysis of the whole mechanical system. 

Focusing on a typical tufting machine, 
its driving system is introduced in this 
paper. Then the needle multi-linkage 
mechanism in a carpet tufting machine’s Figure 1. Schematic diagram of a typical tufting carpet machine’s driving system.
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	 Dynamic model of needle 
multi-linkage mechanism

Needle multi-linkage mechanism 
structure
A schematic diagram of the needle multi-
linkage mechanism is shown in Figure 2, 
in which the driving link of the needle 
multi-linkage mechanism is a crank 
rocker mechanism containing rod l1, rod 
l2, rod l3 and a rack, and the driven link 
of needle multi-linkage mechanism is 
an  offset rocker slider mechanism con-
taining rod l4, rod l5 and slider l6. Rod l3 and rod l4 are fixedly connected at joint 
C and the rod l4 follows the reciprocat-
ing swing of rod l3. The tufting needle N1 
and N2 fixedly connected with slider l6 
at point F, and the tufting needle move 
up and down together with the slider. 
The  role of the needle multi-linkage 
mechanism is to transform the rotary mo-
tion of the main shaft into the vertical re-
ciprocating motion of the tufting needles.

Kinematic model
The basic task of the kinematic mathe-
matical model is to determine the angular 
displacement θi, angular velocity wi 

and 
angular acceleration ai 

of rod li (i = 1, 2, 
..., 6) in the needle multi-linkage mecha-
nism. 

The graphical and complex vector meth-
ods are commonly used in kinematic 
modeling. The graphical method is vis-
ualised, but the accuracy is limited, be-
ing suitable for analysing the motion of 

a simple mechanism. The complex vector 
method has high accuracy and is suitable 
for analysing the motion of a complex 
mechanism [12, 13]. In this paper, a kin-
ematic model of the needle multi-linkage 
mechanism is constructed using the com-
plex vector method. Kinematic models of 
the crank rocker mechanism and  offset 
rocker slider mechanism in the needle 
multi-linkage mechanism are respective-
ly constructed as follows:

Kinematic model of the crank rocker 
mechanism
Figure 3 shows a schematic diagram of 
the crank rocker mechanism. In Figure 3, 
li represents the rod length, θi the angular 
displacement of rod li, x1 the  line dis-
tance of OO’, and H1 is the line distance 
of O’C. Here, i = 1, 2, 3.

According to the closed graph 
OABCO’O,  the real  and imaginary 
parts of the complex vector equation of 
the crank rocker mechanism are directly 
listed as Equation 1:

1 1 2 2 3 3 1

1 1 2 2 3 3 1

cos cos cos( ) 0
sin sin sin( ) 0

θ θ θ π
θ θ θ π

+ + − − =
 + + − − =

l l l x
l l l H

(1)

The equation above is nonlinear and is 
very difficult to solve. The geometric 
method is applied for solving the equa-
tion. According to the geometric charac-
teristics of triangle DOCO’, 

1φ  and OCl  
can be expressed as:

1

1 1 1( / )tg x Hφ −=                   (2)

lOC
2

1
2

1 xHlOC +=                  (3)

According to the geometric character-
istics of triangle AOCD , 2φ  can be ex-
pressed as:

1 1
2 4sin sin

AC

l
l

φ φ−  
= ⋅ 

 
             (4)

Here, 
4φ  and ACl  can be obtained by:

4 1 12
πφ φ θ= − −               (5)

2 2 2
1 1 42 cosAC OC OCl l l l l φ= + − ⋅ ⋅ ⋅       (6)

According to cosine theorem, 
3φ  can be 

expressed as:
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Figure 2. Schematic diagram of needle 
multi-linkage mechanism.
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Figure 3. Schematic diagram of the crank rocker mechanism. Figure 4. Schematic diagram of the offset rocker slider mechanism.
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2 2
4 4 4 4 4 4 5 5 5 5 5 5( cos sin cos sin )CFa l a l l a lθ w θ θ w θ′ = − − + −

(19)
2 2

4 4 4 4 4 4 5 5 5 5 5 5( cos sin cos sin )CFa l a l l a lθ w θ θ w θ′ = − − + −  

Dynamic model
The basis task of dynamic analysis is 
to analyse the inertial force and inertial 
torque produced by the needle multi-
linkage mechanism. In this section, 
dynamic models of the crank rocker 
and offset rocker slider mechanisms in 
the needle multi-linkage mechanism are 
respectively constructed as follows.

Dynamic model of the crank rocker 
mechanism
Figure 5 shows a force analysis diagram 
for the crank rocker mechanism. In Fig-
ure 5, 

isx  and 
isy  represent the horizon-

tal ordinate and the vertical coordinate of 
rod centroid is . zx  respectively, and zy   
the horizontal ordinate and vertical coor-
dinate of joint z (z = O, A, B, C). 

il
m  is the 

mass of rod il . _il xF
 
and _il yF  represent 

the X direction inertial forces and those of 
the Y directions of rod il . iM  represents 
the inertial torque of rod il . _ _ _iR z l xF  and 

_ _ _iR z l yF  represent the X direction’s re-
action force and Y direction’s reaction 
force, respectively, which  joint z gives 
to rod . _ _ _i jR l l xF  and _ _ _i jR l l yF  repre-
sent the X direction’s reaction force and 
the Y direction’s reaction force, respec-

slider mechanism can be obtained as fol-
lows:

1 2 4 4
5

5

6 4 4 5 5

coscos

sin sinCF

x l
l

l l l l

θθ

θ θ

−

′

  −
=  

  
 = − −

     (14)

According to the intersection angle 1b of 
rods  and 4l , the angle 4θ  of rod 4l  can 
be expressed as follows:

4 3 1 2θ θ b π= + −               (15)

Because rods 3l  and rod 3l  are fixedly 
connected at joint C, the angular veloci-
ties and angular acceleration of rods 3l  
and 4l should be equal, and thus, 4 3w w= ,  

4 3a a= . Taking the first derivative of 
Equation 14, the angular velocity 5w  of 
rod 5l  and linear velocity CFv ′  of slider 6l  
can be derived as follows, respectively.

4 4 4
5

5 5

sin
sin

l
l
w θw

θ
= −               (16)

4 4 4 5 5 5cos cosCFv l lw θ w θ′ = − − −    (17)

Taking the second derivative of Equa-
tion  14, the angular acceleration 5a  of 
rod 5l  and linear acceleration CFa ′  of 
slider 6l  can be derived as follows, re-
spectively.

2 2
4 4 4 4 4 4 5 5 5

5
5 5

( sin cos cos )
sin

l a l la
l

θ w θ w θ
θ

+ +
= −  (18)

2 2 2
1 3 2

3 2
3

cos
2

AC

AC

l l l
l l

φ φ−  + −
= − ⋅ ⋅ 

     (7)

Therefore, the rotary angle 3θ  of rod 3l  
can be derived as follows:

3 1 3
3
2
πθ φ φ= − −               (8)

From Equation 1, the rotary angle 2θ  of 
rod 2l  can be expressed as:

1 3 3 1 1 1
2

2

sin sinsin l l H
l

θ θθ −  − +
=  

 
  (9)

Taking the first derivative of Equation 1, 
the angular velocities 2w  and 3w  of rods 

2l  and 3l  can be obtained as follows, re-
spectively.

( )
( )

1 1 1 3
2

2 2 3
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sin

l
l
w θ θ

w
θ θ

−
= −

−
         (10)

 ( )
( )
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3
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l
l
w θ θ

w
θ θ

−
=

−
          (11)

Taking the second derivative of Equa-
tion 1, the angular accelerations 2a  and  

3a of rod 2l and rod 3l  can be derived as 
follows, respectively. 

( ) ( )
( )

2 2 2
3 3 1 1 1 3 2 2 2 3

2
2 2 3

cos cos
sin

l l l
a

l
w w θ θ w θ θ

θ θ
− − − −

=
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(12)

( ) ( )
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2 2 2
2 2 1 1 1 2 3 3 3 2

3
3 3 2

cos cos
sin

l l l
a

l
w w θ θ w θ θ

θ θ
+ − − −

=
−

 

(13)

Kinematic model of the offset rocker 
slider mechanism
Figure 4 shows a schematic diagram of 
the offset rocker slider mechanism. In 
Figure 4, il  and iθ  represent the same 
as those of the crank rocker mechanism. 
Here, i = 4, 5. 2x

 is the line distance of 
O O′ ′′ .

According to the closed graph CDEFC, 
the real and imaginary parts of the com-
plex vector equation of the offset rocker 
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Figure 5. Force analysis diagram for the crank rocker mechanism; a) force analysis diagram for rod l1, b) force analysis diagram for rod 
l2, c) force analysis diagram for rod l3.
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tively, which  rod il  gives to rod jl . rM  

and 1bM  are, respectively, the resistance 

torque and balancing torque of the crank 

rocker mechanism. Here, i = 1, 2, 3.

Based on the complex vector method, 

the acceleration of centroid s1 can be ex-

pressed as follows:

21
1 1 1

21
1 1 1

cos
2

sin
2

s x

s y

la

la

w θ

w θ

 = −

 = −


             (20)

From Figure 5.a, the inertial force and 
inertial moment of rod 1l can be deter-
mined as:

1 1

1 1

_ 1

_ 1

1 1 1

l x l s x

l y l s y

s

F m a

F m a

M J a

= −


= −
 = −

                (21)

The force balance equation of rod 1l  can 
be expressed as Equation 22 (see page 
105).

Similarly the force balance equations of 

2l  and 3l  can be obtained as follows ac-
cording to Figures 5.b and 5.c.

2 22 2
2 1 1 1 2 2 2 2

2 22 2
2 1 1 1 2 2 2 2

cos cos sin
2 2

sin sin cos
2 2
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s y
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l la l a

w θ w θ θ

w θ w θ θ

 = − − −

 = − − +
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(23)
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Equation 25 (see page 105)
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( )

23
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3 3 3 3 3
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s y
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  (26)   
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s

F m a
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= −

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            (27)

Combining Equation 20 with Equa-
tion  28, a matrix equation can be ob-
tained as follows:

1RAF B=                  (29)

Here, A  is the coefficient of the matrix, 
1RF  the unknown force matrix of the 

crank rocker mechanism, and B  is the 
known force matrix of the crank rocker 
mechanism.

Dynamic model of the offset rocker 
slider mechanism
Figure 6 shows a force analysis diagram 
for the offset rocker slider mechanism. In 
Figure 6, rF  is the friction force of slider 

6l  when the tufting needle stabs into the 
backing. Other symbols are of the same 
meaning as for the crank rocker mecha-
nism. Here, i = 4, 5, 6.

According to Figures 6.a and 6.b, 
the force balance equations of 4l  and 5l
can be respectively expressed as follows.

4 4
4 4 4 4 4

4 4
4 4 4 4 4
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Figure 6. Force analysis diagram for the offset rocker slider mechanism; a) Force analysis diagram for rod l4, b) Force analysis diagram 
for rod l5, c) Force analysis diagram for slider l6 when the tufting needle moves down.
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Equations 28, 30, 31, 32, 35 & 38.
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4 4
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According to Figure 6c), the force bal-
ance equations of slider 6l  when the tuft-
ing needle moves down can be given by:

6 5 6 6

6 6 5 6

_ _ _ _ _ _

_ _ _ _

R l l x R F l l x

l r R l l y l y

F F F

m g F F F

− = −
 − + =

    (39)

When the tufting needle moves up, rF  in 
the equation above is the reverse. Other 
parameters remain unchanged.

Combining Equation 33 with Equa-
tion  39, a matrix equation can be ob-
tained as follows:

 
2RCF D=                 (40)

Where, C is the coefficient of the  ma-
trix. 2RF  the unknown force matrix of 
the  offset slider mechanism, and D  is 
the known force matrix of the offset slider 
mechanism (see Equations 41, 42 & 43).     

Table 1. Main parameters of the needle multi-linkage mechanism.

Link parameter Material Length, mm Mass, kg Moment of inertia, × 10-3 kg·m2

l1

cast steel

15 3.07   4.34

 
l2 138 3.79 26.99

 
l3 115 2.96 10.77

 
l4 125 1.74   6.69

 
l5 120 0.36   0.91

 
l6 440 1.47 19.15
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Figure 7. Motion curves of needle multi-linkage mechanism; a) rod’s angle displacement curves, b) rod’s angle velocity curves, c) rod’s 
angle acceleration curves, d) slider’s linear displacement curve, e) slider’s linear velocity curve, f) slider’s linear acceleration curve.
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mechanism are smooth and have only 
a little shock on the whole mechanism. 
These data are consistent with the actual 
running ones of tufting carpet machine 
type DHGN801D-400.

Analysing Figure 8, it is noted that 
the inertial forces and inertial torque 
produced by the needle multi-linkage 
mechanism are an alternating load. When 
the  rotation angle of the main shaft is 
about 22 degrees, the tufting needle just 
moves downward to stab the backing. 

multi-linkage mechanism are shown in 
Figure  7 (see page 107) and Figure 8, 
respectively.

Analysing Figure 7, it is noted that 
the range of rotation angle 2θ  is from 
101.7°  to 114.3°  when the main shaft 
rotates one circle. The tufting needle 
stroke is about 33 mm. The range of 

3θ , 4θ  and 5θ  is, respectively, within 
184.3° - 199.4°, -7.89° - 7.38° and 257.9° 
- 258.5°. From , it is clear that the mo-
tion curves of the needle multi-linkage 

Dynamic characteristic analysis
Focusing on tufting carpet machine type 
DHGN801D-400, the dynamic character-
istics of the needle multi-linkage mecha-
nism is simulated using the model above. 
The main parameters of the needle multi-
linkage mechanism are shown in Table 1 
(see page 107). Assume the friction force  
Fr = 1000 N when the tufting nee-
dle moves on the backing and  friction 
force Fr = 1000 N when it moves under 
the  backing. Here, b1 = 168°. The  mo-
tion  and force curves of the needle 
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Figure 8. Force curves of needle multi-linkage mechanism.
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Figure 9. Experimental result of balancing torque.

When the main shaft rotates 108 degrees, 
the  tufting needle arrives at the  low-
est point. Starting from 109 degrees, 
the tufting needle moves upwards. When 
the rotation angle of the main shaft is 
about 194  degrees, the tufting needle 
just moves upward to stab the backing. 
The tufting needle arrives at the highest 
point until the rotation angle of the main 
shaft is 287 degrees. Then the tufting 
needles will continue to move up and 
down together and repeat this process. 
From Figure 9, it is clear that the torque 
that the driven shaft of the needle multi-
linkage mechanism suffered is far greater 
than that on the main shaft. Therefore it 
is more important to study the effect of 
alternating loading on the driven shaft of 
the needle multi-linkage mechanism than 
thaton the main shaft.

n	 Experiment
To demonstrate the correctness of the the-
oretical analysis of the needle multi-link-
age mechanism, experimentally valida-
tion was performed on a tufting carpet 
machine type DHGN801D-400. Wireless 
torque sensor DH5905 was applied for 
measuring the balancing torque of needle 
the multi-linkage mechanism. The sam-
pling frequency was set to 500  Hz and 
the rotation speed of the main shaft was 
160 r.p.m. Here, the main shaft rotating 
one circle takes 0.375 seconds. The bal-
ancing torque of the needle multi-linkage 
mechanism can be obtained as shown in 
Figure 9.     

Analysing Figure 9, it is noted that 
the tufting needle  just moves downward 
to stab the backing when the main shaft 
rotates to 22 degrees (14.02 s). When the 
main shaft rotates to 108 degrees (14.11 s), 
the tufting needle arrives at the  lowest 
point. The tufting needle moves up to 
stab the backing when the main shaft ro-
tates to 194 degrees (14.20 s). The tufting 
needle arrives at the  highest point until 
the main shaft rotates to 287  degrees 
(14.30 s). When the main shaft rotates 
to 360 degrees (14.375  s), one cycle is 
over. Compared with Figure 8.j and Fig-
ure  9, it is noted that the experimental 
result of the balancing torque coincides 
with simulation results in the previous 
section. In the process of simulation, due 
to the friction force rF  chosen according 
to  experience, the experimental result of 
the balancing torque is not able to totally 
identically equal to simulation results.

n	 Conclusions
In this work, it was found that the inertia 
forces and inertia torque acting on needle 
driven shaft are much greater than that 
acting on the main shaft. It is more im-
portant to study the effect of alternating 
loading on the driven shaft of the needle 
multi-linkage mechanism than to study 
that on the main shaft.
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