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235 °C for polyamide, and around 230 °C 
and 240 °C for polyesters.

As a consequence of excessive heat-
ing, difficulties such as fabric smearing, 
thread breaking, skipped stitches, and 
fabric damage by melted residues in the 
throat plate aperture arise when working 
on synthetic woven or knitted fabrics, 
and even on blended fabrics that contain 
synthetic fibres. The result is that com-
ponents of the material melt and stick 
to the needle. As long as the needle is in 
motion, these adhered residues remain in 
a state where they can be moulded, and 
they considerably increase the friction 
between the needle and the fabric. When 
the sewing process is interrupted or 
stopped, the needle cools down and the 
melted residues solidify, making further 
use of the needle impossible [1].

This paper is organised in several sec-
tions. Heat generation from friction is 
briefly outlined after a short background 
to the study. The next section describes 
the slider-crank mechanism for moving 
the sewing needle. Descriptions of the 
path, velocity and acceleration of the 
needle are developed with respect to the 
sewing machine’s main shaft rotation an-
gle. Afterwards the link drive mechanism 
is introduced, together with the non-lin-
ear optimisation procedures that could 
be used to optimise the mechanism. In 
the next section, the application of the 
optimisation procedure to the link drive 
mechanism is described, and a numerical 
example is shown. Finally, a comparison 
between the slider-crank mechanism 

and the link drive mechanism clearly 
shows the benefits of using the link drive 
mechanism to move the sewing needle. 
Attention is drawn to the velocity profiles 
of both mechanisms. 

n Theoretical background
In this section, the theory of friction heat 
generation is outlined, together with an 
introduction to the kinematic character-
istics of the slider-crank and link drive 
mechanisms.

Heat generated by friction 
The heat generated by friction between 
two bodies can be calculated using the 
expression given in [2];

Q = Nµν                      (1)

where N is the normal force between the 
bodies, µ the friction coefficient and ν the 
relative velocity between the bodies.

Any increase in the temperature of the 
sewing needle depends on the increase 
in friction heat in the needle penetration 
phase of the stitch formation cycle. If it 
is assumed that the friction coefficient µ 
and the normal force between the sewing 
needle and the fabric are constant in the 
penetration phase, the friction heat is de-
pendent only on the relative velocity be-
tween the sewing needle and the fabric. 
The relative velocity is the penetration 
velocity of the needle, since the fabric is 
fixed relatively to the needle. From equa-
tion (1), it follows that the relationship 
between the friction heat and the needle 
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Abstract
Needle movement in a standard lockstitch sewing machine is produced by a slider-crank 
mechanism. The needle moves in a vertical plane and penetrates the fabric on its way down. 
Friction between the needle and the fabric generates heat during the penetration phase. The 
heat causes severe problems during the sewing process, such as thread & fabric melting 
as well as residues around the needle’s eye. These cause thread or fabric damage and may 
interrupt the sewing process. One possibility of reducing heat generation is to reduce the 
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ing mechanism and the angular velocity of the main shaft. Since friction is a function of 
needle penetration velocity, the heat generated is directly dependent on the configuration 
of the driving mechanism, as well as the sewing speed. The aim of this work is to introduce 
the possibility of replacing the slider-crank mechanism, which is typically used in sewing 
machines, with a link drive mechanism. With this type of mechanism we may be able to reduce 
the penetration velocity of the needle without any loss of sewing speed. The optimal geometry 
of the link drive is achieved using a non-linear optimisation procedure.
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n Introduction
Thermal damage to a fabric depends 
largely on the sewing speed, because 
it usually occurs due to excessive heat-
ing of the needle. On a medium-strong 
fabric and at a sewing speed of about 
4000 stitches per minute, an ordinary 
sewing needle reaches the temperature 
of about 250 °C. The sewing speeds 
of modern industrial sewing machines 
can reach in excess of 7000 stitches per 
minute, and the temperature of the needle 
may rise rapidly to over 350 °C unless 
special precautions are taken. Such a 
high temperature is detrimental to needle 
strength, and also causes an unaccept-
able heating of the sewing thread and 
the material in the region of the needle’s 
puncture hole.

Natural fibres can sustain needle tem-
peratures of 350 °C for a short time, but 
the finishes with which many fabrics are 
treated cannot withstand such high tem-
peratures. They melt or burn and smear 
over the surface of the needle, further 
increasing the friction. It is even more 
important to avoid high needle tempera-
tures when the fabric is of a synthetic 
material.

Needle temperatures of about 200 °C 
maximum should not be exceeded when 
sewing synthetic fabric or when using a 
synthetic sewing thread. Synthetic fibres 
are thermoplastic, that is, before actually 
reaching the melting point they pass into 
a state where they can be moulded. This 
softening point lies between 170 °C and 
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velocity is linear. Therefore, a higher 
needle velocity contributes to more heat 
generation from friction and to higher 
needle temperatures. 

A significant factor that also influences 
friction heat during the sewing process 
is the needle penetration force (the force 
needed to penetrate the fabric). Investiga-
tions into and simulations of this param-
eter’s effects are stated in the literature 
[3 - 8]. The effects on needle velocity 
and acceleration caused by changing the 
mechanism for moving the needle are 
discussed in [9 - 11].

Slider-crank mechanism
Standard lockstitch sewing machines are 
equipped with a slider-crank mechanism 
for moving the sewing needle. The ge-
ometry and the structure of this mecha-
nism are shown in Figure 1. The elements 
of the mechanism are the drive link r2, 
needle path s, coupler link r3 and the ec-
centricity e. The needle path, penetration 
velocity and acceleration are illustrated in 
Figure 2 (see page 66). The graphs repre-
sent solutions for the analytical functions 
of Equation (2) for needle path, velocity 
and acceleration with respect to the main 
shaft rotation angle ϕ2 = ϕ2(t) [12]. 

The initial angle ϕ2 = 0° is chosen at the 
upper position of the needle. The veloc-
ity values of the needle, which are greater 
than zero, assign the needle movement 
from the upper point to the lowest point 
of the needle path. 

The dimensions of the slider-crank 
mechanism elements in this example are: 

r2 = 15 mm, r3 = 48 mm and e = 0 mm (as 
is usual in sewing machines). 

The link drive mechanism
The link drive mechanism has a more 
complex structure than the slider-crank 
mechanism. This has been investigated 
in [13]. The kinematic structure of the 
mechanism is shown in Figure 3. The 
elements are the drive link r4, triangu-
lar coupler link r3 - r5, coupler link r6, 
driven link r2 and sewing needle path 
s. Kinematic relations in the link drive 
mechanism as a function of the main 
shaft rotation angle ϕ4 = ϕ4(t) are de-
scribed by the analytical functions of 
Equation (3). 

The initial position of the angle ϕ4 = 0° 
is chosen in the upper position of the 
needle. The needle path, the penetration 
velocity and acceleration are shown in 
Figure 4. The dimensions of the mecha-Figure 1. The slider-crank mechanism.

Figure 3. Geometry of the link drive mechanism

nism elements for this illustration are 
r2 = 22 mm, r3 = 30 mm, r4 = 8.5 mm, 
r5 = 37 mm, r6 = 33 mm, dx = 35 mm and 
dy = 2 mm, ϕ35 = 125°.

In the above illustrations, the needle pen-
etration phase concerns the section of the 
needle path between the first contact of 
the needle tip with the fabric to the point 
when the needle eye penetrates the fabric. 
Depending on the sewing machine’s con-
struction, this region is typically halfway 
between the UDP (upper dead point) and 
the LDP (lower dead point). The exact 
location depends on the position of the 
needle plate and the fabric’s thickness.

A comparison of the diagrams in Fig-
ures 2 and 4 shows that the penetration 
velocity of the sewing needle is lower 
for the link drive mechanism than for 
the slider-crank mechanism. This means 
that the heat generated from friction, and 

Equations: 2 and 3.
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hence the needle temperature, will also 
be lower when using the link drive mech-
anism. However, an important restriction 
to consider is that the altered or substitut-
ed needle-drive mechanism (in this case, 
the link drive mechanism) must fit in the 
available space provided in existing sew-
ing machines. In addition, the needle’s 
path must be almost identical to that 
achieved using the conventional slider-
crank mechanism. It is thus appropriate to 
apply an optimisation procedure to meet 
these requirements and achieve an opti-
mal reduction in the needle penetration 
velocity at an unchanged sewing speed. 

n Optimisation procedure 
The structure (Figure 3) and the kinemat-
ic response (Figure 4) of the link drive 
mechanism show potential for improve-
ments of their performance characteris-
tics. In the optimisation process, the link 
lengths should be modified with respect 
to the objective function and constraints, 
in order to achieve the optimal character-
istics. A mathematical model for optimis-
ing the design of the mechanism was 
developed in the following form:

          (4a)

subject to

, , 
                 (4b)

and the state equation

   .         (4c)

In the statement (4a-c)  is the 
vector of the design parameters, and 

 is the vector of state variables that 
describe the system’s behaviour. The ob-
jective function is , 

and is dependent on the design parameters, 
state variables, and time. The constraints 
are collected in a function 
. The state equation  repre-
sents the mathematical formulation of the 
mechanical system given by Equation (3), 
to be optimised. In order to apply the opti-
misation statement of Equations (4a-c) to 
the link drive mechanism, the latter will 
have to be redesigned.

The method of non-linear programming, 
typically used in the optimisation proc-
esses, is not directly applicable to this 
problem, unless the max-value function 
is removed and there is a reformulation 
of the problem’s time dependency. An 
auxiliary design parameter xm+1 and con-
straint are introduced for this purpose: 

,       (5)

and the objective function in Equation 
(4a) is replaced by

.                        (6)

The authors of [14] suggested substitut-
ing Equations (4b) and (5) with equiva-
lent integral constraints. For a continuous 
function a(t), it is possible to replace the 
inequality

,          (7)

with an equivalent integral constraint:

,                  (8)

where  is defined by

.                 (9)

The problem with Equations (4a-c) 
yields the form

                   (10a)

subject to

     (10b)

and

.  (10c)

The design parameters and the state 
variables are connected by the state 
equation:

,  .    (10d)

n Application to the link drive 
mechanism

In order to achieve lower penetration 
velocities in the observed interval of the 
needle path, the objective function of 
Equation (4a) in the optimisation process 
is chosen in the form:

 with 

 and . (11)

The objective function represents the 
highest absolute acceleration of the 
needle as a function of the main shaft’s 
rotation  witin the interval 

 (Figure 3). This func-
tion will be minimised, since low ac-
celerations in the interval ensure low 
penetration velocities. The interval is 
defined from the UDP of the needle to 
the position when the needle eye fully 
penetrates through the fabric. The vector 
of design parameters is a combination of 
link lengths r2 to r6 and the position of 
the fixed rotational joint of link r2, dx 
and dy, as shown in Figure 3. The vector 
of design parameters has the following 
form:

Figure 2. Needle path, velocity and acceleration with respect 
to the main shaft rotation for the slider-crank mechanism 
during constant main shaft rotation with angular velocity 
ω = 1 rads-1.

Figure 4. Needle path, velocity and acceleration with respect 
to the main shaft rotation for the link drive mechanism 
during constant main shaft rotation with angular velocity 
ω = 1 rads-1.
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.      (12)

 i = 2, 3, 4, 5, 6  (13a)

             (13b)

             (13c)

An important restriction in the optimisa-
tion procedure requires the needle path 
to remain almost unchanged, regardless 
of any changes to the design parameters. 
The path of the needle is bounded with

.            (13d)

The constraint of Equation (13d) is 
non-linear, since it is derived from the 
non-linear state equation (10d), which 
connects the sewing needle movement 
with the rotation of the sewing machine’s 
main shaft through time: 

,   .       (14)

The objective function is time-depend-
ent, and the max-value function must be 
removed. An artificial design parameter 
x8 is introduced to overcome these two 
difficulties. The transformed problem 
now has the following form.

Find such a vector:

,   (15a)

to minimise

,                      (15b)

with respect to the constraints

,

.             
(15c)

Now the optimisation problem is in a 
form suitable for solving. These are two 
non-linear constraints in the problem: the 
additional constraint of Equation (15c) 
and the constraint on the sewing needle 
path, Equation (13d). The state equation 
of the link drive mechanism, Equation 
(10d) is also non-linear. The non-lin-
ear nature of the optimisation problem 
favours the use of the SQP (Sequential 
Quadratic Programming) solver from the 
Fortran Library NAG [15], and the code 
E04UCF. 

n A numerical example
The initial values of the design parameters 
are those used in section 2.3: r2 = 22 mm, 
r3 = 30 mm, r4 = 8.5 mm, r5 = 37 mm, 
r6 = 33 mm, dx = 35 mm,  dy = 2 mm 
and ϕ35 = 125°. The design parameters 
are all bounded by geometric constraints: 
19 ≤ r2 ≤ 24 mm, 27 ≤ r3 ≤ 32 mm, 
7 ≤ r4 ≤ 10 mm, 34 ≤ r5 ≤ 39 mm, 
30 ≤ r6 ≤ 35 mm, 33 ≤ dx ≤ 24 mm and 
0 ≤ dy ≤ 4 mm. The sewing needle path was 
restricted to 29.9999 ≤ s ≤ 30.0001 mm. 
The penetration region (pr) of the needle 
is defined with respect to the LDP of the 
needle path 12 ≤ pr ≤ 25 mm, and repre-
sents that part of the needle path where the 
needle is moving downwards to penetrate 
the fabric. The artificial design variable 
was bounded by 0 ≤ x8 ≤ 10 mms-2. The 
convergence of the numerical procedure 

Figure 5. Optimisa-
tion history.

Figure 6. The needle path with respect to the sewing machine’s 
main shaft rotation with angular velocity ω = 1 rads-1; 
dependences on the main shaft relation angles of a) the needle 
path, b) the needle velocity, c) the needle acceleration.

c)

a) b)
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Figure 7. The results of the optimisation: comparison between 
current slider-crank mechanism (ecc.) and the new, optimised 
link drive mechanism (link); the dependences on the main shaft 
relation angle of a) the needle path, b) the needle velocity, c) the 
needle acceleration.

is presented in the optimisation history in 
Figure 5, where the value of the objective 
function with respect to the number of 
main process iterations of the solver are 
shown.

The optimal values of the design vari-
ables within the prescribed optimisation 
tolerance 10-3 were found after 60 itera-
tions and are:
r2 = 19 mm, r3 = 29.3651 mm, 
r4 = 8.2679 mm, r5 = 34 mm, 
r6 = 30.4405 mm, dx = 38 mm, and  
dy = 4 mm. The results of the optimisa-
tion are shown in Figures 6.a, 6.b and 6.c 
(see page 67) with a comparison of the 
sewing needle path, the penetration ve-
locity and the acceleration of the initial 
and optimised link drive mechanisms.

A comparison between the slider-crank 
(ecc.) mechanism currently in use, and 
the optimised link drive mechanism 
(link) is shown in Figures 7.a and 7.b, 
where the needle path and velocity are 
shown, and in Figure 7.c where the ac-
celerations are presented.

n Discussion of results
The features of the link drive mechanism 
outlined above allow the following ob-
servations to be made:
n When using the optimised link drive 

mechanism, the penetration velocity 

is lower than with the standard slider-
crank mechanism. The penetration 
velocity at a point 15 mm below the 
UDP on the needle path in the case 
of the slider-crank mechanism is 
vecc = 14.054 mms-1, while the needle 
velocity for the link drive mecha-
nism at the same position is only 
vlink = 10.527 mms-1. The differ-
ence with respect to the slider-crank 
mechanism is ∆v = -3.527 mms-1 or 
∆v% = -25.1%. This means that the 
penetration velocity when using the 
link drive mechanism is only 74.9% 
of the penetration velocity of the slid-
er-crank mechanism. The velocities 
are calculated for a main shaft rotation 
velocity of ω = 1 rads-1.

n About 25% lower needle penetration 
velocity is generated, and according to 
Equation (1) less heat, but keeping the 
temperature of the needle lower at the 
same time the sewing speed may rise. 

n The path profile is non-symmetric for 
the link drive mechanism. The LDP 
of the needle shifts from 180° for the 
slider-crank mechanism to 233° for 
the link drive mechanism. The hook 
and the feeder must be modified when 
using the link drive mechanism.

n Due to the non-symmetric path pro-
file, the needle moves from the UDP 
to the LDP at low velocity, followed 
by a much faster reverse movement 
upwards. This causes higher needle 

accelerations, that could cause oscil-
lations and the rough operation of the 
sewing machine.

n Summary
This work was done in order to dem-
onstrate the possibility of reducing the 
sewing needle’s penetration velocity dur-
ing the sewing process. A conventional 
slider-crank mechanism, which is used in 
lockstitch sewing machines, was replaced 
with a link drive mechanism. A non-lin-
ear optimisation procedure was used for 
fine adjustment of the mechanism’s geo-
metrical parameters to further reduce the 
needle penetration velocity. During this 
process, it was possible to reduce the 
needle velocity in the needle penetration 
area by around 25% in comparison to a 
conventional slider-crank mechanism. 
Such reduction in velocity results in less 
generated heat from friction between 
the needle and the fabric, and lower 
needle temperatures. This is important 
for preserving sewing thread integrity, 
preventing fabric damage (melting) and 
disturbances during the sewing process. 

When using a link drive mechanism, the 
needle’s LDP moves from 180° towards 
the position of 233° which requires pre-
cautions to be taken. The period of the 
downward needle movement is longer 
(low velocities), but it is followed by a 

c)

a) b)
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rapid upward movement (high velocities 
and high accelerations). Such high peri-
odical accelerations in the sewing ma-
chine produce oscillations, which must 
be taken into account. Damping these 
oscillations will be the future interest of 
our research.
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