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Abstract The needle of the industrial sewing machine is its most important part. During the sew-

ing process, the needle is subjected to various actions and interactions between these actions. One of

the factors that are most related to these interactions is the lateral elastic resistance – spring effect –

of the sewn fabric on the needle during its penetration in the layers of fabric. In the present work,

this effect has been investigated via a special formula, where the spring constant is incorporated. It

was found that the equivalent length coefficient of the sewing needle (c) ranged between 0.7, where

the lower end of the needle still has not penetrated the fabric and 2, where the lower end has already

penetrated the fabric. The elastic stability factor (g) was changed from 2.46 to 20.35, to create a

critical axial compressive load Pcr ¼ 5 for a 39 cN of the sewing needle. This means that the spring

constant (S) changed from S ¼ 0 to S ¼ 1, which enhanced the critical load by 8 folds. For S ¼ 0,

the angle has two options, the first is �p
2

klð Þo½ �and the second �p
2

klð Þ�� �
. The values ofc, g, and Pcr

for klð Þo were not reasonable, while values of these variables for klð Þ� were acceptable. The future

vision of the present work is to design and construct a stand to experimentally check the theoretical

work suggested in this paper and to find its experimental values.
� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Feodosev [1] studied the stability of equilibrium of deformable

systems, such as the Euler problem, the large displacement of a
slender bar, the stability of a bar in the presence of plastic
strains, the stability of rings and tubes under external pressure,

the effect of end conditions on the critical force, etc.
Chen and Lui [2] studied the bifurcation approach applied
in stability analysis and the energy used for the stability anal-
ysis of elastic columns, the load deflection curves of a perfectly

straight column or for a column with small/large initial
crookedness, with some eccentricity, with an imperfectly
straight shape, or with bending at the onset of loading. The

tangent or reduced modulus theory is not applicable any more
for such shapes. In these cases, the ultimate load Pu and the
numerical analysis are commonly used.

Pisarenko et al. [3], in their work, tabulated different cases
of cantilevers and cantilever beams with various types of axial

http://crossmark.crossref.org/dialog/?doi=10.1016/j.aej.2021.04.048&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.aej.2021.04.048
http://www.sciencedirect.com/science/journal/11100168
https://doi.org/10.1016/j.aej.2021.04.048
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1 The buckling curve of the free section of a sewing needle,

subjected to lateral elastic fabric resistance (spring effect).
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compressive loading, for ideal and imperfect columns. Also,
the end conditions of these beams were studied and tabulated.
These tables were later considered a reference for researchers

and other scientists interested in the area of structural stability
in mechanical engineering.

ElGholmy and Elhawary [4] applied Pisarenko et al.’s [3]

technique to calculate the critical load of the needles used in
the garment and apparel sewing technology. It was found that
the value of the critical load for the industrial sewing machines’

needle was 62 cN. Thus, the working resistance force during
the sewing process must be less than Pcr, to avoid the loss of
needle stability. This is controlled by the safety factor of the
elastic stability m ¼ Pcr=Pwð Þ (where wherePcr – is the elastic

buckling load or critical elastic buckling load, Pw is the pene-
tration force of the needle during the sewing process, and g
is the elastic stability factor). For denim fabrics, Pw is 120

cN (fabric mass per sq:m: ¼ 120Þ. The value of g changed to
about 0.0284, which can be neglected.

ElGholmy and Elhawary [5] studied the eccentricity of the

needle of the industrial sewing machine via the secant formula.
They found that the secant formula for the sewing needle of
the industrial sewing machine has the following shape:

rmax ¼ P

A‘
1þ e � c

k2
sec

p
2

ffiffiffiffiffiffiffi
Pa

Pcr

r� �� �

The symbols in this equation are explained in the text.
They also found that the sewing needle’s secant safety fac-

tor (S.F.) was:

S:F: ¼ 1þ e � c
k2

sec
p
2

ffiffiffiffiffiffiffi
Pa

Pcr

r� �� �

In their research, Debabrara and Adhijit [6] stated that the
case of needles with pin-shaped ends – column – is the most
common, where this column is known as the fundamental col-

umn. Buckling is supposed to happen within a proportional
limit or an elastic limit (from a practical point of view, they
are the same point). They mentioned that the column’s imper-

fection can include the eccentricity of the load and the
crookedness of its initial geometry.

Hussien et al. [7], in their study, recorded that the penetrat-

ing force of the sewing needle ranged from 10 to 37 cN for a 1
Nm, G70 needle, for piqué samples with a fabric mass per
square meter = 200 g/m2, while the force was in the range

of 20 cN to 110 cN, for single jersey fabric with a fabric mass

per square meter¼ 111 g=m2, for a 1 Nm, G70 needle. The
more pronounced value of the penetrating force was 180 cN,

for 5H satin stripe samples at a mass per square meter equals

to 156 g=m2 and a needle size of 1 Nm, G65. In general,

according to Debabrara et al. [6], the range of the penetrating
force of the needle is from 10 to 180 cN. These values were
measured experimentally.

Practically, the prediction of the irregularity of the stitch
length, before production, was achieved by statistically com-
puting the percentage of the coefficient of vernation (C.V.

%) of the feeding force, using a computer-based measuring
system that could be used as a testing equipment to differenti-
ate between the ideal sewing parameters of different types of

fabric. This was done to improve sewing quality [8]. Stylo
et al. [9]assembled a sewing machine equipped with certain
measuring instruments to measure the penetration force of
the sewing needle, to find the degree of damage during the sew-
ing process.

From the previous discussion, it is clear that the damage

that occurs to the needle during the sewing process can cause
severe problems. Thus, predicting the needle’s critical load,
before work, can prevent these problems. This introduction

generally explains the different factors concerning the elastic
buckling load Pcrð Þ of the machine’s elements, especially the
sewing needle. The present work studied a unique factor, dur-

ing the sewing operation, which plays a role in the determina-
tion of the elastic buckling load.

2. Mathematical approach

Fig. 1 shows the sewing needle of an industrial type sewing
machine, subjected to an axial compressive force, during the

sewing process.
It can be seen that the lower end of the needle is moved or

displaced over distance fB; under elastic resistance, i.e., the
spring effect of the fabric being sewn. This spring effect is rep-

resented by the spring of a coil that exerts a reaction of RB

value, described as follows:

RB ¼ S � fB
where S is the spring’s stiffness or constant. The differential

equation of the sewing needle’s free part is described as
follows:

EI‘
d2y

dx2
¼ M

¼ P fB � yx½ � � RB l� xð Þ

)EI‘ d
2y

dx2
¼

¼ Pcr fB � y½ � � S � fB l� x½ � ð1Þ
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where I‘ is the minimum sewing needle inertia cross-section,

fBis the elastic displacement of the sewing needle’s lower end,
yx is the general displacement of the buckling curve of the sew-
ing needle at distance x from the upper end of the needle, X is

the axis of the needle, S is the spring constant or stiffness of the
fabric’s elastic reaction or resistance, and pcr is the axial critical
compressive force on the free end of the needle.

Eq. (1) could be rearranged and rewritten as follows:

d2y

dx2
¼ k2 fB � yð Þ � SfB

EI‘
l� xð Þ ð2Þ

where

k2 ¼ pcr
EI‘

Eq. (2) can be rewritten as follows:

d2y

dx2
þ k2y ¼ k2:fB 1� S:l

pcr

� �
þ k2

SfB
pcr

:x ð3Þ

The solution for Eq. (3) is:

y ¼ C: sin kx þD cos kx þ fB 1� S

pcr
l

� �
þ S

pcr
fB:x ð4Þ

The integration constants C and D and the critical load
Pcrð Þ can be calculated from the sewing needle’s boundary con-

ditions, i.e.,

y 0ð Þ ¼ yA ¼ 0

¼ dy
dx

0ð Þ ¼ 0

)
ð5Þ

)D ¼ �fB 1� S

pcr
l

� �

Then, whenx ¼ l

y lð Þ ¼ yB ¼ fB

From Eq. (4), dy
dx

can be calculated,

dy

dx
¼ kC cos kx� kD sin kxþ S

pcr
fB

When x ¼ 0,

*kCþ S

pcr
fB ¼ 0

)C ¼ � S

kpcr
fB

By substituting the values of C and D in Eq. (4), then:

y xð Þ ¼ � S

kpcr
fB sin kx� fB 1� S

pcr
l

� �
cos kx

þ fB 1� S

pcr
l

� �
þ SfB

pcr
x ð6Þ

By substituting x ¼ l; y lð Þ ¼ fB in Eq. (6)

)y lð Þ ¼ � S

kpcr
fB sin kl� fB 1� S

pcr
l

� �
cos klþ FB 1� S

pcr

� �

þ S

pcr
fBl ¼ fB
) S

pcr
sin kl� 1� S

pcr
l

� �
cos kl ¼ 0

Then,

tan kl ¼ kl 1� pcr
Sl

	 

ð7Þ

From Eq. (7), two cases will be studied. In the first
case,S ¼ 0, i.e., no spring effect from the fabric. Then the sec-

ond case will be studied.

tan kl ¼ 1

)kl ¼ p
2

In this case, the sewing needle has a free lower end. So, the
critical load (PcrÞ is:

Pcr ¼ p2

clð Þ2 EI‘

¼ p2

2ð Þ2
EI‘

l2

p2

4

EI‘

l2

i:e:; c ¼ 2

Pcr ¼ g
EI‘

l2
; g ¼ p2

4
¼ p2

c2
¼ 2:47

In the second case,S ¼ 1, i.e., the lower end of the sewing
needle is completely fixed, then:

tan kl ¼ kl

)kl ¼ p
0:7

)Pcr ¼ p2

cl2
EI‘

¼ p
0:7

	 
2

EI‘

¼ g
EI‘

l2

where

g ¼ p2

c2
¼ p2

0:7ð Þ2

Then, the equivalent length coefficient (c) ranges from 0.7 to
2. The two previous cases are mentioned as an explanation of the

state of the sewing needle. From a practical point of view, it is
recommended to find the spring constant (S) of the elastic resis-
tance of the fabric being sewn, via intensive experimental work.

Fig. 2, while taking into consideration data from Table 1, repre-
sents a graphical solution of Eq. (7), when the lateral elastic resis-
tance of the sewn fabric (spring constant) S ¼ 1, i.e., when the

equivalent length of the needle is 0.7l. This means that the coef-
ficient of equivalent length (cÞisequalto0:7:



Fig. 2 Graphical solution of Eq. (7) for S ¼ 1. [S – Elastic lateral resistance or spring constant – for the sewn fabric]

Table 1 Calculations of the sewing needle when the lateral elastic resistance (S) =1 for the sewn fabric.

klð Þ� tan klð Þ� klð ÞRad. c ¼ p
tan klð Þ g ¼ p2

c2
Pcr. (cN)

256.1 4.0408 4.4675 0.7771 16.327 31.8481

256.2 4.0713 4.4693 0.7713 16.8299 32.8183

256.3 4.1022 4.4715 0.7654 17.0879 33.3096

256.4 4.1335 4.4728 0.7596 17.088 33.3214

256.5 4.1653 4.4745 0.7538 17.3519 33.8362

256.6 4.1976 4.4762 0.7481 17.6173 34.3537

256.7 4.2303 4.78 0.7423 17.8937 34.8927

256.8 4.2635 4.4797 0.7365 18.1766 35.4444

257 4.3315 4.4832 0.7249 18.763 36.5879

257.1 4.3662 4.485 0.7142 19.06 37.167

257.2 4.4015 4.4867 0.7134 19.3728 37.777

257.3 4.4373 4.4885 0.7076 19.6917 38.3988

257.4 4.4737 4.4902 0.7019 20.0139 39.0273

257.5 4.5107 4.4919 0.6961 20.3477 39.025

257.6 4.5483 4.4937 0.6904 20.6851 39.678

257.7 4.5864 4.4954 0.6846 21.0371 41.0223

257.8 4.6252 4.4972 0.6789 21.3924 41.7152

257.9 4.6646 4.4989 0.6732 21.7585 42.4291

258 4.7046 4.5007 0.6674 22.1354 43.1651

Note: klð Þo; klð Þfo – marks angles in degrees and klð ÞRad. – marks angles in radian.

where

Pcr ¼ g EI‘
l2
, E�206 GPa, I‘ ¼ I4 ¼ 1� 9175� 10�16 m4,

l = 0.045 m, EI‘ ¼ 3� 9501� 10�5, EI‘
l2

¼ 0:0195 N.
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Table 2 Lateral resistance of fabric (S) = 0.

klð Þ� tan klð Þ� klð ÞRad. c ¼ p

tan klð Þ=
� g ¼ p2

c2
Pcr. (cN) N.B.

89 57.29 1.5526 0.0548 3283.2 64 Impractical values

89.1 63.6567 1.5543 0.04933 4051 79

89.2 71.6151 1.556 0.04385 5127.67 100

89.3 81.847 1.5578 0.03836 6700.4 130.6582

89.4 95.4895 1.5595 0.03288 9120.02 177.84

89.6 143.2 1.563 0.0219 20557.54 400.8719

89.8 286.4777 1.5665 0.01096 82069.47 1600.35

89.9 572.9572 1.5683 0.00548 328,320 6402.3

90 ‘ 1.57 2 2.46 4.81 Not acceptable values

91 �57.29 1.5874 1.9781 2.5198 4.9136

92 �28.6363 1.6049 1.9565 2.5757 5.0226

93 �19.0811 1.6223 1.9355 2.6319 5.1322

94 �14.3 1.6398 1.9149 2.6889 5.2433

95 �11.4301 1.6572 1.8948 2.7462 5.3551

Note: klð Þo; klð Þfo – marks angles in degrees and klð ÞRad. – marks angles in radian.
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From Fig. 2, it can be seen that the value of the critical load

in this case is 39 cN. This happens when angle klð Þfo is equal to
257.5�. Seemingly, this type of needle is more suitable for light
mass fabrics.

Taking the data in Table 2, representing Eq. (7), into
consideration, it can be seen that there are two options

for the angle; one where it is� p
2
, i.e., klð Þo and the second

where it is � p
2
, i.e., klð Þfo ¼ from p

2
to 0:53p.

For klð Þo ¼ klð Þfo ¼ p
2
, cisequalto2 (the coefficient of equiva-

lent length) and g (the elastic stability factor) = 2.46. The

case of klð Þocannot be applied in practice, as Pcr jumps

exponentially. On the other hand, in the case of klð Þfo , Pcr

fluctuates between 5 and 6 cN, which is not acceptable prac-

tically for the sewing needle. It seems that Eq. (7) gives no
satisfaction for S = 0.

3. Conclusion and future work

From the previous results and discussions, the following con-
clusions can be drawn out:

(1) The equation of the buckling curve of the free part of the
sewing needle, in the presence of a lateral elastic resis-

tance exerted by the fabric on the needle, can be
expressed as follows:

1. y xð Þ ¼ � S
kPcr

f B sin kx� f B 1� S
pcr
l

	 

cos kxþ

f B 1� S
pcr
l

	 

þ Sf B

pcr
x

2. The symbols of this equation were mentioned in the
text. Eq. (7) can be used to draw the buckling curve.

(2) The equivalent length coefficient (c), depending on the
fabric’s lateral elastic resistance coefficient (S), ranges

from 2 forS ¼ 0ð Þ to 0.699 forS ¼ 1ð Þ. Consequently,

the sewing needle’s critical load (Pcr) ranges from2:41 EI ‘

l2

to 20:20 EI ‘

l2
. This means that the elastic stability coeffi-

cient (g) ranges from 2.4076 to 20.199.
(3) By reversing the procedure, the sewn fabric’s lateral elas-
tic resistance (S) can be predicted.

(4) The lateral elastic resistance exerted by the sewn fabric

on the sewing needle leads to c ¼ 0:7� 2 and
g ¼ 2:46� 20:35, whilepcr falls in the range of 5–39.0
cN. This means that the increase in S from 0to1
increases the critical load by 7.8 times.

(5) Future work should involve building a stand to check
Eq. (7) and its results in a practical setting.

(6) Eq. (7) is not valid for spring stiffness S = 0.
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