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To easily open a closed packaging box, a 
method for tearing the zipper band (zipper pull 
tab) is implemented on the flap of the packaging 
box. A zipper band for opening a flap of box 
normally consists of two parallel dashed lines, 
which are perforations for tearing. There are 
empirically various cutting patterns of zipper 
band for each manufacturer. However, there are 
no public designing methods and theoretical 
investigations on the mechanics of the tearing 
characteristics of zipper bands. Regarding the 
failure behavior of paper, the mode III tear test 
(out-of-plane shearing) as the Elmendorf test1 ,2),  
in which the tear propagates across the sheet 
parallel to the direction of the initial slit, is 
known and standardized (e.g., TAPPI, T414). 
Since this test method evaluates the tear 
strength of a plain thin paper or paperboard, a 
certain finite length of the uncut zone should be 

analyzed to determine its fracture behavior. In 
a study by Yamauchi et al.3), the Elmendorf tear 
index was statistically equal to the tear index of 
tensile testing of thin papers. Namely, an out-
of-plane tearing of paper using the tensile 
testing method shows a similar tearing 
resistance as that of the Elmendorf testing. 
Nagasawa et al. investigated the tearing tensile 
force and breaking modes of the connecting 
portions (uncut zones) of a 310g/m2 white-
coated recycled paperboard, while varying 
some parameters, such as the pitch of the nicks 
and the profile of entry guide parts4). 
Consequently, it was reported that appropriate 
guiding routes embedded in the band zone 
contributed to the truncation of connecting 
portions when the band’s perforation was 
across the grain direction. The upper or lower 
critical length of connecting portions, at which 
the tearing success rate of connecting portions 
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became zero or started to decrease, was 
reported, and the effects of the inclined pulling 
direction on the tearing success rate was 
investigated for a 310g/m2 paperboard5,6). Josip 
Bota et al. compared different zipper tear strips 
(ZTS) and conducted a manual opening test7). 
However, these reports were limited to a certain 
paperboard thickness (t =0.3–0.4mm). Besides, 
studies on the tearing behavior of corrugated 
boards have not been conducted.      

Herein, to reveal the effects of the processing 
conditions (the length and width of connecting 
portions, the inclined pulling direction, the 
phase shift and the tearing velocity) on the 
breaking modes and the tearing success rate of 
connecting portions (uncut zones) of an E-flute 
corrugated board, a tearing test of zipper lines 
was experimentally investigated when dashed-
cutting lines were across the flutes as =0° 
(parallel to the fabricating machine direction of 
the corrugated board). 

  

 shows a schematic illustration of the 
double-faced corrugated board, which is 
composed of the upper (front side) liner, lower 
(backside) liner and the corrugated medium 
(CM). The nominal specifications of E-flute 
board prepared are as follows: board height t

=1.5mm, wave numbers of the CM 93 5 for 
300mm (wavelength 3.4–3.1mm), Liners’ basis 
weight 160g/m2, C5 liners’ thickness 0.220mm, 
CM basis weight 115g/m2 and CM thickness 
0.166mm (JIS P 8118).  

 

 

 

 

 

 

 
shows the basic layout and size of the 

specimen for the zipper band tearing test.  The 
parameters of the geometrical pattern of the 

zipper are as follows: length of dashed- cutting 
line =5mm, connecting portions’ length (uncut 
zones) an =2, 2.5, and 3mm, zipper band width 
b =12, 15, 20, and 25mm, and phase shift angle 

p =0°, 90°, and 180°.  
Herein, the band strip is composed of two 

dashed lines of an+5mm (cutting line) with the 
phase shift angle p, as shown in Fig.2 (b). The 
difference between the left part and right part 
was calculated as ( p/360)(an+5).  

The two dashed-cutting lines were 
processed using a high-carbon-steel blade (NSK, 
KG 42417444), which had an angular aperture 
and crossing angle of 20.5° and 18.4°, 
respectively. Since the cutting process was two-
way as shown in , the end profile of the 
cutting lines was made in the right-angle shape. 
After processing two-way cutting, the upper 
length of cutting L and the lower length of 
cutting l became equal with each other. For the 
clamped end of the band for pulling up, the 
length of the first cutting line c =15mm was 
prepared, and the 10mm hatched was initially 
hand-bent at a right angle.   All experiments 
were classified into two groups as follows. (i) 
When the phase shift affected the tearing                 
characteristics, b was fixed at 12mm, whereas 
an was chosen as 2–3mm.  arranges all 
patterns. (ii) When b affected the tearing 
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characteristics, p was set as 0°, whereas an was 
set as 2–3mm. arranges all patterns.  

Specimens were prepared in a room at an 
average temperature of 296K and relative 
humidity of 50% for 48h.  The Number of 
specimens was five for each zipper pattern. 

 

shows the experimental apparatus for 
the tearing test of a corrugated board. The 
apparatus is composed of a uniaxial tensile 
testing apparatus with tearing velocity V and an 
X-stage with horizontal moving velocity V.  The 
usual velocity was set as V =1mm/s. In contrast, 
it was set as 0.5, 1 and 5mm/s for investigating 
the velocity effect on tearing. Here, the angle 
of the pulling direction a of the zipper band’s 
clamped end was set as 90° against the 
horizontal X-stage. Due to the restriction of the 
moving device, the total displacement of the 
zipper band’s clamped end was 40mm.  

 
 

 
 b =12mm. 

 
 

 p  =0°.  

 
 

 
 
 

Consequently, five uncut zones (five 
stages) were torn on the dashed lines of the E-
flute specimen. When the specimen was 
fastened using a window-opened steel plate at b
=12 and 15mm, the window’s width W was set 
as 20mm, whereas for b =20 and 25mm, W was 
set as 50mm, respectively.  

In the tearing test, the relationship between 
the tearing tensile force F and the displacement 
of the clamped end of the zipper band x was 
measured for five stages of connecting portions. 
The maximum peak tearing forces Fpi (i=1,2,3,4 
and 5) were detected from the response. During 
the process, a digital camera recorded the 
tearing behavior of the specimen, and the 
success rate of separation of five connecting 
portions pS and the failure rate of separation at 
any stage (i=1–5) pFi was investigated. Here, 

= 1. When investigating the 
dependency of the tearing characteristics on the 
tearing velocity, b was set as 12mm and five 
specimens were used for each velocity.  

 

To evaluate the fundamental tearing 
strength of the E-flute corrugated board in the 
machine direction (across flute), an Elmendorf-
like tearing strength test was conducted using a 
uniaxial tensile device ( ).   

with parameters: c =20mm, b =12mm, and 
an= 90mm ( ), was prepared and was 
tested (tearing test) under V =1.67mm/s. Five 

Type of pattern A B C D E F G H I
Length of uncut 

zone an /mm 2 2.5 3

Angle of phase
shift  p / 0 90 180 0 90 180 0 90 180

(a )  Pu l l i n g  c l a w  a nd  X-s t age     ( b )  Fa s t e n i n g  

Type of pattern a b c d e f g h i
Length of uncut 

zone an /mm 2 2.5 3

Width of band  
b /mm
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specimen were used for the test. This method 
used a sufficiently long connecting portion to 
estimate the upper bound tearing strength of the 
zipper band5). 

 

 
 
 
 
 
 
 

Furthermore, as another fundamental 
tearing strength test, a special tearing specimen  

 

A certain maximum peak-bending moment 
is experimentally observed when considering a 
cantilever bending of a band strip in the 
machine direction.  With a 10mm loading 
position length from the clamped end of a 
bending strength tester CST-J-18), the bending 
moment resistance of the E-flute corrugated 
board was measured with respect to the folding 
angle. Using this bending moment response, the 
maximum peak-bending moment was 
investigated, knowing the fundamental bending 
strength at the first stage. 
 

 shows examples of the line-bending 
moment resistance M of the non-creased E-flute 
board for the folding angle =0°–90° when the 
bending line was parallel to the flute direction. 
For >10°, since the folded-inside liner was 
buckled at a valley position of the intermediate 
wave layer, M was smaller than the maximum 
peak Mpeak (2.9 N in average) at peak (5.2° in 
an average of five samples). Mpeak is related to 
the bending resistance of the specimen at the 
first stage of the pull-up motion.    

shows an example of the tearing force 
response using the apparatus and specimen 
shown in .   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The tearing force FTS almost saturated as 9–
12 N for the clamped end’s displacement x =5–
20mm. The maximum force at x=5–20mm was 
collected to evaluate the Elmendorf-like tearing 
strength from the test. The average maximum 
tearing strength for five samples was 
determined as 11.41N, with a standard 
deviation of 1.25N.   

( a ) Tens i l e  fo r  t e a r i ng  (b )  Spec im en  ( Un i t : mm )

 a  = 90 ° .   
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shows an example of the tearing force 
F in  when choosing a long connecting 
portion (an =90mm). Half of the maximum 
tearing force Fmax/2 was determined as the 
average of 10.85N and with a standard 
deviation of 0.95N. Here, F gradually decreased 
at x >30mm due to the tearing failure.  To a 
certain extent, in the tearing process, a periodic 
change of F was observed as peak-to-peak 

xp  (as wave-length) ).  and  
show that Fmax/2 was almost equal to an 
Elmendorf-like tearing strength FTS. Hence, the 
tearing strength of the E-flute corrugated board 
in the machine direction was evaluated as FTS 

=11N with respect to the tearing line. As the 
early maximum peak, a position of xb0 =1.5mm, 
Fb0 =4.8N was detected ( ). Since the arm 
length of the pulling point was a projection of 

 the bent-up band ab0 =

 with b=12mm, the bending moment of  

Fb0ab0 was determined as 4.0Nmm/mm, which 
appears to be equivalent to Mpeak ( ).  

As a referenced investigation, the 
Elmendorf tearing test using the uniaxial tensile 
device was applied to a liner sheet of 160g/m2 
(0.220mm thick), while varying the tearing 
velocity V from 0.5 to 5mm/s. The tearing 
strength in MD was 2.0–2.1 N, which gradually 
increased with V. The strength of the prepared 
E-flute corrugated board was about five times 
stronger than that of the liner sheet. Here, the 
tearing strength of the liner sheet in CD was 
1.5–2.0N for V =0.5–5mm/s. The results 
indicated that the tearing strength of the raw 
liner sheet increased as the tearing velocity 
increased. 

 

shows the side views of the pull-up 
zipper band, with b =12mm, an =2mm, and p 

=0° (type A).  shows the top views of torn 
connecting portions when choosing types A, D, 
and G: an =2, 2.5 and 3.0mm at p  =0°, b =12mm.  

 shows the failure mode occurring at the 
third stage during the tearing test in type D (an 

=2.5mm, p =0°). The success rate of the tearing 
separation pS was 100%, 80% and 0% for types 
A, D and G, respectively.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Namely, the upper critical length, at which pS 
=0, was an= 3mm (an/t=2), and the lower critical 
length, at which pS started decreasing, was 
an=2mm (an/t=1.33) for types A,D and G.  
 
 
 
 
 
 
 

 
 
 
Torn protrusion occurred at the band and 

the left/right-side area, although the band strip 
seemed a little plucked.  and  
show that the tearing failure mode started from 
the lower liner, outside the folded band strip. 
This pull-out tendency of the band strip was 
like that of a white-coated paperboard 5,6).  

 shows representative examples of 
the tearing tensile force F with respect to the 
displacement x with an =2, 2.5 and 3mm at b

=12mm, p =0° (A, D and G). At the early first 
stage (x=2–5mm) in , the peak minimum 
force was detected. The similar peak minimum 
forces were also detected in the second, third,  

( a )  Pe a k            ( b )  Pea k             ( c )  Fo l d i ng  
max im um  fo rce    m i n i mum fo rce    co l l apse

F i g .9  S i de  v i e w s  o f  p u l l -u p  z i p pe r  b a n d  a t  
t ype  A .   
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fourth and fifth stages. The resistance can be 
attributed to the plastic collapse9) of the folded 
band strip. After the folding collapse at each 
stage, the tearing force reached Fpi  (i =1,2,3,4, 
and 5).  Although plastic collapse principally 
occurred at every stage (connecting portion), 
the first stage collapse was relatively larger 
than that after the second stage due to a certain 
inclined attitude of the pull-up band.  Here, the 
folded position and its resistance dispersed 
among the specimens due to the periodic 
rigidity of CM. The maximum peak forces also 
disperse, as seen in .   shows the 
average maximum peak force Fp and its 
standard deviation for the five stages.  The full-
average force Fp of five stages Fpi (i=1–5) was 
derived as approximation Eq.(1). Here, Fp= 

 and FTS =11N as described in 
section 3.1.  The tearing force increased with 
the length of connecting portions. 
 

F .  

  
 

 
 

Fp = 11.08 (an/t)0.28  

Fp = 0.50(2FTS)(an/t)0.28  (1) 

 shows the success rate of the tearing 
separation of connecting portions for all types 
A–I in group (i). For an =2.5mm, it was found 
that the phase shift of the cutting lines slightly 
reduced the success rate.  
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 shows that the failure rate of tearing 
scattered in the five stages, whereas    
shows a representative relationship between the 
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tearing force and the displacement of the 
clamped end of the band strip when changing 

p=0°,90°, and180°. Comparing the non-zero 
phase shift p  =90, 180° with p =0°, as seen in 

, the maximum peak Fpi (i =2 was focused 
in here) at non-zero phase shift was smaller 
than that of the zero shift ( p=0), and it was 
divided into two peaks which were denoted as 
Fp2,1 (early peak) and Fp2,2  (late peak). This 
phenomenon arises from the non-zero phase 
shift of the two dashed-cutting lines ( ). 
Calculating the full average of the five 
maximum peak forces Fp= , 
was derived. For an =2.5 and 3mm at p =180°, 
the maximum peak force was reduced about 
21% from p =0°. If the right-side tearing is 
isolated from the left side tearing, the expected 
maximum peak force seems to be half of the 
force at the synchronous state as p =0°. 
However, the real pulling force was interfered 
from the opposite side under a twisted mode of 
the zipper band.  

F

.  

 
 
 
 
 
 
 
 
 
 
 
 

To investigate the effects of band width on 
the tearing characteristics, the width of the 
band strip was additionally chosen as b =15–
25mm when p was maintained as 0° (group ii). 

 shows the success rate of tearing pS, 
whereas shows the failure rate of tearing 
at any stage pFi (i =1–5) when changing b.  

In , the three cases (an=2, 2.5 and 
3.0mm) at b=12mm were rewritten from that of 

p  =0° in . It was found that the tearing 
success rate increased with the width of the 
band strip, and the tearing failure rate was 
scattered for the five stages. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
The success rate increment tendency by the 

band’s width was like that of a white-coated 
paperboard6). The bending stiffness of the band 
increases as its width increases. In contrast, the 
tearing resistance (force) at a connecting 
portion is determined by the length of the 
connecting portion. This relation increases the 
bending curvature radius of the pull-up band 
when increasing the band’s width. This 
situation was observed, as shown in . 

(an =3mm) is like  (an =2mm) 
with respect to the bending angle of the pull-up 
band.  For b =25mm, as shown in , the 
bending angle of the pull-up band was about 61° 
at the maximum peak force. Therefore, the in-
plane tensile stress of the outside layer of the 
band strip was reduced, compared to that of b

=12mm. Thus, the success rate of tearing seems 
to increase with the width of the band strip. 

an /mm 2 2.5 3

p / 90 180 90 180 90 180
Fp /N 10.6 8.9 11.4 10.0 13.3 10.7

Std.dev. /N 1.7 0.6 0.8 1.2 1.5 1.1

 
( a )  E a r l y  pea k              ( b )  L a t e  pea k   
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For the tearing force against the width of the 

band, 0 shows Fp (as a full average of five 
stages) for types of A, D, G and a–i.  Here, error 
bars represent the standard deviation of samples. 
Fp increased as b due to the difference in the 
bending attitude.  However, since the upper 
bound tearing force is expected as 2FTS =22N, 
Fp seems to settle down into a certain resistance 
< 2FTS as b increases. According to the result 
of white-coated paperboard 6), the tearing force 
was determined by the length of a connecting 
portion an, but independent from b.  

 

Regarding the tearing velocity effects on the 

separation of connecting portions, as a plain liner 

sheet of 160g/m2 (0.220mm) was explained in 
section 3.1, the tearing resistance and the 
deformation of the E-flute specimen seem to be 
affected by the velocity.  shows the 
success rate of tearing for types D and G with 
the tearing velocities V of 0.5, 1.0 and 5.0mm/s.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The tearing state of V =0.5mm/s was not 

sensitive, compared to the case of V =1.0mm/s. 

However, the tearing state of V =5mm/s varied, 

and the success rate increased.  shows the 

side views of the pull-up band when V =1.0 and 

5.0mm/s at an  =2.5mm and b =12mm. Comparing 

) and , the torn protrusion of

was seen as a small broken volume. Namely, a 

pull-out deformation at the connecting portion 

seems to be restricted by the tearing velocity or 

the strain-rate of that region.  

A plain zipper band without a guiding route 
was prepared using a 160(upper liner)-
115(medium)-160(lower liner) g/m2 E-flute 
corrugated board (total height t =1.5mm). A 
tearing test of the zipper band was conducted 
while changing the length of connecting 
portions an, the width of band strip b, the angle 
of the phase shift of the two dashed-cutting 
lines p and the tearing velocity V. The 
following conclusions were deduced from the 
experiments. 
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(1) An in-plane tensile test based on 
fundamental tearing strength was 
conducted for an E-flute corrugated board 
and a liner sheet in MD. The E-flute 
corrugated board, which had a strength of 
FTS =11N, was about five times stronger 
than that of the liner sheet.  

(2)  The relationship between the full average 
of the maximum peak tearing force Fp and 
the normalized length of the connecting 
portion an/t was revealed using 
experimental approximation with an 
exponentiation rule. 

(3) 
° °,

°

°
°

 
(5) When the tearing velocity was increased 

from 1 to 5mm/s, the success rate of tearing 
at connecting portions of the E-flute 
corrugated board was stably increased.   

In  many rea l  prob lems,  the  tear ing  
ve loc i ty  seems to  be  la rger  than  tha t  o f  th is  
s tudy.  When the  th ickness  of  cor ruga ted  
board  i s  la rger  than  tha t  o f  E- f lu te ,  the  
tear ing  behav ior  of  z ipper  seems to  be  
changed .  These  geometr ica l  and  dynamic  
e ffec ts  on  the  tea r ing  charac te r is t i cs  shou ld  
be  inves t iga ted  fur thermore .    

b :  wid th  of  the  band  s t r ip  (pu l l  t ab) ,  b=12,  
15 ,  20 ,  and  25  (mm)  

a n :  l eng th  of  a  connec t ing  por t ion  (uncu t  
zone)  a long  the  cu t t ing  l ine  

p :  ang le  o f  phase  sh i f t  (d i fference)  
be tween  two dashed-cut t ing  l ines ,  p = 

0 ,  90  and  180  (° )  
F  :  t ea r ing  tens i le  force  of  the  c lamped end  

of  the  z ipper  band   
x  :  d isp lacement  o f  the  c lamped  band  end  in  

the  ver t i ca l  d i rec t ion  
F p i  :  the  maximum peak  tear ing  fo rce  a t  the  

i - th  s tage  ( the  i - th  connec t ing  por t ion ,  
i=1 5  was  cons idered)  

F p  : average  maximum peak  tear ing  force  for  
the  f ive  s tages ,  

p S  :  success  ra te  (p robabi l i ty )  o f  t ea r ing  
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