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White Sands Test Facility (WSTF) was requested to perform ambient temperature 

hydrostatic pressurization testing of a Space Transportation System (STS) 40-in. JSev1are;,l 

Composite Overwrapped Pressure Vessel (COPV). The 40-in. vessel was of the same 

design and approximate age as the STS Main Propulsion System (MPS) and Orbiter 

Maneuvering System (OMS) vessels. 

The NASA Engineering Safety Center (NESC) assembled a team of experts and 

conducted an assessment that involved a review of national Kevlar COPY data. During 

the review, the STS COPVs were found to be beyond their original certification of ten 

years. The team observed that the likelihood of STS COPV Stress rupture, a catastrophic 

burst before leak failure mode, was greater than previously believed. Consequently, a 

detailed assessment of remaining stress rupture life became necessary. Prior to STS-114, 

a certification deviation was written for two flights of OV-103 (Discovery) and OV-104 

(Atlantis) per rationale that was based on an extensive review of the Lawrence Liveimore 

National Laboratories, COPV data, and revisions to the STS COPV stress levels. In order 

to obtain flight rationale to extend the certification deviation through the end of the 

Program, the Orbiter Project Office has directed an interagency COPV team to conduct 

further testing and analysis to investigate conservatism in the stress rupture model and 

evaluate material age degradation. 

Additional analysis of stress rupture life requires understanding the fiber stresses 

including stress that occurs due to thru-wall composite compression in COPV 



coqonents. Data must be obtained at both zero gauge pressure (pre-stress) and at the 

component operating pressure so that this phenomenon can be properly evaluated. The 

zero gauge pressure stresses are predominantly a result of the autofsettage process used 

during vessel manufacture. Determining these pre-stresses and the constitutive behavior 

of the overwrap at pressure will provide necessary information to better predict the 

remaining life of the STS COPVs. 

The primary test objective is obtaining data to verify the hypothesis of a radially oriented 

thru-thickness stress-riser in the COPV composite whose magnitude is a function of the 

applied pressure and the load history. The anticipated load dependent response follows 

fsom the constitutive behavior of the composite overwrap so data to quantify its non- 

linear and time dependent response will be sought. 

The objective of the Fiber Braggs Gratings (FBGs) were to advance the state-of-the-art 

by developing techniques using FBG sensors that are capable of assessing stress-rupture 

degradation in Kevlar COPVs in a health monitoring mode (1). Moreover, they sought to 

answer questions of how embedded sensors affect overall integrity of the structure. And 

lastly, they sought to provide an important link in the overall stress rupture study that will 

help close the loop on the COPV fabrication process. NDE inspection methods will be 

used fiom start to finish and FBG will be an integral link within the overall chain. 



Theory of Operation 

FBGs work as filters by selecting a certain portion of the input spectrum of light and reflecting it 

back as shown in figure 1. 

Figure 1. Fiber Braggs Grating Filter 

The equation govei-ning the principal of operation is given in equation 1 (2). 

Here, AG is the grating spacing; n is the refractive index of the material; and kG is the 
Bragg s wavelength. 

Minimum. Bend Radius 

Critical radius for single mode fiber: there is a critical radius Rc such that there is 

significant radial loss for bend radius < Rc, 



Where nl is the refractive index of the core of the fiber, and n2 is the cladding. 

Braggs Mclximzim Reflectivity 

The Maximum reflectivity of a BG at the center of the reflection band-width is given by 

3LG is the Bragg wavelength; 6n is the average increase of refractive index by W light; 

and L is the length of grating. If we select 3LG = 1300 nm, 6n to be 3 x10-~, we can plot 

RMax as a function of the grating length as seen in the graph below. Graph 1 shows that if 

L is greater than 270 microns, the reflectivity is100%. It must be pointed out that if L* is 

longer (3-7 mm), the reflected peak gives a better resolution (long grating). If L is close 

to its theoretical maximum the resolution is less (short grating). However, if the longer 

gratings are placed on or into a curved surface peak splitting may occur. 



Braggs Grating Length as a Function of Reflectivity 

1.2 
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Figure 2, Braggs planes placed inside of fiber optics 

cable. 



Temperature sensor 

If we desise to make a temperature sensor, then we can write the change in hG as (3), 

Here, a is the expansion coefficient of the material. For silica, this value is .55 x ~ O - ~ P C .  

For Ge02 dopant, the thermo-optic coefficient, 5 = 8.3xl0"P~. Therefore, AhGlhG= 

(8.85 xl0"P~) x AT. 

Strain Sensor 

If we desire to make a strain sensor (3), 

Here, p, is the photo-elastic constaht which is related to the Pockel's and Poisson ratio. 

For silica this value is .22, therefore AhG = hG x 0.7%. 

Both strain and tenyeratuse can be separated in a polarization preserving fiber. 

FBGs are manufactured by introducing periodic variations in the refractive index in the 

longitudinal direction of optical fibers. In order to construct FBGs, optical fibers are 

doped with photosensitive materials called dopants and exposed to ultraviolet (UV) light 

with a periodic intensity (1). The photosensitive dopants change theis propel-ties 



according to the intensity of UV light. This phenomenon is called photorefiaction. The 

reflected portion of the spectrum depends on the geometry and chemistry of the periodic 

structure of the grating. Thus, if the geometry or chemistry of the FBG changes due to 

either environmental changes or induced perturbations the wavelength of the reflected 

light would change accordingly. 



Experiment Setup 

Fiber Installation 

The OMS vessel was instrumented with 36 FBG sensors (figures 3 and 4). Three sensors 

were placed transverse on the zero axes and three in transverse on the 180 axis. The 

remainder of the thirty was installed in the longitudinal direction (20 on top and 10 on 

bottom). Keeping with the last centaur test, FBGs sensors were taped down with several 

layers of kapton tape for each sensor to reduce peak splitting. Then they were attached to the 

surface of the vessel using M- Bond GA-2. The surface of the vessel was sanded using a 600 

grit sand paper and cleaned with isopropyl alcohol. This was done to insure good adhesion of 

the optical fiber to the vessel surface. Once all of the sensors were bonded, they were tapped 

down to prevent any loose fiber from entanglement with other wires on the vessel that might 

cause the FBG to break. We mounted L- shaped connector holders to the vessel surface using 

double sided tape. This made it easier to connect two loft patch cables from the vessel to the 

FBG interrogation system. The order of each labeled sensor line is noted it the Table 1. The 

table starts with the sensor number followed by the sensor string. The location, orientation 

and wrap are Listed for each sensor. Lastly, the location for each sensor string as it is 

connected to the vessel is listed in the columns showing top or bottom for the connections. 

BRR FBG Data Acquisition System 

The FBG data acquisition system was from Blue Road Research (BRR). The stand along 

system incorporated a communication laser with a central wavelength around 1500 nm which 

could scan over a 40 nm bandwidth. The unique design was connected to a multiplexer that 

accomnlodated 10 channels for each optical fiber. All connected to a SN9565 XXpc 

microcomputer with a National Instrument interface card. An associated LabView software 

program allowed each channel with as many as four sensors to be observed at a time. The 



collected data was stored by the computer for further analysis. 

The optical fibers sensors were purchase from Micron Optic. Each fiber was design with for 

three to four sensors. The sensors were separated by five to ten nanometers. 

During the burst test, the FBG interrogator was set to scan at 4 Hz. The strain generated in 

the fiber optic sensors was recorded as wavelength data that was converted to micro-strain 

and plotted using MS Excel. 



Results 

The FBG is more of a point sensor; hence it measured localized strain as opposed to a foil 

strain gauge that covers an area. The area of a foil gauge can be .25 inch square or more 

which measures the average strain (4). The sensing element in the FBG is on the order of 

3 to 7 millimeter. Ideally, the sensing element is on the order of 1 to 1.5 millimeter 

longer. The sensing is along the direction of light propagation for the FBG. 

Therefore, strain tends to be more localized and differ from point to point on a large 

surface, particular in the case of the surfaces of a composite structure under dynamic 

loading as in the case of the COPV. Adjacent strains of the material can see different 

loading. 

In Figure 5 we see as example of three different loading levels along the 120 degree line 

of the top hemisphere, (sensors 3, 4 and 5). The direction of the gauges is along the 

COPV wrap. The loading is linear with pressure. However, the maximum str ' 

experienced by the sensors are, 13025.5, 8985.0, and 3536.7 (micro strain) while the 

pressure per square inch experienced was 7586, 76725, and 6613, respectfully. These 

values are at or near the point where the COPV ruptured, 7667 psi. 

One may also note that a brakeage in the plots can be seen. These brakeage can be 

attributed to several effects; one, it maybe from the onset of the liner beginning to yield 

load level. Or, underline Kevlar strain(s) giving way and the loading is being transferred 

to adjacent strains as pressure inside the vessel continued to increase until failure. 



The breakage in the data seems to be an onset of a plateau region. The plateau may 

indicate that the Kevlar has reached its yielding level or the fiber optic cable may have 

reached its yielding limit. 

Similar results can be seen in Figure 6 (sensors 6,7, and 8). The strain is measured along 

the 180 degree line on the bottorn hemisphere. The maximum strain is compatible to the 

level measured by sensors 3, 4, and 5. However, sensor 8 failed as the pressure levels 

read 5300 psi. Here the adhesive may have given way. The COPV was coated with a 

layer of polyurethane that had been exposed to ultra violet rays for several years. 

Moreover, flaking of the Polyurethane was noted while applying the FBGs to the COPV. 

If the epoxy adhesive gave way under stress this would account for the zero loading at 

this pressure. 

. Figure 7 represents sensors 16, 17 and 18. These sensors were mounted transverse to the 

the 0 de sphere. The 

sensors are on wraps 5T, 3T, and IT. The strain levels in these sensors are generally 

lower because the loading along the direction of wrap were more than the loading 

transverse to the wrap. 

In Figure 8 we illustrate peek splitting using a long FBG (sensor 19). It is located along 

the 0 degree line A FBG sensor is prone to splitting if it is placed on a curved surface (4). 

The BRR FBG interrogator cannot properly track the major peak shift when it is under 

stress. It sees two peaks from the one sensor. The major peek is at 1530 nm and the minor 

peek is located 1533 nm Quantitatively, each sensor follows the increase strain with 

increase pressure. Hence, it is important to properly balance sensitivity (long Braggs 

Grating) with peak design requirements. 



Finally, Figure 9 shows sensors 29, 30, and 3 1. Sensors 30 and 3 1 are located on the 300 

degree line in the bottom hemisphere and wraps 15L and 2L, respectfully. Each sensor is 

well behaved and is linear with increased pressure. The maximum strain experience by 

sensors 3 1 is greater than that of sensor 30. 

Sensor 29 on the contrary, is located along the 180 degree line in the bottom hemisphere 

on wrap 4L. It is also well behaved and linear with applied pressure. 

The liner yield seems to be absent from these sensors. This may suggest that the yield 

maybe location sensitive. 



T
op

 (
A

N
-4

 p
or

t)
 

W
ra

ps
 o

f p
rim

ar
y 

in
te

re
st

 

Fi
gu

re
 3

. T
op

 v
ie

w
 o

f 
A

N
4

 P
or

t 





I-l
be

r 
B

ra
gg

 
ID

 
- F

B
G

 1
 

FB
G

 2
 

FB
G

 3
 

FB
G

 4
 

FB
G

 5
 

FB
G

 6
 

FB
G

 7
 

FB
G

 8
 

FB
G

 9
 

FB
G

 1
0 

FB
G

 1
1 

.F
B

G
 1

2 
,F

B
G

 1
3

 
FB

G
 1

4 
FB

G
 1

5 
F

B
G

16
 

F
B

G
17

 
F

B
G

18
 

FB
G

 1
9 

FB
G

 2
0 

FB
G

 2
1 

FB
G

 2
2 

FB
G

 2
3 

FB
G

 2
4 

FB
G

 2
5 

FB
G

 2
6 

FB
G

 2
7 

FB
G

 2
8 

FB
G

 2
9 

FB
G

 3
01

 
FB

G
 3

1 
FB

G
 3

2 
FB

G
 3

3 
FB

G
 3

4 
FB

G
 3

5 
FB

G
 3

6 

su
bj

ec
t t

o 
su

rf
ac

e 
or

 a
dh

es
io

n 
is

su
es

. T
he

 s
en

so
 

S
w

itc
h 

#,
 

S
w

itc
h 

P
os

iti
on

**
 

4.
2 

4,
2 

2,
l 

2,
1 

2,
l 

3
2

 
3,

2 
3,

2 
2

2
 

5,
2 

7,
l 

7,
l 

7,
l 

7,
l 

7,
l 

1
,l

 
1

,l
 

1
,l

 
1,

2 
1,

2 
1,

2 
1,

2 
1,

2 
4,

l 
4,

l 
4,

l 
4,

l 
4,

l 
3,

l 
3

,l
 

3
,l

 
3,

l 
3,

l 
6,

l 
6,

l 
6,

l T
ab

le
 w

av
el

en
gt

h 
(n

 m
) 

15
44

 
15

52
.5

 
15

35
 

15
45

 
15

56
 

15
29

 
15

40
 

15
50

 
15

43
 

15
48

 
15

30
 

15
35

 
15

40
 

15
45

 
15

51
 

15
30

 
15

40
 

15
50

 
15

30
 

15
35

 
15

40
 

15
45

 
15

51
 

15
30

 
15

35
 

15
40

 
15

45
 

15
50

 
15

30
 

15
35

 
15

40
 

15
45

 
15

50
 

15
33

 
15

48
 

15
53

 

1.
 M

ax
im

ui
n S
tri

ng
 #

, 
Li

ne
 #

 
1a

,2
gr

y 
1 a

,2
 g

ry
 

2a
,l

 a
m

 
2a

,l
 g

m
 

2a
,l

 g
rn

 
3,

2 
w

ht
 

3,
2 

w
ht

 
3.

2 
w

ht
 

4,
2 

om
g 

5.
2 

bl
k 

6,
l 

~
r

y
 

6,
l 

gw
 

6,
l 

gr
y 

6,
l 

gr
y 

6,
l 

7,
l 

bl
u 

7,
l 

bl
u 

7,
l 

bl
u 

8,
l 

re
d 

8,
l 

re
d 

8,
l 

re
d 

8,
l 

re
d 

8,
l 

re
d 

9,
l 

bl
k 

9,
l 

bl
k 

9,
l 

bl
k 

9,
l 

bl
k 

9,
l 

bl
k 

1
0

,l
 w

ht
 

1
0

,l
 w

ht
 

1
0

,l
 w

ht
 

1
0

,l
 w

ht
 

1
0

,l
 w

ht
 

11
,l

gr
y 

11
,l

 g
ry

 
1

1
,l

g
w

 

st
ra

in
 

C
lo

ck
 

O
rie

nt
at

io
n 

60
" 

60
" 

12
0"

 
12

0"
 

12
0"

 
18

0"
 

18
0"

 
18

0"
 

18
0"

 
60

" 
24

0"
 

24
0"

 
24

0"
 

24
0"

 
24

0'
 

0 "
 

0"
 

0"
 

0"
 

0"
 

0"
 

0"
 

0"
 

0"
 

0"
 

0"
 

0"
 

0"
 

18
0"

 
30

0"
 

p
p
~
~
~
~
 

30
0"

 
30

0"
 

18
0"

 
27

0"
 

27
0"

 
27

0"
 

le
ve

l 

A
rc

le
ng

th
 to

 
In

st
ru

m
en

t 
5.

63
 

2.
75

 
6.

00
 

29
.5

0 
24

.6
3 

7.
50

 
4.

00
 

1 .
OO

 
24

.2
5 

23
.5

0 
7.

75
 

4.
25

 
0.

50
 

2.
75

 
6 

8.
00

 
3.

88
 

W
ra

p 
Lo

ca
tio

n 
4 

L 
2 

L 
4 

L 
H

O
O

P,
 L

 
15

 L
 

5 
T

 
3

T
 

1 
T

 
15

 L
 

15
 L

 
5 

L 
3 

L 
1 

L 
2 

L 
4 

L 
5 

T 
3 

T 

V
es

se
l 

H
em

is
ph

er
e 

B
 

B
 

T T T B
 B
 

B
 

B
 

B
 

T T T
 

T T T T 
1 .O

O 
7.

50
 

3.
88

 
1 .O

O 
2.

50
 

6.
00

 
30

.2
5 

21
.8

8 
11

.5
0 

14
.7

5 

61
67

.0
 

75
87

.3
 

75
87

.0
 

75
87

.0
 

75
87

.0
 

30
58

.0
 

M
ax

im
u 

m
 P

S
I 

72
87

.3
 

72
35

.0
 

66
13

.0
 

62
48

.0
 

56
43

.0
 

52
96

.0
 

56
85

.0
 

0.
0 

56
59

.0
 

56
59

.0
 

33
95

.0
 

33
95

.0
 

33
95

.0
 

76
38

.0
 

70
79

.0
 

1 
T 

5 
L 

3 
L 

1 
L 

2 
L 

4 
L 

H
O

O
P,

 L
 

1
3

 L
 

7 
L 

9 
L 

T T
 

T T
 

T T T T T T 

5.
50

 
25

.0
0 

2.
75

 
8.

00
 

2.
50

 
23

.5
0 

14
.5

0 
29

.5
0 

25
.5

0 

P
as

se
d 

X X X X X X X X X X X X X 

-
2

 
X 

1.
99

8 
1.

67
7 

1.
18

4.
 

26
.0

7 
98

.6
9 

90
.9

2 
60

.7
4 

30
.3

2 
0.

00
 

0.
00

 
0.

00
 

0.
00

 
0.

00
 

0.
00

 
X X X 

ex
pe

ri
en

ce
 in

 e
ac

h 
se

ns
or

. S
om

e 
of

 th
e 

4 
L 

15
 L

 
2 

L 
5 

L 
2 

L 
15

 L
 

9 
L 

H
O

O
P,

 L
 

15
 T

 

Fa
ile

d 
X X ? ? 

3.
22

6 
? ? ? ? X X X X 

T
 

X 

33
95

.0
 

12
85

5.
0 

11
84

2.
0 

79
1 1

.8
 

39
48

.6
 

B
 

B
 B
 

B
 

B
 

T
 t t 

44
89

.0
 

53
49

.0
 

75
77

.0
 

M
ax

~m
um

 
M

ic
ro

 
S

tra
in

 

13
02

5.
0 

89
85

.0
 

35
36

.0
 

10
36

7.
0 

71
31

 .O
 

40
24

.0
 

14
59

 .O 

42
46

.0
 

34
46

.0
 

29
66

.0
 

21
47

.0
 

22
81

 .O
 

10
95

3.
0 

-7
9

5
8

.0
 

74
92

.0
 

76
38

.0
 

76
38

.0
 

72
60

.0
 

76
38

.0
 

34
.4

6 
41

.0
7 

58
.1

7 

se
ns

or
s f

ai
l a

nd
 o

th
er

s 
w

er
e 

? X X X 

N
or

m
al

iz
ed

 

10
0.

00
 

68
.9

8 
27

.1
5 

79
.5

9 
54

.7
5 

30
.8

9 
11

.2
0 

0.
00

 
32

.6
0 

26
.4

6 
22

.7
7 

16
.4

8 
17

.5
1 

84
.0

9 
61

.1
0 

C
ha

nn
el

 
N

or
m

al
iz

e 
d 

1 .O
OO

 
1.

45
0 

3.
68

4 
1.

25
6 

0.
56

4,
 

1.
00

0 
2.

75
8 

1 .O
OO

 
1.

23
2 

1.
43

2 
1.

97
8 

1.
86

1 
1.

00
0 

1.
37

6 

89
69

.0
 

65
31

 .O
 

68
.8

6 
50

.1
4 

0.
00

 
0.

00
 

0.
00

 

1.
00

0 
1.

37
3 





S
en

so
rs

 6
,7

, 8
 

P
S

I 

F
ig

ur
e 

6.
 F

B
G

 s
en

so
rs

 6
,7

 an
d 

8 
sh

ow
in

g 
on

se
t o

f 
lin

er
 y

ie
ld

. S
en

so
r 8

 fa
ile

d 
ab

ov
e 

52
50

 

ps
i. 

T
he

 f
ai

lu
re

 m
ay

 b
e 

du
e 

to
 a

dh
es

iv
e 

re
la

te
d 

pr
ob

le
m

s 
or

 u
nd

er
lin

e 
po

ly
ur

et
ha

ne
. S

en
so

rs
 

ar
e 

lo
ca

te
d 

in
 th

e 
bo

tt
om

 h
em

is
ph

er
e 

on
 w

ra
ps

 5
T

, 3
T

, a
nd

 1
T

 a
lo

ng
 th

e 
18

0 
de

gr
ee

 li
ne

. 



FB
G

 S
en

so
rs

 1
6

,1
7

,1
8

 

P
re

ss
u

re
 

F
ig

ur
e 

7.
 S

en
so

rs
 1

6,
 1

7 
an

d 
18

 w
er

e 
at

ta
ch

ed
 tr

an
sv

er
se

 to
 th

e 
w

ra
p 

di
re

ct
io

n.
 I

de
al

ly
, t

he
 s

tr
es

s 

ge
ne

ra
te

d 
in

 th
e 

K
ev

la
r 

w
ra

p 
is

 s
m

al
le

r t
ha

n 
al

on
g 

th
e 

w
ra

p.
 S

en
so

rs
 a

re
 lo

ca
te

d 
in

 th
e 

to
p 

he
m

is
ph

er
e 

on
 w

ra
ps

 5
T

, 3
T

, a
nd

 1
T

 a
lo

ng
 th

e 
0 

de
gr

ee
 li

ne
. 

EZ
 C

l1
 S

en
so

r -
17

 



.fi- * a + = f a  -3 0 

3 %  2 
z y 3  a  A 

s f 2 
4 # 5 
o ' g  

ri-d 
3 * It! 
a E g  " $ .g 
2 0 3  
° % ,  bJ3 . rl 
F 4 2 Q  



hhh 

5 8 3 
I I I 

K K K  

m o  g g g  
7 7 5 5 5 5  

K o1 o1 o1 
0 0 0  
o o o - - -  z z z s s s  
W W W v v v  

ol k z z 
. ? , , c u c u a ,  - - - .E .G .G 
O O O J - J J  

e . .?! 1 1 1 



C
on

cl
us

io
n 

W
e 

ev
al

ua
te

d 
th

e 
pe

rf
or

m
an

ce
 o

f 
F

ib
er

 B
ra

gg
s 

G
ra

tin
g 

(F
B

G
) 

se
ns

or
s 

fo
r 

N
D

E
 a

pp
lic

at
io

n 
by

 h
yd

ro
st

at
ic

al
ly

 p
re

ss
ur

iz
in

g 
a 

S
pa

ce
 

T
ra

ns
po

rt
at

io
n 

S
ys

te
in

 (S
T

S
) 4

0-
in

ch
 ~

ev
la

r@
l 

C
om

po
si

te
 O

ve
rw

ra
pp

ed
 P

re
ss

ur
e 

V
es

se
l (

C
O

PV
).

 

G
en

er
al

ly
, t

he
 F

B
G

 s
en

so
rs

 p
er

fo
rm

ed
 a

s 
ex

pe
ct

ed
. T

he
y 

w
er

e 
ab

le
 to

 d
et

ec
t t

he
 o

ns
et

 o
f 

yi
el

d 
in

 t
he

 t
ita

ni
um

 li
ne

r.
 T

he
 p

re
ss

ur
e 

at
 

yi
el

di
ng

 w
as

 d
if

fe
re

nt
 a

t d
if

fe
re

nt
 lo

ca
tio

ns
. H

ow
ev

er
, i

t a
pp

ea
rs

 th
at

 t
he

 o
ns

et
 w

as
 5

50
0-

65
00

 p
si

. 
O

nc
e 

th
e 

K
ev

la
r 

ov
er

w
ra

p 
re

ac
he

d 

its
 d

yn
am

ic
 li

m
it

; i
t r

ea
ch

ed
 a

 p
la

te
au

, b
ut

 g
av

e 
w

ay
 t

o 
in

cr
ea

se
d 

pr
es

su
re

 b
ui

ld
 u

p 
in

 th
e 

ve
ss

el
. 

S
om

e 
of

 t
he

 F
B

G
 s

en
so

r 
fa

ile
d 

fo
r 

va
ri

ou
s 

re
as

on
s:

 s
pl

itt
in

g 
be

ca
us

e 
of

 u
ne

ve
n 

su
rf

ac
es

, 
ad

he
si

on
 d

ue
 t

o 
su

rf
ac

e 
pr

ep
ar

at
io

n 
or

 

un
de

rl
in

e 
cr

ac
ks

 i
n 

th
e 

po
ly

ur
et

ha
ne

 th
at

 c
ov

er
ed

 th
e 

K
ev

la
r 

st
ra

nd
s 

or
 u

nk
no

w
n.

 G
en

er
al

ly
, 

th
ey

 s
ho

w
ed

 a
 l

in
ea

r 
re

la
tio

ns
hi

p 
w

ith
 

ap
pl

ie
d 

pr
es

su
re

. 




