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 ABSTRACT   

The use of an optical fibre long period grating (LPG) as a soil moisture sensor is reported. Characterization of the device 
in both clay and sandy soils revealed a sensitivity to moisture levels in the range 10-50%, and the results were compared 
with the output from a Theta probe, the standard soil moisture sensor, which measures the impedance of the soil.  
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1. INTRODUCTION  
The measurement of soil moisture content is essential in agriculture and for the planning and management of buried 
assets1. Currently available soil moisture measurement devices are restricted to observations recorded at discrete 
locations2. There is a need for new technology to facilitate the development of a holistic approach, able to analyse a large 
area concurrently. For example, this might include the detection of leakages along a water pipeline network, or in 
applications such as agricultural field management and agronomic irrigation scheduling. Optical fiber sensors have the 
potential to address this; providing a relatively inexpensive solution which can detect water over both multiple locations 
and great distances. Such a device should be capable of detecting a range of moisture levels in a variety of soil types and 
ground conditions.  
 
The sensitivity of an optical fiber long period grating (LPG) to the refractive index of its surrounding medium is well-
documented3. This has been used to demonstrate refractometers for measuring the concentration of solutions or the 
curing of resins4, chemical sensors by exploiting coatings that change their refractive indices in response to an analyte 5, 
and liquid level sensors6. Here, the refractive index sensitivity of LPGs is exploited to measure the moisture content of 
soil.   
 
Two contrasting soil types were selected for the experimental investigation of the sensor. One was an agricultural soil 
from the ‘Wickham’ soil series7, being a typic stagnogley, comprising medium silty drift over clayey material passing to 
clay, and being imperfectly drained with pore spacing of <2μm. The other sample was a loamy sand horticultural organic 
soil, derived on the ‘Cottenham’ soil series7, being a typic brown sand, comprising ferruginous medium to coarse sandy 
material passing to a parent material of Lower Greensand, and being freely draining with pore spacing in range 60-
2000μm. These were selected to offer contrasting soil moisture retention and mineral pore space characteristics, as well 
as being typical of soils in anticipated application environments. This permitted the performance of the sensor to be 
assessed in a range of soil physical, textural and hydrological conditions. A Theta Probe (SM200) was used as a 
reference instrument for determining volumetric moisture content. The probe operates by measuring the electrical 
resistivity between two terminals inserted into the soil, which is related to the water content in the body of soil between 
the rods. The quoted accuracy of the device is ±3%8. Volumetric water content, or moisture content, θv, is widely used to 
quantify soil moisture2. It is expressed as a ratio of water volume to total volume (m3.m-3):   
 

θv = VolWater/VolSample      (1) 
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where VolWater is the volume of water in the soil sample, and VolSample is the total volume of dry soil, air and the 
water in the sample. It is commonly converted to a percentage for a more intuitive representation. This investigation 
tested soil to its field capacity, a term referring to the amount of soil moisture or water content held in the soil after 
excess water has drained away. 

2. MATERIALS & METHODS 
2.1 LPG Fabrication  

The LPG, of period 109 µm and length 40 mm, was fabricated in a boron-germanium, co-doped photosensitive optical 
fiber, with a cut-off wavelength of 670 nm (Fibercore PM750) by point-by-point UV irradiation using the overwrite 
method9. The period of the LPG was selected such that one of the resonance bands, centered at 850 nm was at the phase 
matching turning point (PMTP). The transmission spectrum of the optical fiber was recorded by coupling the output 
from a tungsten-halogen lamp (Ocean Optics LS-1) into the fiber, analyzing the transmitted light using a fiber-coupled 
CCD spectrometer (Ocean Optics S2000). 
 
2.2 Sensor packaging 

The packaging used in deploying the LPG has to mitigate the risks to the integrity of the fibre posed by contact with 
abrasive soil minerals, whilst maintaining optimal performance. A 3D printed structure for packaging the LPG was 
developed in order to protect the fibre from damage while also allowing soil water to flow freely around it. The 
packaging developed is shown in Figure 1. 
 

 
Figure 1: Photograph of the 3D printed fiber holder. The housing has dimensions 80 mm x 25 mm x 10 mm 

 
The LPG was clamped within the casing, designed to protect the uncoated fiber and to keep it taut to avoid the influence 
of flexing. Arches were placed over the casing to trap soil within whilst still permitting moisture to pass through. The 
design was such that, when the sensor was moved, the soil sample was restricted physically inside the casing to prevent it 
moving across the LPG, thus avoiding abrasion or torsion to act on the fiber. Free drainage is also permitted via the 
slotted underside design of the package, avoiding water accumulation. 
 
2.3 Moisture Measurements 

Moisture measurements were conducted in two different types of soil: clay and sandy loam. The soil sample in the 
experiment did not have its ‘pore space’ calculated (bulk density), as the experiment involved by design the repeated 
wetting/drying of the sample – so removing natural structure. It was viewed that this approach was pragmatic for the 
‘proof of concept’, and furthermore, two contrasting soils were selected, one having naturally large pore spaces. A future 
experiment would involve emplacing the probe in a field condition and after equilibrium and settling taking more natural 
readings. 

Alongside the LPG, a commercial water sensor, the Theta Probe (SM200), was used to measure the soil moisture content 
for comparison. As temperature affects the spectral output of the fiber 3, a thermocouple, connected to a data logger (Pico 
Logger), was used to monitor the temperature. The soil was placed in a container of dimensions 300x200x100 mm, and 
the LPG was buried to a depth of 50 mm, with the Theta probe and thermocouple placed in close proximity at the same 
depth, ensuring that the fiber and the orientation plane in which the Theta probe measured were held parallel to the 

Proc. of SPIE Vol. 10323  103232J-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/14/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



2000-

1500

1000

500-

0

E

1500

1000

680
" I
71

690
. i 1 . r

0 800

Waveleng

.1 .

900

ith (nm)

Air
Water

1000

 
 

 
 

 
 

bottom of the
syringe unifo
approximatel
measurement
500 ml. This 
from the LPG
time and wate

In order to de
deionized wa

Figure 2: 
corre

Figure 2 reve
refractive ind
nm) shifts fro
corresponding
from the PMT

Typically, LP
grating period
at the PMTP
decreasing tr
Theta probe a

In both soil ty
approximatel
LPG sensor a
LPG sensor, 
expected and 

The time del
probe and the
have caused a
issues, and so
prototypes wi

 

e container. Th
ormly to an ar
y 10 ml of w
ts stabilized, w
is equivalent

G, soil moistur
er added. 

emonstrate the
ater. The spect

Transmission s
esponding to co

eals a distinct
dex increase fr
om the edge o
g to coupling 
TP, the shift is

PG sensors ar
d, an increase
P. However, 
ransmission in
and from the L

ypes, the LPG
y 3 minutes b

appears to be n
as working n
when used pr

ay in the LPG
e housing of t
a delay in the 
o water is abl
ill be modified

he sensors we
rea of 120 x 8

water being ad
whereby exce
t to the critica
re values from

e sensitivity o
trum was reco

spectra of the LP
oupling LP0 18, a

tive shift in t
rom 1.0 to 1.3
of the PMTP 
to LP0 18  is s

s smaller in m

re monitored 
e in the surrou

monitoring t
n response to 
LPG sensor in

G sensor show
between the tw
non-linear wh
near the PMT
ractically can 

G results is li
the LPG. Wh
time taken for
e to move fre
d to allow for 

ere allowed to
80 mm on the
dded every 30
ess water drain
al agronomic s
m the theta pro

3. RESUL
of the LPG, irr
orded before an

PG when in air
and the dotted l

the LPG when
33. The resona

to the point w
shown in deta

magnitude (~3 

by tracking t
unding refract
the transmissi

increasing re
n clay and sand

ws correlation 
wo sensors sy

hen compared 
TP gives high
be mitigated w

ikely a result 
hile the prototy
r water to infi

eely between t
freer movem

o acclimatize t
e soil’s surfac
0 s. Water wa
ned off. For s
state of ‘soil f
obe, and a log

LTS & DIS
respective of t
nd after imme

r and in water. T
ine denotes 817

n immersed i
ance band corr
where the dua

ail in the inset
nm).  

the centre wa
tive index cau
ion at a sing
efractive index
d samples, res

with the readi
ystems (Figure
to the Theta p
h sensitivity 
with the use o

of the combin
ype housing k
iltrate the devi
them. The hou
ent of soil and

to the ambient
ce. The additio
as added to th
sandy soil this
field capacity

g of soil tempe

SCUSSION
the addition o
ersion to show

The expanded s
7 nm. 

in water. This
responding to
al resonance b
t in Figure 2,

avelengths of 
uses an initial 
gle wavelengt
x. Figures 3 
spectively. 

ings from the 
e 3). Addition
probe. This no
but poor line

of calibration a

nation of pos
kept the fiber 
ice. The prong
using used in 
d water around

t soil moisture
on of water w
he dry soil sam
s equated to a
’.The results r
erature from th

N 
f soil, the LPG

w the spectral c

 
section highligh

s shift is char
 coupling to L
bands have fo
showing a shi

the resonance
further deepe
th (817 nm) 
(a) and 3 (b)

Theta probe, 
nally, the mag
on-linearity ari
earity. This n
and lookup cu

sitional differe
secure, it wa

gs of the theta
this work wa

d the sensing 

e. Water was 
was progressiv
mples until th
around 300 m
recorded com
he thermocou

G was initially
change (Figur

hts the resonanc

racteristic of 
LP0 19 (between
ormed. The re
ift but, as it is

e bands. How
ening of the re

provides a m
 show the res

but there is a
gnitude of the 
ises due to the

non-linearity o
urves.  

ences in the L
as also restrict
a probe had no
as the first pro
region.  

then added by
ve, at a rate o
he theta probe

ml and for clay
mprised spectra
uple, as well as

y immersed in
re 2).  

ce band 

a surrounding
n 800 and 900
esonance band
s further away

wever, for this
esonance band
monotonically
sults from the

a time delay o
change in the

e design of the
of response is

LPG and theta
tive and could
o such housing
ototype, future

y 
f 
e 
y 
a 
s 

n 

g 
0 
d 
y 

s 
d 
y 
e 

f 
e 
e 
s 

a 
d 
g 
e 

Proc. of SPIE Vol. 10323  103232J-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/14/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



 
 

 
 

 
 

Figure 3: 
as m

The perform
environments
work is at an 
sensor. Futur
pipelines and

JH would like
The underlyin
http://dx.doi.o

[1] Leksh
Measu

[2] Paige,
Range

[3] James
Techn

[4] Buggy
monito

[5] Partrid
toluen

[6] Fu, H.
Liquid
11(11)

[7] Canfie
[8] Webb
[9] Partrid

grating
 

Comparison of
easured by The

mance of a pr
s has been rep
early stage, t

re work with 
d at agricultura

e to acknowle
ng data can be
org/10.17862/

hmi, S. U., Sin
urement 54, 92
 G. B., Keefer

eland,” J. Am.
, S. W., Tatam

nol 14(5), 49–6
y, S. J., Chehu
oring," J. Opt
dge, M., Wong
ne sensor for u
., Shu, X., Zha
d-Level Senso
), 2878–2882 
eld University
, N., “User M
dge, M., Jame
gs,” Opt. Expr

f the intensity at
eta probe (blue)

rototype LPG
ported, showin
this demonstra
this sensor sy

al sites. 

edge the suppo
e found at http
/cranfield.rd.3

ngh, D. N., Sho
2–105 (2014).
r, T. O., “Com
 Water Resou

m, R. P., “Opt
62 (2003). 
ura, E., James,
. A: Pure App
g, R. Y. N., Ja

use with water
ang, A., Liu, W

or Based on a L
(2011). 

y “LandIS,” 20
Manual for the H
es, S. W., Barr
ress 24(20), 2

t 817 nm of tran
) for sandy (a) a

4. C
G-based moist

ng sensitivity
ates a real wo
ystem will be

ACKNO

ort of The Nat
p://dx.doi.org/
3969354. 

R

ojaei Baghini,
. 

mparison of Fi
ur. Assoc. 44(1
ical fibre long

, S. W., Tatam
p. Opt., 9, 60-6
ames, S. W., D
r contaminatio
W., Zhang, L.
Long-Period F

016 < http://w
HH2,” Delta-T
rington, J., Tat
22345–12 (201

nsmission throu
and clay (b) soil

CONCLUSI
ture sensor, c

to a range of
orld practical a
e the deploym

OWLEDGE

tural Environm
/10.17862/cran

REFERENCE

, M., “A critic

ield Performan
1), 121–135 (2
g-period gratin

m, R. P., "Opti
65 (2007)   
Davis, F., Hig
on,” Sensor. A
, He, S., Benn
Fiber Grating 

www.landis.org
T Devices Ltd
tam, R. P., “O
16). 

ugh the LPG sen
l. 

IONS  
characterized 
f moisture con
application of

ment of this se

EMENTS 

ment Research
nfield.rd.3969

ES  

cal review of s

nce of Multip
2008). 
ng sensors: ch

ical fibre grati

son, S. P. J., T
Actuat. B-Chem
nion, I., “Impl
Mach Zehnde

g.uk > (29 Oc
d 1–124 (2013

Overwrite fabr

nsor (in black) 

within both 
ncentrations f
f a simple un-c
ensor in exter

h Council (NE
9291 and 

soil moisture m

le Soil Moistu

haracteristics a

ing refractome

Tatam, R. P., “
m. 203, 621–6
lementation an
er Interferome

ctober 2016) 
3). 
rication and tu

to the moisture

sandy loam 
from 10 to 50
coated LPG b

rnal testing sit

ERC) (NE/M0

measurement,

ure Sensors in

and applicatio

eters for resin 

“Long period 
625, Elsevier B
nd Characteriz
eter,” IEEE Se

uning of long p

 
e content 

and clay soi
0%. While this
based moisture
tes near water

009009/1). 

,” 

n a Semi-Arid 

n,” Meas Sci 

cure 

grating based
B.V. (2014).
zation of 
ensors Journal

period 

il 
s 
e 
r 

d 

l 

Proc. of SPIE Vol. 10323  103232J-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/14/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx


