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a  b  s  t r  a  c  t

The  adequate  use  of water  for  irrigation  in  agriculture  is a widespread  concern.  In this  study,  we  devel-
oped  an  autonomous  smart  system  consisting  of a  new  hydrogel  into  a valve,  which  regulates  the
flow  of  water  according  to  soil  moisture.  The  main  objective  was  to  find  an  alternative  to avoid  waste
of  water.  Yet,  hydrogel  development  and  study  of  the  quantitative  relationship  between  its proper-
ties  and  soil  moisture  were  also  important  to  achieve  this  aim.  The  hydrogel  was  synthesized  from
tris[(hydroxymethyl)  methyl]acrylamide  (NAT)  copolymerized  with  methyl  methacrylate  (MMA)  and
crosslinked  with  N,N′-methylene  bis(acrylamide)  (BIS).  The  use  of  cellulose  (2%  w/v)  avoids  hydrogel
breakage  during  swelling-deswelling.  The  relation  between  swelling  ratio,  force  of  expansion  and  mois-
ture was  evaluated  for the novel  hydrogel.  It was  found  that as  soil  moisture  increases,  the  gel swells,
while  expansion  force  diminishes.  These  properties  showed  linear  relationship  in  the  range  studied.  The
three-dimensional  network  formed  by  flexible  chains  has  the  attribute  of  exerting  a  great  force  when  it

∼ 2
expands  (=15 N for a hydrogel  disc  of 1 cm ).  When  the  material  was put  in  contact  with  the ground,  it
swelled  and  deswelled  without  breaking.  The  hydrogel  within  the  valve  was  able  to  open  and  close  the
passage  of  water.  The  valve  prototype  was  tested  during  four  months  with  a plant.  During  this  period,
only  three  liters of  irrigation  water  were  used  monthly,  instead  of about  half  a  liter  daily.  Hence,  an
autonomous  actuator  capable  of controlling  soil moisture  was  developed  based  on a  new  hydrogel.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Water demand should be reduced by increasing the efficient
se of this resource [1]. One way to reduce water consumption is
y developing efficient irrigation systems [2]. The use of new tech-
ologies should be aimed to adjust the irrigation to the needs of
he plant [3]. Many published works have been aimed to the devel-
pment of systems with controlled irrigation, using actuators that
perate according to the soil moisture. Mainly, they are made of
lectronic sensors coupled to actuators that operate using wires or
atteries [4–7]. Hence, high costs and contamination of the batter-

es, the energy demand and the computational management are the
ajor problems of these systems [8–11]. Chemical actuators can be

onsidered as possible smart irrigation systems because they use
nergy for chemical changes in their environment and transform it
nto a mechanical response [12]. These chemo-mechanical trans-

ucers are not dependent upon external power sources, enabling
heir use in places where other devices are particularly limited
12]. Different types of actuators capable of activating mechanisms

∗ Corresponding author.
E-mail address: marceloricardoromero@gmail.com (M.R. Romero).

ttp://dx.doi.org/10.1016/j.snb.2016.04.104
925-4005/© 2016 Elsevier B.V. All rights reserved.
such as valves [13], pumps [14] and mixers have been developed
[15]. Hydrogels are used as chemical actuators because they can
reversibly swell in response to chemical or physical changes in
the environment. Therefore, they are being studied for applications
such as sensors [16], artificial muscles [17] and as components in
miniaturized devices called “lab on a chip” [18].

The development of hydrogels based actuators requires to know
the swelling behavior and mechanical properties of the material
[19].

Hydrogels can swell in water increasing their volume many
times. Taking advantage of this property, acrylamide-containing
hydrogels have been used to increase moisture retention in soils
[20]. However, the evaluation of the water sensitivity of these types
of material is necessary to develop actuators. The swelling equilib-
rium reflects the sensitivity to moisture changes.

The composition of each hydrogel may show a particular
reversible degree in swelling/deswelling cycles [21]. In this sense,
the incorporation of fibers or particles into polymer networks has
been reported to improve their mechanical properties [22]. In addi-

tion, materials that incorporate cellulose have shown excellent
results [23,24].

The elasticity in hydrogels can be regulated by controlling the
hydrophilicity of the polymer network [25]. To accomplish this task,

dx.doi.org/10.1016/j.snb.2016.04.104
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.04.104&domain=pdf
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ethyl methacrylate (MMA)  has been used in combination with
ther more polar monomers [26]. The control of composition of
ydrogel will allow controlling hydrophobicity and regulating the

nteractions between the chains and water, the wetting capacity
nd therefore the maximum degree of swelling of the hydrogel. The
esigned material should also minimize the dependence of the sys-
em upon other stimuli such as pH, ionic strength and temperature.
reviously, we developed a hydrogel, a pH-dependent actuator,
sing tris[(hydroxymethyl) methyl]acrylamide (NAT) and itaconic
cid as co-monomers [27].

In this work, we present the development of a new hydrogel
hat can actuate independently of soil acidity. Therefore, to yield

 material which serves the purposes of this study, NAT and MMA
onomers were used. The hydrogel should act as a moisture sen-

or and control the flow in an auto-regulated form. In this research,
arious studies were conducted to know the behavior of the gels in
ontact with the ground at different moisture levels and to deter-
ine the ability of the network to generate enough normal force

NF) to operate the valve during swelling.
Furthermore, the selected hydrogel was incorporated in a

echanical system that controls water flow according to the
welling of the gel, this property being associated with the water
mount present in the ground. Since the hydrogel is in equilibrium
ith soil moisture, it shrinks when humidity decreases, allowing

he opening of the valve and passage of water, whereas the hydro-
el expands and closes the flow of water when moisture is high
nough.

The applicability of the system was evaluated with a prototype
alve to control soil humidity by placing the device in a potted plant
White calla lily) [28] for more than 100 days.

. Materials and methods

.1. Reagents

The following reagents were used as received: tris
(hydroxymethyl) methyl] acrylamide (NAT) (Sigma); methyl

ethacrylate (MMA)  (Sigma); N,N′-methylene bis(acrylamide)
BIS) (Sigma); (+)-N,N′-diallyltartramide (DAT)(Sigma); N,N,N′,N′-
etramethyethylenediamine (TEMED) (Sigma); ammonium
ersulfate (APS) (Anhedra); native fibrous cellulose powder
N300HR (Macherey, Nagel & Co., fiber length (95%) 2–20 �m,

verage degree of polymerization 400–500, specific surface accord-
ng to Blaine 15000 cm2/g), n-heptane (Dorwill); ethanol absolute
Sintorgan) and porous stone HMA-547 (Gilson Company Inc.). The
olutions were prepared with ultrapure water (18 M� cm−1).

.2. Synthesis and characterization of the hydrogels

.2.1. Synthesis
The hydrogels were prepared by free radical polymerization.

 mixture of water/ethanol (60:40) was used for the reactions.
s shown in Table 1, cellulose powder was added to 5 mL  of the
ixture water/ethanol and sonicated for 10 min  at mid  inten-

ity (∼=40 WL−1, 40 kHz, Ultrasonic Cleaner model Power Sonic
10, Hwashin Technology). The NAT/MMA molar ratio was var-

ed as shown in Table 1 (total monomer concentration of 1.4 M;
NAT] + [MMA]  = 1.4 M),  the crosslinking agent (BIS or DAT, 5–10%
ith respect to 1.4 M)  and APS (3.7–7.4% with respect to 1.4 M)  were

issolved in the cellulose/water/ethanol mixture using a vial with
 rubber cap. The solution was cooled on an ice bath and deoxy-

enated with N2 for 10 min. To initiate polymerization, 0.5 mL  of
n aqueous TEMED solution (0.32 M)  was added to the vial and
he whole solution was transferred to a plastic syringe of 5 mL.  The
yringe was placed in a water bath at 37 ◦C for 16 or 40 h as shown in
tuators B 234 (2016) 53–62

Table 1. Finally, the hydrogels were cut into discs of 3 mm thick and
12 mm in diameter and washed thoroughly with water. Products
p(MMA-NAT) 1–12 were yielded. All the syntheses were performed
in triplicate.

2.2.2. Optical microscopy and scanning electron microscopy
(SEM)

The surface morphology of hydrogel samples was  analyzed by
optical microscopy using a digital microscope Nisuta NS-DIMI USB.
The optical analysis was  carried out using samples dried in an oven
at 37 ◦C until constant weight.

The scanning electron microscopy (SEM) was performed using
a �igma FE-SEM from the Electron Microscopy Laboratory
(LAMARX), FAMAF, Universidad Nacional de Córdoba, Córdoba,
Argentina. SEM studies were performed with freeze-dried samples
after swelling in water and sputter-coated with platinum (Pt).

2.2.3. Study of swelling at equilibrium
The samples were dried in an oven at 37 ◦C until constant weight.

The dehydrated hydrogel discs were placed in water and swollen for
3 days until constant weight at 25 ◦C. When the equilibrium mass
was obtained, equilibrium swelling ratio as percentage (%ESR) was
calculated according to Eq. (1):

%ESR  = [me − md]
md × 100

(1)

where me is the mass of the sample at swelling equilibrium and
md is the dried mass. The hydrogel was weighted using a Mettler
Toledo balance (New classic MF,  model MS204S; 0.1 mg  precision).

2.2.4. Swelling kinetics of hydrogels and diffusion rate of water
The swelling kinetics of the hydrogels was studied by determin-

ing swelling rate (SR) at different times. SR was calculated using Eq.
(2), where mt is the mass of the sample at a given time:

SR = [mt − md]
md

(2)

Dried hydrogel discs were placed in water to swell; the change in
weight was  recorded as a function of time, until reaching constant
mass. The hydrogel was weighted using a Mettler Toledo balance
(New classic MF,  model MS204S; 0.1 mg  precision). All assays were
performed in triplicate. On the basis of the swelling kinetics (S), the
type of diffusion of water into the samples was estimated using Eq.
(3) [29]

S = Mt
M∞

= ktm (3)

where Mt is the mass of water into the sample at time t, M∞ is
the mass of water into the sample at equilibrium and k is a con-
stant related to the network structure. The exponent m is a number
related to diffusion type. This equation is applicable to swelling
lower than 60% of equilibrium swelling. The value of m and k was
obtained from the slope and the intercept of the curve ln S vs. ln t,
respectively.

2.2.5. Contact angle measurements
Contact angle measurements were performed by the Sessile

Drop method using a homemade contact angle goniometer. Deion-
ized water drops were used over dried hydrogel discs. All assays
were performed with water drops of (4.00 ± 0.04) mm3 measured
with an automatic pipette of the contact angle goniometer. The
water drop was dropped from a distance of (2.00 ± 001) mm from

the flat surface of the sample. Before and after that the drop touched
the surface, a video was  recorded using a camera CMOS at 15 frames
per second. The size of the images captured was of 640 × 480 pix-
els and the video was  in avi format. Each video was processed



M.R. Romero et al. / Sensors and Actuators B 234 (2016) 53–62 55

Table  1
Hydrogels composition.

Synthesis Co-monomers
(molar ratio)

Cellulose powder
w/v (%)

Crosslinking
agent

APS (%) Reaction time (h)

p (MMA-NAT)1 MMA:NAT (50:50) 0 DAT 5% 3.7 16
p  (MMA-NAT)2 MMA:NAT (50:50) 0 DAT 5% 3.7 40
p  (MMA-NAT)3 MMA:NAT (50:50) 0 DAT 5% 7.4 16
p  (MMA-NAT)4 MMA:NAT (50:50) 0 DAT 10% 3.7 16
p  (MMA-NAT)5 MMA:NAT (50:50) 0 DAT 10% 7.4 16
p  (MMA-NAT)6 MMA:NAT (50:50) 0 DAT 10% 7.4 40
p  (MMA-NAT)7 MMA:NAT (20:80) 0 DAT 5% 3.7 16
p  (MMA-NAT)8 MMA:NAT (20:80) 0 BIS 5% 3.7 16
p  (MMA-NAT)9 MMA:NAT (20:80) 0.4 BIS 5% 3.7 16
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p  (MMA-NAT)10 MMA:NAT (20:80) 0.8 

p  (MMA-NAT)11 MMA:NAT (20:80) 2 

p  (MMA-NAT)12 MMA:NAT (20:80) 10 

ith SPANISH-DUB software and different frames were selected at
,2,3,5,7,10 and 15 s in bmp  format. Finally, the bmp  images were
onverted to 8 bit grayscale with IMAGEJ 1.4 g software. The contact
ngle was measured processing the images with plug-in LB-ABSA
Low Bond Axisymmetric Drop Shape Analysis by Aurélien Stalder).
he results obtained correspond to the contact angle by the method
f subpixel. All assays were performed in triplicate at room tem-
erature. Photos of the contact angle goniometer and an example
f samples measured are available on Supporting information Figs.
1 and S2.

.2.6. Studies of normal force (NF) kinetics
The NF produced by the hydrogel during hydration was recorded

ver time during 5 h. For this experiment, the dried hydrogel
iscs were cut on 7 mm diameter and 0.7 mm  height. The sam-
le was centrally placed between two plates of 25 mm  diameter

n the rheometer. Subsequently, water was placed between the
lates until the remaining space was filled. The water produced the
welling of the hydrogel; we then measured the NF (N) caused by
ts expansion. The NF was detected by the capacitive probe inside
f air bearing of a rheometer Anton Paar Physica MCR  −301, with
esolution of ±0.002 N and accuracy of 2.5% of measured value,
0.03 N. During the determination, the space between the plates
as kept constant. All tests were performed in quadruplicate at

onstant temperature (20.0 ± 0.1) ◦C. The scheme and a photo of the
ystem to measure the NF are available on Supporting information
igs. S3 and S4.

.2.7. ESR and NF of hydrogels previously equilibrated on soil
ith different moisture content

The hydrogels were previously equilibrated on soil, using pot-
ing soil as a model. To control the percentage of water present in
he soil, it was initially dried in an oven at 105 ◦C for 4 h, until con-
tant weight [22]. Furthermore, glass flasks of 100 mL  were filled
ith 50 mL  of dry soil and closed with a cap. Subsequently, different

mounts of water were added to obtain 0, 15, 30, 45 and 60% v/v of
oil moisture content. Each system was allowed to equilibrate for
8 h at 20 ◦C. Dried hydrogel discs were placed over the surface of
ifferent soil samples and equilibrated for a period of 5 days in the
losed cup glass flasks.

After the period, ESR and NF were determined. ESR was  calcu-
ated according to Eq. (1), with the mass of previously equilibrated
ydrogel (me) and after being dried in an oven at 37 ◦C, until con-
tant weight (md).

NF of the hydrogels previously equilibrated in soils with differ-
nt moisture content was measured. For this, each hydrogel was

laced between the plate of the balance Shimadzu Libror EB3200D
nd a fixed flat surface of glass. The last was placed parallel and
lose to the plate of the balance. The remaining space between the
late and the glass was filled with water. The NF produced by the
BIS 5% 3.7 16
BIS 5% 3.7 16
BIS 5% 3.7 16

hydrogel was registered as the mass change, until equilibrium, dur-
ing 48 h. The results were normalized to hydrogels of 10 mm dry
diameter. All experiments were performed in duplicate at room
temperature. A scheme of the system is available on Supporting
information Fig. S5.

2.2.8. Stability test for the hydrogels in soil
Dry hydrogel discs were weighted and put in soil containing 0,

15, 30, 40 and 60% v/v percentage of humidity, in a closed recipi-
ent. The hydrogels were left to swell freely for 3 months. After this
period, the dry weight of each sample was  determined again, and
it was  related to the original weight using the following ratio (Eq.
(4)):
(
mf − mi

)

mi × 100
(4)

where mf is the final mass after the period and mi is the initial
mass of the samples. All assays were performed in triplicate. Pho-
tos of the hydrated samples were also taken to compare their final
morphologies.

2.3. Design and operational test of the actuator valve

2.3.1. Design of the valve
The valve consists of 4 mm  height and 25 mm  diameter and one

of 2 mm height with the same diameter, screwed together (Fig. 1).
For more details of design, see Supporting information (Figs S6–S9).
The overhead disc contains a manual regulator for changing the
height of the water inlet tube and thus control the opening and
closing of the system. The regulator consists of a bronze screw of
1 cm height and 3.8 mm diameter, drilled longitudinally. The screw
contains two nuts which are used to modify the height of the water
inlet tube and lock the height, respectively. The inlet tube is a nee-
dle (Terumo® NEOLUS 21 G x 2′′) which was blunt cut and is 10 mm
long. The intermediate thick disc has a central hole and a side tube
to conduct the fluid when the valve is open. Between the inter-
mediate disk and the bottom one, a latex membrane of 100 �m
thickness and 2.2 cm diameter was  placed. The membrane prevents
water filtration to the hydrogel directly before reaching the ground.
The bottom thin disc has a hole in which a porous stone of 10 mm
diameter was glued. This material is rigid but permeable to water.
The stone has a hollow of 2 mm height and 4 mm diameter to hold
within the hydrogel.

2.3.2. Operational stability test of the actuator
The operational stability was  tested by placing the valve on
the surface of soil in which a White calla lily was  growing. The
system was developed using the plant as probe for 4 months. To
perform this assay, the plant and the valve were put inside a flow-
erpot with 10 L capacity. The water of the valve was supplied by
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ig. 1. (Top) Scheme of the valve prototype showing how the changes in volume of t
Left)  The system was partially dissembled to show hydrogel p(MMA-NAT)11 inside t
ith  those of a hand.

 5 L reservoir connected to a 1.6 mm internal diameter hose from
asterflex® (06409-14, Tygon® lab tubing). A 2 mm hole was  made

n the upper part of the reservoir to allow air interchange. The reser-
oir connected to the tube was then elevated to produce 2 m of
ater column [mH2O] in the valve inlet. The hydrogel was  pre-

iously hydrated with water for 24 h and then placed inside the
rototype. The valve was connected to the tube and then placed on
he surface of the soil next to the plant stem. The reservoir was re-
lled with water approximately once per month, without changing

ts position. Several photos were taken at different periods to reveal
lant survival during valve operation.

. Results and discussion

.1. Analysis of synthesis products

Novel hydrogels were obtained by radical polymerization using
0:50 and 20:80 MMA-NAT ratio, as shown in Table 1. The rela-
ion between MMA  and NAT was adjusted to obtain the optimal

olubility of MMA  to yield the final materials. The monomers at
0:50% molar ratios were solubilized in the solvent mixture. How-
ver, when the reaction started, a precipitate was observed before
ydrogel formation, showing heterogeneity for [p(MMA-NAT) 1-6].
rogel control the water flow across the system. (Bottom) Photos of valve prototype;
ice (arrow). (Right) The photo shows the real dimensions of the system as compared

Moreover, products obtained from 20:80 MMA-NAT were homo-
geneous materials. Crosslinking agents such as DAT or BIS were
evaluated; yet the hydrogels obtained with 5 or 10% DAT showed
poor mechanical properties [p(MMA-NAT) 1-7]. These properties
were slightly improved when 7.4% of APS was  added instead of
3.7% or when the reaction time was  increased from 16 to 40 h. How-
ever, p(MMA-NAT) 8 obtained with 20:80 MMA-NAT ratio, 5% BIS,
3.7% APS and 16 h of reaction time showed the best mechanical
properties.

The p(MMA-NAT) 8 hydrogel was reproducible (the %ESR
and NF measured for these materials exhibit a relative standard
deviation close to 10%); nevertheless, when it was dried, the dehy-
drated material showed fractures. This effect could cause problems
because the hydrogel in the actuator continuously switches from
hydrated to dehydrated states. To solve this problem, cellulose fiber
was chosen as a reinforcing reagent to improve the hydrogel prop-
erties. Cellulose fibers were added to p(MMA-NAT) 8 composition
in different proportions (0.4, 0.8, 2, 5 and 10% w/v). When the cel-
lulose fibers were added to the reaction mixture, hydrogels were

obtained in all cases as products p(MMA-NAT) 9-12.

To analyze the effect of the presence of cellulose on the hydro-
gels, wettability and swelling properties were studied. Fig. 2A
shows the contact angles of sessile drops of water after a contact
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Fig. 2. (A) Contact angles (�) of sessile drops of water after a contact of 1 s on p(MMA-
NAT) 8-12 (B) contact angles (�) of water on p(MMA-NAT) 8-12 (0, 0.4, 0.8, 2, 10% w/v
cellulose content, respectively) versus time of contact of the drop on the polymer
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urface.

f 1 s on hydrogels containing 0, 0.4, 0.8, 2 and 10% w/v of cellu-
ose. Hydrogels in the absence of cellulose had contact angles of
18 ± 5◦; however, in the presence of cellulose, they decreased to
10◦ (average). These results indicate that the presence of cellulose
lightly improves wettability.

Fig. 2B shows the kinetics of contact angle of water on sam-
les with different cellulose content. All samples analyzed showed

 decrease in the contact angle over time. Furthermore, the rate
f decrease of contact angle increased at higher cellulose concen-
rations. These results indicate that the presence of cellulose in
olymer composition improves wettability.

Subsequently, the equilibrium-swelling ratio (%ESR) of hydro-
els was analyzed in the presence and absence of cellulose. As
hown in Fig. 3, %ESR decreased with the percentage of cellulose
rom 370 to 254% for p(MMA-NAT) 8 and p(MMA-NAT) 12, respec-
ively. The results indicate that the presence of cellulose favored
nteractions between polymer chains and therefore decreased
nteractions with water. However, the swelling should not decrease
oo much since it is required for switching the actuator. The %ESR
ecreased 22, 35, 37 and 116% on average for materials prepared
ith 0.4, 0.8, 2 and 10% w/v of cellulose, respectively. Therefore,
he hydrogel containing 2% w/v of cellulose [p(MMA-NAT) 11] was
elected since it was yielded in the higher concentration with a
light decrease in %ESR.
Fig. 3. Equilibrium swelling ratio (%ESR) of p(MMA-NAT) 8-12.

To verify the effect of cellulose addition, hydrogel samples
were morphologically studied using an optical microscope at 5, 20
and 200× magnifications. Fig. 4 shows dry samples of hydrogels
obtained in the absence [p(MMA-NAT) 8] and presence [p(MMA-
NAT) 11] of 2% w/v  cellulose. The hydrogel without cellulose
(below) was  glassy; yet, the presence of cellulose provided opacity
and a whitish appearance (above). Furthermore, the gel with-
out cellulose showed zones of macroscopic fractures and a rough
appearance at 200×. When the cellulose-containing gel was dried,
the fracture process did not occur. This improvement supports the
use of cellulose fibers as reinforcing agents for the gel structure.

3.2. Characterization of cellulose-containing gels

Samples of dehydrated p(MMA-NAT) 11 were swelled in water
and subsequently freeze-dried to retain their swollen structure.
Fig. 5 shows SEM images of hydrogels without (A) and with (B)
cellulose at 500×. The materials showed pores (A and B); how-
ever, porosity was lower when the hydrogel incorporated cellulose
(B). Fig. 5B shows the presence of elongated fibrous structures
distributed along the whole material. At a higher magnification
(Fig. 5C), fibers are found to be easily distinguishable; however, few
fibers are seen free, as shown in Fig. 5B, probably because cellulose
is closely associated with the polymeric material.

To study the behavior of p(MMA-NAT) 11 in contact with water,
hydrogel discs were dehydrated in the oven at 37 ◦C until constant
weight, placed in water and rehydrated in order to measure mass
change versus time. Fig. 6 shows swelling kinetics results. It can be
observed that p(MMA-NAT) 11 incorporated water more rapidly
in the first swelling phase until 90% SR. Then, the increase in water
absorption was slight. In general, gels reached 50% of swelling equi-
librium in approximately 130 min, while 99% of the final swelling
was achieved at 24 h. The %ESR reached (330%, marked with a dash
line in Fig. 6) was  appropriate for using the material as an actuator.

The swelling kinetics was used to determine the type of mech-
anism of water diffusion within the hydrogels using Eq. (3).
The diffusion law predicts that: if 0 <m < 0.5, a Fickian diffusion
mechanism controls water diffusion, whereas if 0.5 < m < 1, the
mechanism is not Fickian, whether m = 1 corresponds to a Type
II mechanism [30]. The diffusion coefficient m was  0.31 ± 0.02,
which corresponds to a Fickian mechanism. Therefore, the rate
of diffusion is lower than the relaxation rate of polymeric
To analyze the behavior of p(MMA-NAT) 11 in contact with
soils with different water content, swelling equilibrium assays were
developed. As indicated in the experimental section, the gels in dry
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Fig. 4. Dried hydrogels with [up, p(MMA-NAT)11] and without [down, p(MMA-NAT)8] cellulose. From left to right: 5, 20, and 200× magnifications.

, p(M
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Fig. 5. SEM image of hydrogel with [A, p(MMA-NAT) 11] and without [B
tate were weighted and put in contact with different moisture
ontent soils (0, 30, 45 and 60% v/v) in a closed system. For 5 days,
he hydrogels were allowed to equilibrate with the environment
nd weighted after the test. As shown in Fig. 7, the gels swelled in
MA-NAT) 8] cellulose at 500×. (C) Hydrogel p(MMA-NAT) 11 at 3490×.
proportion to the soil moisture up to 220 %ESR of its initial volume.
Furthermore, this could be linearly extrapolated to the soil moisture
of 100% (arrow). This correlated very well with the %ESR previously
obtained in the test of swelling in water, shown in Fig. 6. Therefore,
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ig. 6. Swelling kinetics of p(MMA-NAT) 11 and equilibrium swelling ratio (%ESR)
eached (dash line).

he swelling of p(MMA-NAT) 11 was directly proportional to the
oisture content of the environment.

NF kinetics was studied during the swelling of p(MMA-NAT)
1 hydrogels in water, using the methodology described in the
xperimental section. Fig. 8 shows the results of the force pro-
uced due to the expansion of the dehydrated hydrogel discs while
bsorbing water. NF significantly increased at the beginning of the
est, probably due to the force produced by absorption of water
rom the surface of the polymer in dehydrated state. After a fast
ncrease in strength, an inflexion was observed during the hydra-
ion process (Fig. 8, arrow). NF then continued growing with a slope
ower than that of the initial increase, reaching 11 N (in the time

easured).
The NF of p(MMA-NAT) 11 in contact with the ground at differ-
nt moisture levels was evaluated. As explained in Materials and
ethods, the hydrogels were previously equilibrated on soils with

ifferent moisture content. Subsequently, the NF produced during

ig. 7. Equilibrium swelling ratio (%ESR) vs. soil humidity for p(MMA-NAT) 11.
Fig. 8. Normal force (NF) vs. time for p(MMA-NAT) 11. The arrow shows an inflexion
of the swelling force.

the swelling in water was  measured. Fig. 9 shows equilibrium NF
versus soil moisture content for p(MMA-NAT) 11. The NF decreased
as moisture increased, and these variables are related in an approx-
imately linear manner. The hydrogel was previously equilibrated in
environments with different water content. Hence, the NF devel-
oped was  a fraction of the total NF, because the network was already
partially swollen. Therefore, the hydrogel inside the actuator could
reach a high force when the soil is dry and a less force when soil
humidity is raised.

The force produced by the actuator when a different moisture
amount is present in the soil can be analyzed using the data from
this graph. These results indicate that the hydrogels developed
show swelling and expansion force closely associated with soil
moisture and therefore this knowledge can be used in sensors or

actuators to control water irrigation in the soil.

Fig. 9. Normal Force (NF) for p(MMA-NAT) 11 pre-equilibrated in soil with different
moisture content (0; 15; 30; 45 and 60% v/v).
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ig. 10. (A) Variation of weight versus soil humidity for cellulose-containing hydro
fter  3 months.

.3. Stability test for hydrogels in soil

Hydrogels containing cellulose were evaluated for 3 months in
ontact with soil of different humidity. The weight of the hydro-
els before and after this period was determined. Fig. 10(A) shows
he results. Weight variation was always positive as compared to
hat of the initial mass. This increase could be attributed to the
etention of substances by soil. The maximum variation was 12.5%
or the hydrogel equilibrated at 45% of humidity. However, it was
bserved that the mass increased only 6% when the hydrogel was

n contact with soil at 60% of humidity. This effect could be due to
olymer degradation at high humidity, favored by microbial activ-

ty. Furthermore, the soil equilibrated at high humidity after the
ssay showed the release of nauseating gases. Fig. 10(B) shows
he photos of the equilibrated hydrogels with different humidity
n soils for 3 months. After the test, the hydrogels were brown-
olored, increasing in intensity with the humidity content of the
oil tested. However, macroscopic changes were not observed in
he mechanical properties because no disc was broken after the test.
herefore, following the test, a valve was built with the hydrogel
re-equilibrated at 60% of humidity. Differences were not found in
he performance of the valve prepared with this material or valves
repared with hydrogels recently synthesized.

.4. Development of irrigation valve and operational test

The performance of the valve prototype can be described as fol-
ows (Fig. 1): from a reservoir, the water (1) flows through the valve
oward the ground (2). The hydrogel is in contact with the soil,
bsorbs water from it (3) and swells (4). The increase in the volume
f hydrogel causes displacement of the plunger (5) which closes
ater flow. When the soil dries, water flows from the gel to the soil

6) and the volume of the polymer decreases (7). This reduction
n volume decreases the force over the plunger and opens the pas-
age of water until the soil reaches adequate humidity. This cycle of
ensing humidity and irrigation control is continuously repeated.

To decide the appropriate size of the hydrogel, it should be noted
hat size is related to the expansion force and speed of the response

f the system. Hydrogels of large area produce a great force (15 N,
or a disc of 1 cm2), while response speed depends on the diffusion
ate of the water into the gel. The latter depends on the dimension
f smaller size, either the diameter or thickness (�) of the discs and
B) photos of the hydrogels swelled at equilibrium with soils at 15, 30, 45 and 60% H

of the diffusion coefficient of the water in the polymer (D). Then,
with discs of small dimensions, fastest responses are reached. The
value can be estimated by the following equation, where t is the
time required for the diffusion of the solvent molecules through
the polymer [31–33]:

ı2 ≈ Dt (5)

The thickness of the gel used for the valve (2 mm,  dry) is similar
to that used in the determination of the swelling kinetics (Fig. 6).
Therefore, we  expect that the response time of the hydrogel within
the valve may  correspond to that observed in this assay, reaching
90% of the swelling in about 6 h. Moreover, according to the previ-
ous paragraph, if the thickness of the gel decreases, the response
time is accelerated. However, if the gel is too thin, thickness differ-
ences between swollen and dry states are small, and the mechanical
valve system must be excessively precise, and therefore difficult to
develop. The gel used in the valve in the dry state is 2 mm  thick
and its thickness on the state of high hydration is approximately
3.2 mm.  Thus, according to humidity percentage values of 15, 30,
45 and 60%, we expect that the changes in thickness are about 2.3,
2.5, 2.7 and 2.9 mm,  respectively. The force required to switch the
valve depends on the pressure of the water that enters into the
valve. For example, if the water pressure input to the system is 1 bar
and is applied through the inlet duct having an area of 0.5 mm2,
water enters into the device with a force of 0.05 N. To develop
this strength, a hydrogel disk of small area can be used, which
spends less material. The force that can be applied by a hydrogel
of 0.045 cm2 is between 0.09 and 0.6 N, at 60% and 0% of humidity
(%v/v), respectively. Therefore, this force is sufficient to switch the
actuator.

The size of the hydrogel disc [p(MMA-NAT) 11] was  4 mm  in
diameter and 3.2 mm thick, at equilibrium swelling in water (near
2.4 mm diameter and 2.0 mm thick in dry state). The swollen hydro-
gel was  incorporated into the valve as shown in Fig. 1. The valve
was then connected to the water supply and the regulator (as
indicated in the experimental section) was adjusted to select the
close position (because the hydrogel was  swollen). Subsequently,
to check the correct operation of the valve, the hydrogel was dried

with an air dryer across the porous stone. The drying process was
evidenced when the valve was automatically opened (Fig. 11A).
Furthermore, when the porous stone was hydrated with water
for several hours (when the hydrogel was initially dry), the valve
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ig. 11. (A) Mass of water flowing from the valve vs. time. The arrows show the au
oil;  (B) photographic sequence at different days showing irrigation of the White ca

utomatically closed (Fig. 11A). The higher flux of water regis-
ered for this system was (8 ± 1) mL  min−1 (measured with valves
xposed to the air).

The automatic operation of self-regulation in contact with the
oil was difficult to follow because of the long times needed to open
nd close. For this reason, the valve was evaluated for irrigation in

 potted plant for a period of 4 months.
To evaluate the performance of the valve, it was placed on the

round, together with a Zantedeschia aethiopica plant (White calla
ily) inside a plastic pot (Fig. 11). The valve was  then connected
o a water reservoir as indicated in the experimental section. The
ystem thus set up was maintained at the laboratory for more
han 100 days. During the period tested, the valve was observed
o open and close and the plant was always kept in optimal condi-
ions without morphological anomalies. Water consumption was
pproximately 3 L per month instead of about half a liter daily.

. Conclusions

We  developed an autonomous actuator capable of controlling

oil moisture based on a selected hydrogel. In addition, this was
eveloped at low costs considering that the system does not use
lectric power, as those of electronic type. Synthesized p(MMA-
AT) 11 hydrogel containing cellulose (2% w/v) showed adequate
ous process of opening and closing of the valve without being in contact with the
 plant in a pot, with the prototype valve as the only water supply.

mechanical properties and all its characteristics were suitable to
be used for developing a valve that controls water flow. The per-
formance of the gel was  evaluated with its swelling in different
moisture content in soil. It was  observed that the equilibrium
swelling and expansion force reached were directly and inversely
proportional to the amount of soil moisture, respectively, in the
range studied. These results suggest that the hydrogel selected
could be used as an actuator in the regulation of soil moisture. Sub-
sequently, it was  used to develop and operate a valve and control
efficiently soil irrigation in a White calla lily plant. The response
was very stable for more than 100 days. This system could be used
to improve the management of water resources.
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