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Efﬁcient harvesting of the mixing energy from the salinity gradient between sea and river water remains
a challenge. Recently, utilization of the swelling/shrinking properties of hydrogels has been explored as a
new means for extracting this energy. However, former investigations are mainly limited to examining
the performance of the hydrogels when lifting applied weights, and calculating the energy that could
potentially be extracted. In this study, we demonstrate a novel osmotic engine with a mechanical energy
transmission prototype, which can convert and store the green mixing energy in a form that can be
utilized to perform mechanical work. The osmotic engine includes a cylinder containing the hydrogel, an
oil-hydraulic cylinder and a hydraulic accumulator. The lifting energy from the hydrogel is transferred to
the oil-hydraulic cylinder through a lever, which acts as a pump and accumulate the hydraulic oil under
high pressure in the hydraulic accumulator. The system was tested with a hydrogel of poly(acrylic acid)
semi-interpenetrated with poly(4-styrenessulfonic acid-co-maleic acid) sodium. This hydrogel produced
up to 36 J per shrinking/swelling cycle, and exhibited an efﬁciency of 0.53% at optimum conditions.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
With a need of reducing CO2 emissions and replacing fossil fuel
with more sustainable energy sources, great efforts are aimed at
capturing and utilizing renewable energy such as solar, wind,
geothermal, or ocean. The difference in salinity of two liquids
produce entropic energy upon mixing. Chemical energy from the
salinity gradient between seawater and freshwater is therefore a
substantial potential power source [1]. The mixing energy when
river water ﬂows into the ocean is estimated to be 2.2 kJ per liter of
fresh water [2]. Although concepts such as exploiting the differences in vapor pressure between salt and freshwater has been
suggested [3,4], the currently most reliable techniques to harvest
energy from mixing seawater with river water utilize membranes
[2]. Pressure-retarded osmosis (PRO) [5e8], reverse electro-dialysis
(RED) [9e11], and capacitive mixing (CapMix) [12e15] have been
explored to extract salinity gradient energy.

* Corresponding author.
** Corresponding author.
E-mail address: anna.l.kjoniksen@hiof.no (A.-L. Kjøniksen).

Recently, Zhu et al. proposed a new and interesting method
utilizing hydrogels to convert mixing energy into mechanical energy [16]. The method is based on the different swelling of hydrogels in seawater and freshwater. Charged hydrogels swell in
freshwater, since the charges attached to the polymer chains repel
each other. In saltwater, the large amounts of free ions screen out
the electrostatic repulsive forces, and the hydrogels contracts to a
smaller volume. In addition, for most polymer systems freshwater
is a better solvent than saltwater, causing the polymer chains (and
the hydrogels) to contract in saltwater even for neural polymers
[17]. The swelling/deswelling of the hydrogel can be utilized to lift a
piston in an osmotic engine in swelling-shrinking cycles [18e21].
Previous studies have shown recovered energies of 0.34e102 J per
gram dried polymer utilized [21]. It should however be noted that
this technology is still in its infancy, and there are a range of parameters that need to be improved and optimized to achieve a high
energy output. The advantage of this technology is the low cost of
the hydrogels, and that it is easier to maintain, replace, and reuse
the hydrogels than for membrane-based technologies. However, a
great drawback of this technique is that the current systems have
cycles that takes a very long time. In addition, there is a lack of
osmotic engines that convert the energy into a convenient useable
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form.
Hydraulic systems are often applied for energy transmission.
They can be used to convert the energy from an electric motor to a
large force applied at low speed [22], or to produce electricity from
wave energy [23,24]. Energy regeneration and conversion technology based on a hydraulic transmission systems have applications in construction machinery, hydraulic vehicles, and
regenerative suspensions [25]. The hydraulic transmission system
transforms the waste energy (gravitational potential energy in a
hydraulic excavator [26], braking energy when vehicles deaccelerate [27,28], and vibration kinetic energy in the suspension system
of a vehicle [29,30]) into energy stored in a battery, supercapacitor,
or accumulator. Hydraulic transmission systems based on wave
energy uses a ﬂoat to capture wave energy. The wave causes the
ﬂoat to move vertically up and down with respect to the hydraulic
cylinder. The motion of the buoy is converted into electric energy
[23].
While previous works have utilized smaller systems with small
hydrogel volumes, this work presents the development of a scaledup osmotic engine, which includes a novel mechanical energy
transmission prototype. The osmotic engine extracts the entropic
mixing energy from two aqueous solutions of different salinity by
utilizing the swelling/deswelling of hydrogels. The energy is stored
in a hydraulic accumulator.
2. Methods
2.1. Operational principle of the osmotic engine
As shown in Fig. 1, the osmotic engine consists of the following
components: (a) a large cylinder with a diameter of 240 mm, which
contains the hydrogel, (b) a weight which increases the downward
motion during the shrinking process, (c) a lever which connects the
hydrogel cylinder to (d) an oil hydraulic cylinder. When the
hydrogel expands the hydraulic oil piston is pressed downward,
thereby pumping the oil into (f) the accumulator. The accumulator
has a working pressure that should ideally be constant, but which
will increase slightly as the accumulator is ﬁlled with oil. Pressurized nitrogen makes the accumulator pressure. When starting the
system, the accumulator can be partially ﬁlled with oil by a hydraulic pump. The energy stored by the hydraulic oil at high pressure in the accumulator can be utilized for further applications,
such as rotating a hydraulic motor to produce electricity.
The freshwater and saltwater were pumped at a rate of 100 mL/
min and 40 mL/min, respectively, into the hydrogel cylinder from
the holes in the bottom of the cylinder (Fig. 2). The piston on top of
the hydrogel has holes through which excess water can escape. The
excess water was siphoned off the cylinder from the top. A weight
of 10 kg was placed on the top of the piston rod in order to push the
piston down during the shrinking of the hydrogel. The piston is
connected to the hydraulic oil cylinder by a lever with an adjustable
fulcrum, to maximize the energy extracted from the hydrogel
expansion. The 25 mm in diameter hydraulic cylinder converts the
linear motion into ﬂuid power. To maximize the ﬂuid displacement
in the hydraulic cylinder, the perpendicular distance to the pivot is
closer to the hydrogel cylinder (20 cm) than to the hydraulic cylinder (22 cm) (Fig. 2). The hydraulic accumulator stores ﬂuids under high pressure. The pressure in the air bladder of the hydraulic
accumulator increase as larger amounts of ﬂuid ﬂow inward. The
ﬂuid pressure in both the hydraulic cylinder and the accumulator
was detected by a pressure sensor and a gauge. An oil pump was
utilized to produce the initial pressure for the accumulator, and
functions as a low-pressure ﬂuid supply to replace the oil that is
pressed into the accumulator.
The dried hydrogel (50 g) was swelled to equilibrium in distilled

Fig. 1. A) Picture of the osmotic engine, and B) sketch of the components of the osmotic engine (a) cylinder which contains the hydrogel; (b) weight; (c) lever; (d) hydraulic oil cylinder; (e) hydraulic oil pump; (f) accumulator.

water, before it was inserted in the cylinder. The operational principle of the motor is shown in Fig. 2. In the beginning, valve 1 was
opened and valve 2 closed. The oil pump was used to raise the
pressure of the system until it was equal to the pressure of compressed nitrogen in the accumulator. Then valve 1 was closed to
avoid leakage back to the oil pump. A seawater-like solution (35 g/L
NaCl) was pumped through the hydrogel cylinder, which cause the
hydrogel to contract and the piston above the hydrogel to move
down. This lifts the piston in the hydraulic oil cylinder, allowing the
low-pressure oil to ﬁll into the lower part of the hydraulic oil cylinder (valve 3 opened, valve 2 closed). At the same time, the oil in
the upper part of the hydraulic oil cylinder is driven back to the oil
pump. When the hydrogel is close to its minimum height, the
piston in the hydraulic oil cylinder is in position 0 (Fig. 2). At this
point, the system switches to pumping freshwater through the
hydrogel cylinder. After this, the hydrogel keeps shrinking during
the time it takes to ﬂush the saltwater out of the system. Since
closing valve 3 during shrinking of the hydrogel might give rise to
air in the hydraulic cylinder, valve 3 was kept open for an additional
10e20 min before it was closed.
When freshwater has displaced the saltwater, the hydrogel
swells. The hydrogel pushes the piston above it upwards, causing
2
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Fig. 2. Operation principle of the osmotic engine.

The volume change DV during the cycle is given by DV ¼ Vs-Ve.
Assuming no gas leakage and a constant temperature: psVs ¼ peVe,
where ps and pe are the pressure in the accumulator at the start and

the piston of the hydraulic cylinder to move down. This increases
the pressure of the hydraulic oil. Valve 2 is opened when the
pressure in the lower part in the hydraulic cylinder becomes higher
than the pressure in the accumulator. At this point, the hydraulic
piston has reached position 1 (Fig. 2) with a compressed
displacement height of hc. After valve 2 is opened, hydraulic oil is
pressed into the accumulator by further expansion of the hydrogel.
At the maximum expansion of the hydrogel, the hydraulic piston is
at position 2 (Fig. 2), with a total displacement height of ht. The
distance the hydraulic piston moves from position 1 to position 2 is
the stored displacement height (h). At this point, valve 2 was closed
and valve 3 was opened for the next cycle. The total cycle time was
adjusted according to the swelling ratio and lifting capacity of the
hydrogel, thereby ensuring that the displacement height (ht) is
higher than the compressed displacement height (hc).

DV
and
end of the swelling cycle, respectively. Accordingly, Vs ¼ ppeep
s

Ve ¼

ps DV
pe ps ,

which gives

Vs
Ve

¼ ppes and nRT ¼

p s p e DV
pe ps .

The change in

volume of the gas equals the volume of oil pressed into the accumulator by the hydraulic oil cylinder: DV ¼ pr2h, where r is the
radius of the hydraulic oil cylinder (12.5 mm), and h is the height
the piston moves while the oil is pressed into the accumulator
(Fig. 2). Substituting into eq.(2) gives the work expressed by easily
measured quantities:

Wg ¼

ps pe pr 2 h pe
ln
pe  ps
ps

(3)

The power (P) produced during one cycle is:
2.2. Produced energy and energy efﬁciency

P¼

The work (Wg) the hydrogel conducts on the hydraulic accumulator in form of compressing the nitrogen gas to a higher pressure can be expressed as:

pdV

(4)

where Dt is the time of one cycle.
The mixing energy (Emix) when mixing saltwater with freshwater can be expressed as [16]:

V
ðe

Wg ¼ 

Wg
Dt

(1)
Emix ¼ RTS nsw ln

Vs

i

where p is the pressure in the accumulator, and Vs and Ve are the
volume of the nitrogen gas in the accumulator at the start and end
of the swelling cycle, respectively. Assuming the nitrogen behaves
as an ideal gas, we can use pV ¼ nRT, where n is the amount of gas in
moles, T the absolute temperature (298 K), and R (8.314 Jmol1K1)
the gas constant. Substituting into eq. (1) and performing the
integration gives:

Vs
Wg ¼ nRT ln
Ve

ai;fw
ai;sw
þ nfw ln
ai;mix
ai;mix

!
(5)

where nsw and nfw the number of mol NaCl in the saltwater and
freshwater, respectively. ai,sw, ai,fw, and ai,mix is the activity of the
ionic species i in the saltwater, freshwater, and mixed solution,
respectively. Since the freshwater in this case is pure water without
NaCl (nfw ¼ 0), eq. (5) reduces to:



a 
a þ
Emix ¼ RTnsw ln Cl sw þ ln Na sw

aCl mix

(2)

aNaþ mix

(6)

The activity can be expressed as [31] ai ¼ migi, where mi is the
3
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molality of the ionic species i in the solution, and gi is the molality
activity coefﬁcient of the ionic species i. The values of gi for Naþ and
Cl is calculated utilizing the Khoshkbarchi and Vera equation for a
1:1 electrolyte at 25  C [32,33]:

ln gi ¼

pﬃﬃﬃﬃ
3=2


8:766 Ix
Ix
2=3
pﬃﬃﬃﬃ þ Bi
pﬃﬃﬃﬃ þ Ci ln 1 þ 9Ix
1 þ 9 Ix
1 þ 9 Ix

displacement height of the hydraulic cylinder during one cycle of
expansion of the three different hydrogels. To store oil in the
accumulator, the oil pressure in the lower part of the hydraulic
cylinder should be greater the pressure in the accumulator. In the
beginning of the cycle, the piston moves a distance hc from position
0 to 1 (Fig. 2) to achieve an oil pressure above the accumulator
pressure. As can be seen from Fig. 3, the compressed height (hc)
moving from position 0 to position 1 varies from about from 0.5 to
1 cm depending on the hydrogel. There is only a small variation,
since the hydraulic oil is an incompressible ﬂuid in which the
pressure grows fast with small changes in volume. Fig. 3 also illustrates that it took between 30 min and 3 h before the pressure in
the hydraulic cylinder exceeded that in the accumulator (from
position 0 to position 1). This is the desalination time of the
hydrogel, when saltwater is exchanged with freshwater. Accelerating the time it takes to move from position 1 to position 2 is
critical for increasing the power of the osmotic engine. The desalination time might be shortened by enhancing the hydrogel's
exposure to water to improve the exchange of saltwater and
freshwater within the hydrogel structure, or by utilizing a hydrogel
that swells faster. Increasing the rate of and volume of the freshwater and saltwater supplies will enhance the swelling/de-swelling
rates of hydrogel and shorten the cycle time. However, this also
causes a higher energy demand of the pump supplying the water,
thereby decreasing the overall efﬁciency of the system. This balance
should be optimized in further studies. It is important to keep air
from entering the hydraulic system, since it is much more
compressible than oil. Air mixed in with the oil will therefore
signiﬁcantly reduce the build-up of pressure, thereby rendering the
system less efﬁcient.
When the pressure exceeds that in the accumulator, valve 2 is
opened and the piston move a distance h from position 1 to 2
(Fig. 2). As the crosslinking density of the hydrogels is raised, the
mechanical strength improves while the maximum swelling volume is reduced (crosslinks prevent the hydrogel network from
expanding). In addition, at low crosslinking densities the hydrogels
swell and shrink faster, since the diffusion of salt/fresh water into
the hydrogels is improved [20]. The samples with lower

(7)

where BNaþ ¼ 79.62, CNaþ ¼ 0.30, BCl ¼ 70.57, CCl ¼ 0.14 [32], and
mi
.
Ix ¼ 2mi þ55:55

The work (Epump) performed by the pump that ﬂushes the water
through the hydrogel [20] can be expressed as:

Epump ¼ pg,shQshDtp,sh þ pg,swQswDtp,sw

(8)

where Q is the ﬂow rate and pg is the pressure in the gel cylinder,
Dtp is the time the pump is working, and the subscripts sh and sw
refers to the shrinking and swelling process, respectively. The total
energy supplied into the system (Esup) is:
Esup ¼ Emixþ Epump

(9)

The percentage efﬁciency (h) determines how much of the
supplied energy is converted into output energy:

h¼

100Wg
Esup

(10)

For a real-world system, pre-treatment of the supplied water
will also contribute to the energy efﬁciency. It is however currently
unclear how much puriﬁcation is needed to ensure that the osmotic
engine will work properly for an extended period of time.
2.3. Hydrogels
Hydrogels of poly(acrylic acid) semi-interpenetrated with
poly(4-styrenessulfonic acid-co-maleic acid) sodium were prepared by free radical polymerization. Monomer solutions were
prepared mixing 60 g acrylic acid monomer (Sigma Andrich) and
24 g poly(4-styrenessulfonic acid-co-maleic acid) (Sigma Aldrich)
in 468 mL distilled water. The N,N,N0 ,N0 -tetramethylethylenediamine (TEMED, Sigma Aldrich), ammonium persulfate (APS, Sigma
Aldrich), and crosslinker N0 ,N0 -methylenebis(acrylamide) (MBA,
Sigma Aldrich) was consecutively added to the monomer solutions
under stirring. The mixture was purged with nitrogen gas for
10e20 min to remove oxygen, after which the gelation was carried
out in an oven at 50  C. After gelation, the hydrogel was cut into
small pieces and immersed in a large quantity of de-ionized water
to remove unreacted monomers and catalysts. The dialysis water
was changed daily for 5e7 days in order to reach equilibrium
swelling for the hydrogels. The hydrogel was dried at 70e80  C in
the oven. Three samples at different crosslinking densities of 1.5%
(CD1.5), 3.0% (CD3.0) and 4.0% (CD4.0) were prepared for the
further experiments. The swelling ratios of CD1.5; CD3.0; CD4.0
were 201 g/g, 96 g/g, and 44 g/g, respectively.
3. Results and discussion
3.1. Displacement height
The new osmotic engine transforms the lifting energy of the
hydrogel into accessible power by accumulating oil in the storage
chamber at high pressure. A higher lifting capacity of the hydrogel
increases the amount of ﬂuid stored in the accumulator, thereby
enhancing the amount of stored energy. Fig. 3 shows the total

Fig. 3. Total displacement height of the hydraulic cylinder during one cycle. The
displacement height from position 0 to position 1 is the compressed height (hc) and
the distance between position 1 and 2 is the stored height (h) at crosslinking densities
of 1.5% (CD1.5), 3.0% (CD3.0), and 4.0% (CD4.0).
4
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crosslinking densities therefore expand both faster and to larger
volumes (Fig. 3), pushing more oil into the accumulator and
thereby improve the power output.
3.2. Cumulative pressure over several cycles
The hydraulic accumulator incorporates a gas bladder in
conjunction with a hydraulic ﬂuid. The ﬂuid has little dynamic
power-storage qualities, whereas the gas can be compressed into
small volumes at high pressure. In the mechanical energy transmission system, the oil ﬂowing from the hydraulic cylinder during
each cycle was stored in the accumulator and compressed the air
bladder. The increase of ﬂuid volume in the accumulator gives rise
to a higher air pressure.
Fig. 4 illustrates that the pressure in the accumulator increases
for each cycle as more oil is stored in the accumulator. As explained
above, the hydrogel with the lowest crosslinking density of 1.5%
(CD1.5) swells more (i.e., h is higher) than the hydrogels with
higher crosslinking densities. Accordingly, the cumulative pressure
increases much more for each cycle for CD1.5, since a greater
amount of ﬂuid is pressed into the accumulator. When the crosslinking density is raised, the hydrogel swells less (h decreases). As a
result, the increase of the cumulative pressure is moderate for the
crosslinking density of 3.0% (CD3.0), and very little for CD4.0.

Fig. 5. a) Energy and efﬁciency generated at different hydrogel crosslinking densities
of 1.5% (CD1.5), 3.0% (CD3.0), and 4.0% (CD4.0) as a function of the initially applied
pressure. b) Displacement height (h) as a function of the initially applied pressure.

loads [19]. Analogous to Fig. 5a, the maximum was shifted towards
higher external loads when the crosslinker concentration was
increased [19]. When the initial pressure becomes too high, the
swelling of the hydrogels is reduced (Fig. 5b), since they are
working against a restricting external force [19]. As can be seen
from eq. (3), reducing the displacement height results in a
decreased energy production. Accordingly, the observed maxima at
medium pressures in Fig. 5a is caused by increased energy production as the hydrogels work against higher external pressures,
combined with reduced swelling heights at high pressures
reducing the energy production. Interestingly, there is a small upturn at the lowest pressure for the sample with the highest crosslinking density. The reason for this is currently unclear.
The energy efﬁciencies (Fig. 5a) generally follow the same
trends as the generated energies, and reaches 0.53% at optimum
conditions. In addition to the produced energy, the energy efﬁciency is dependent on the amount and concentration of the saltwater (eq. (6)), and for a real-life system it will also depend on the
amount of salt in the freshwater supply [19]. In addition, it depends
on the energy consumed by the pump that supplies the water
(eq.(8)). Accordingly, reducing the amount of water pumped
through the system can increase the energy efﬁciency by reducing
the supplied energy, while using too little water will reduce the
height difference between the swollen and de-swollen hydrogel
and diminish the energy produced by the system. The volumes of
supplied water therefore need to be optimized for maximum energy efﬁciency.
Increasing the crosslinking density of the hydrogel results in a
reduction of the performance due to the reduced swelling height
(Fig. 5). Accordingly, CD1.5 exhibited the highest energy generation
(Fig. 5a), and reached 36 J/cycle (0.13 W/kg hydrogel) at optimum
conditions. However, for the highly crosslinked hydrogel (CD4.0),
the output energy was only about 4 J/cycle due to the low
displacement height (Fig. 5b). In addition, CD4.0 has a very long
expansion time (Fig. 3), which results in an extremely low power
output (5 mW/kg hydrogel). The optimum crosslinking density
(1.5%; CD1.5) is not the same as previously observed for small scale
experiments (3%; CD3.0). The discrepancy might be caused by
different behavior when the system is scaled up, and by the dissimilarities of the water ﬂow through the hydrogels.

3.3. Effect of initial pressure
To optimize the osmotic engine, the initial pressure in the
accumulator (supplied by the oil pump), was varied from 12 to
25 bar which corresponds to a pressure on the hydrogel from 0.18
to 0.32 bar. When the initial pressure is raised, the hydrogel with
the lowest crosslinking density (CD1.5) provides a higher output
energy (Fig. 5a). However, at high initial pressures the output energy decreased again. At higher crosslinking densities, the effect of
the initial pressure is more modest, and there was no decline in the
power output at initial pressures up to 25 bar. In order to see
whether a similar maximum in output energy would be evident at
higher pressures, CD3.0 was also measured at an initial pressure of
approximately 30 bar. As can be seen from Fig. 5a, the additional
measurement conﬁrms that there is an optimum initial pressure,
which increases with higher crosslinking densities. Similar maximums in recovered energy has been observed when hydrogels was
subjected to swelling/shrinking cycles under increasing external

Fig. 4. Displacement height and cumulative pressure of the osmotic engine over 4
cycles at crosslinking densities of 1.5% (CD1.5), 3.0% (CD3.0), and 4.0% (CD4.0).
5
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cycle to cycle. It should be noted that when energy is extracted from
the hydraulic accumulator (e.g. to produce electricity), this will
prevent the build-up of too high pressures. At these conditions, a
constant energy production over a high number of cycles is
anticipated.

3.4. Repeated cycling
The ability of the hydrogels to continue over several repeated
cycles has been demonstrated in small-scale previously [18e20].
Fig. 6a illustrates how the total displacement height (ht) varies
during 10 repeated cycles of CD3.0 utilizing the osmotic engine.
Fig. 6b illustrates the accumulative energy production during the 10
cycles. The system produces about 9 J per cycle throughout the 10
cycles. Accordingly, the osmotic engine is capable of operating
during multiple repeated cycles, which is promising for further
applications.
Although the osmotic engine is capable of delivering the same
energies over a number of repeated cycles (Fig. 6b), deviation from
linearity is observed at certain conditions. Since the generated
energies go through a maximum when the initial pressure is raised
(Fig. 5a), and the pressure increases somewhat during each cycle
(Fig. 4), the pressure change will eventually cause a deviation from
linearity. This is evident for CD1.5 at an initial pressure of 19.5 bar
(Fig. 7), where the 4th cycle generates a smaller amount of energy
than previous cycles. The lower energy produced during the 4th
cycle is related to a signiﬁcantly lower displacement height (inset in
Fig. 7). For the other applied pressures, the energy generation is
approximately the same during each of the 4 cycles (Fig. 7), and the
displacement heights do not exhibit any obvious reduction from

4. Conclusions
An osmotic engine with a mechanical energy transmission
prototype was developed. By utilizing poly(acrylic acid)-based
hydrogels that swell in freshwater and shrink in seawater, the osmotic engine could convert the mixing energy of seawater and
freshwater into green, accessible power. The energy was stored in a
hydraulic accumulator for further applications. The experimental
data showed a successful energy accumulation in the accumulator
during repeated cycles. The hydrogel with the lowest crosslinking
density generated the highest output power, with up to 36 J/cycle
(0.13 W/kg hydrogel) at optimum conditions.
The prolonged cycle time of the osmotic engine provides a
relatively low power output. However, this is a very new technology with a high potential for future improvement. Enhanced water
ﬂow through the hydrogel can decrease the swelling time of the
hydrogel, resulting in a much shorter cycling time. However, an
optimal system should exhibit a better water exchange into the
hydrogel without increasing the utilized amount of water, since the
water pump also supplies energy to system. A larger exposed surface area between the hydrogel and the water will probably
improve the efﬁciency of the osmotic engine.
Although the achieved efﬁciency is low, the prototype exhibits a
promising potential for green energy generation.
Credit author statement
Tri Quang Bui: Conceptualization, Methodology, Formal analysis, Investigation, Writing e original draft, Writing e review &
editing, Visualization. Ole-Petter Magnussen: Methodology,
Investigation, Writing e review & editing, Visualization. Vinh Duy
Cao: Investigation, Writing e review & editing. Wei Wang: Writing
e review & editing, Supervision. Anna-Lena Kjøniksen: Conceptualization, Formal analysis, Writing e review & editing, Visualization, Supervision. Olav Aaker: Conceptualization, Methodology,
Writing e review & editing, Supervision

Fig. 6. Repeated hydrogel swelling/shrinking cycles utilizing the osmotic engine with
mechanical transmission system. a) The variation of the total displacement height (ht)
during 10 repeated cycles for the system with a crosslinking density of 3% (CD3.0) with
an initial pressure of about 12.5 bar. b) The cumulative energy through the 10 repeated
cycles. The line is a linear ﬁt to the data.

Fig. 7. The cumulative energy over 4 cycles for the hydrogel with at crosslinking
density of 1.5% (CD1.5) at different initial pressures. The lines are linear ﬁts to the data.
The inset shows the displacement height (h) as a function of the number of cycles at an
initial pressure of 19.5 bar.
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