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Abstract

Water is abundant in every day's life and critically useful in many biological systems and
in water-based mechanical devices. Freezbaw process is one of the inevitable dynamics
especially for the materials working at subzero conditions where ice crystal changes the
physical property of the whole crystatembedded composite systems. However, still many
phenomena have not been explained in terms of crystal control methodology in mjonction
with mechanical properties. In this study, ice crystal dynamics occurring in network systems
has been discussed. Small size of network structure contributes to crystal growth inhibition
especially time-dependent recrystallization. This could be gplained by nanaescale confinement
effect at the initial nucleation/growth stage, controlling size and shape of ice crystallites. The
physical property of crystal embeddednanocomposite is dominated by ice crystal behaviors
over the network. This includes freezing point depression, frequencydependent and
temperature-dependent storage modulus changes and cooling rattependent dynamics. This
study sheds light on ice crystal control methodology which would be useful in various materials
and machines workingunder freeze-thaw dynamics.
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Introduction
Freezing of a liquid leads to the mechanically compliant [9,10]. This allows
crystal growth whose size and nature are the hydrogel components to mimic

related to the processing parameters, in
particular the freezing rate and
temperature [1]. Freezethaw involves
repetitive growth and melting of ice crystals
in cracks and pores of the materials [2].
Due to volume expansion during the
freezing and recrystallization (growing and
/or merging) during the thawing, cryoprese
rvation inevitably takes disruption of live
cells andorgans [3, 4]. Hydrogels are three
dimensional polymeric materials where the
bulk matrix contains water [5,6]. Water
ingress into the network structure swelling
into a gel [7,8] while the matrices are
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biotissues and organs as well as design
actuators and sensors for various
biomedical applications [11]. Cell
encapsulation with such hydrogels provide
a three-dimensional environment similar to
the in vivo conditions. In this point, a
polymeric cryogel has beerdeveloped with
many crosslinking [12]. Inaddition to afore
mentioned cryopreservation of live
systems, ice crystal control abilityhas broad
futuristic usefulness such as soft robotics
working at low temperature condition,
polymeric materials applied in aerospace
environments, and many another industrial
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applications related with freezethaw
condition. However, freezethaw mechanics
of hydrogel has not been fully understood

especially in ice crystal control
methodology related with  dynamic
mechanical properties of the whole

crystal embeddedcomposite systems.

In terms of the ice formation and
growth processes, three key macroscopic
effects associated with ice growth
(nucleation is a separate property) are
followings [13]; First, dynamic ice shaping
(DIS) is the morphology modification of a
growing ice crystal. Second, thermal
hysteresis (TH) is a difference between the
freezing and melting points. The non
equilibrium depression of the freezing point
is greater than what is expected on a
colligative basis. The resulting freezing
point depression is lower than melting

point, expressed as TH. Third, ice
recrystallization inhibition (IRI) is the
kinetically suppressed crydal growth

(Ostwald ripening). IRl property operates
independently with little correlation to the
DIS and magnitude of TH activity, indicating
relation with multiple molecular
mechanisms. In addition to the solution
property of water itself, environmental
factors can affect on the IRI behavior. This
leads to mechanical property changes of the
whole composite systems where the
crystals work as embedded crystallites in
the continuum.

Crystals of paraffins have been
reported to be inhibited at the hydrophilic-
hydrophobic interface in the controlled
emulsion systems [14,15]. On the other
hand, the size and shape of gold crystal have
been controlled by  selfassembled
amphiphilic polymeric templates [16,17].
Some reports have discussed freezing point
depression in the network system [18].
However, water crystal dynamics has not
been discussed in the network confinement
point of view. In this study crosslinked
network model system ha been developed
with different mesh size (correlation length,
(z) to observe ice crystal control in the
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aspects of crystal size and their growth.
The rheological properties (especially
storage modulus, Gj) of ice-embedded
networks are investigated in tems of ice
crystal mechanisms related with nanoscale
confinement phenomena.

Results and Discussion

Nanoscale network model design

Binary and quaternary thiol end
capped polyethylene glycol (PEGnolecules
are incorporated for AuNPinterconnection
where the multi-linked AuNP surface works
as a junction point in the network [19].
Molecular weight between the junction
point (Mp) and structures of PEGs are
controlled. A bifunctional 2PEG 10000 and
tetra-functional 4PEG 10000 with M =
10,000, havebeen selected. In addition, the
number of incorporated PEG molecules per
a AuNP is controlled as times £5), ten
times (310) and twenty times @20),
considering the multi-reactive sites on a
single AuNP. Thedesigned nanocomposite
systems arehydrogels where 38 to 45% of
water.

The  designed nanocomposite
networks exhibit characteristic structure
investigated by small angle Xray scattering
(SAXS) (Figure 1). Beyond the critical g*
value the systems are responsive to
temperature, while below g* value all the
systems are stablejndicating a presence of
responsive frame. Under the given synthetic
condition, 2PEG 10000 and 4PEG 10000
exhibit detectable network structures. To
get broad g range,two sample-to-detector
distance conditions in different q regions
are combired. The observed g region is
broad from a singlecrystal size region to
polymer structure region. Thefocus of this
s tudy is in the size region of polymer
structures. By the fundamental relation of
scattering, q = 4wsin6/A (where, 0 is
scattering angle andA is the wavelength of
the Xray) and the sizerelation, nA = 2dsind
(n is a integer and ds the size of thetarget
object), the size and g values are imverse
relations, d ~ 2rv/q.
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Figure (1): Nanocomposite model systems with varying network size measured by small angle
X-ray scattering (SAXS). SAXS profiles of 2PEG10000 linked nanocomposite

Figure (1A): And 4PEG10000 linked nanocomposite system

Figure (1B): The g values decrease along with temperature increase from 20 to 8Q, reflecting

Z value decreaseThe number of PEGs per AuNP is diversifiétb, 3 10 and? 20. The detectedy
values for each temperature and PEG/AuUNP condition are summarized in the inset Tables.
Figure (1C): The size of each system is evaluated which is inversely proportional ¢p

Figure (1D): The size is represented by the correlatiorlength (z) of network system. This is
schematically illustrated for two cases where the size of state | is smaller thatate Il,z, < zy.
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According to the observedq values
summarized in the tables in(Figure 1) and
aforementioned sizevs q value relation, the
size of nanocomposite is graphically
evaluated for each system Kigure 10Q.
Increased temperature leads to decreased
size and 4PEG system display smaller size
than 2PEG due to lower critical solution
temperature (LCST) property of PEG19].
More prominently, the large number of
PEGs linked to a single AuNP significantly
decreases the network size due to high
crosslink density. The evaluated size
corresponds to correlation length (z) in the
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network system (Figure 1D). In this scheme
the z in state | (z) is smaller than that of
state Il (zu).

Ice crystal dyanmics

designed nanocomposite

IRI assay involves the formation of a
polynucleated ice wafer by dropping a small
volume of sample onto a precooled surface.
The ice crystals are then annealed at a sub
zero temperature, above the eutectic phase
transition, and the growth of the ice crystals
are monitored. The time length of the
annealing affects the outcome, because this
is only a Kkinetic procedure with slow

in the

Net wor



|l ce Crystal Dynami cs

growth still occurring. IRl is one of the most
popular methods to evaluate the efficacy of
the crystal inhibiting ability of the designed
materials. In this study,compared with the
crystal size of pure DI water, ice crystal size
of each designed systems areompared by
splat experiments and  microscopic
observation using polaired ligth microscopy
(Methods) As a standard system, ice crystal
size of pure DI water is comparedAfter ice
crystal wafer formation onto a dry ice
condition (-78 C) for microscopic
observation, the samples are stabilized at

8 C followed by annealing Pure DI water
shows prominent recrystallization during

n. the Nanocomposite

the 30 min annealing indicated by
significant ice cystal size growth (Figure 2).
In addition, ice crystals of dsigned
nanocompsites are evaluated. One of the
representative images with 2PEG10000
(x5) are shown in (Figure 2) (below). From
these optical images, IRl evaluations are
based on mean largest grain size (MLGS)
averaged by 20 grains. Obtained values at
8 °C after 30 min annealing (Dt) are
compared. Using the DI water crystal size as
a standard (Ds,t), the normalized grain size
is evaluated,

(1)

R=A D/ (Ds)t

Figure (2): Polarized light microscopy images of the ice crystal qfure DI water (upper) and
water in 2PEG10000 t5) system (lower). After ice crystal wafer formation onto a dry ice
condition (- 78 C), the samples are stabilized at8 C (left) followed by 30 min amealing at the

same temperature (right).Scale bar is 0.1 mm.
-8 °C @ 30 min

-8°C @ 0 min

2PEG &

At a fixed temperature as of-80C,
the images are obatined after 30 min
annealing (Figure 2A).In addition, time-
dependent recrystallization phenomena at
the same temperature {8 C) is observed
with further 60 min and 120 min annealing
(Figure 3, left). DI water displays effective
recrystallization indicated by the fast size
increase as of 1.5 times at 60 min and 2.5
times at 120 min compared with the size at
30 min annealing. For each desinged
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nanocomposite system with varying PEG
number per AuNP as of 5, 310 and 3 20,

normalized crystal size is evaluated (Figure
3, right). Considering thez observed in Fig

1C, each system shows different network
mesh size, which might affect on the intitial
stage of ice crystallization and on the
annealed ice crystal size. Considering the
temperature  responsiveness  of  the
designed nanocomposites, the expeate
mech size is in several nanometers at sub
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zero condition. As summarized in(Figure
3), highly crosslinked system {20) thus
with smaller z, effectively inhibits crystal

i n.

t he Nanocomposite

growth, importantly the time-dependent
recrystallization.

Figure (3): Relative crystal grain size,R= (Dt)/ ( Dsy). The size at a time t[D) is normalized by
the DI water crystal size at 8 °C after 30 min annealing[ds;) as a standard.
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In terms of ice recrystallization inhibition
mechanism,anti-freeze protein is known to
selectively attach on one side of ice crystal
by which enlogated ice crystal shape is
observed after annealing [13]. In this point,
antifreeze protein type Il displays both ice
crystal growth inhibitor and simultaneously
promoter depending on the concentration
[20]. The crystal shape of antireeze
protein type Il (1% aqueous solution) and
designed 4PEG10000 320) after 30 min
annealing is compared (Figure 4)Due to
selectivez-axis attachment of protein on the
ice crystal, needlelike structure is
prominent. Meanwhile, the designed
4PEG10000 nanocomposite 3(20) displays

tiny round shape also different from the
hexagonal shape of pure DI water (Fige 2

upper). This indicates that the designed
nanocomposites hinders naturalice crystal

growth kinetics in isotropic direction,

resulting in rounded crystal shape. The
nano-scale network contributes to ice
crystal inhibition in characteristic ways.

One suggestion is nanacale confinement
of initial nucleation/growth stage of ice

ctystallites. The nucleated ice crystallites
confined in the nanoscale space grow to the
crystallites relatively small in size and
characteristic structure inhibited against

time-dependent recrystallization.

Figure (4): Crystal shape ofl% aquoues solution of antifreeze protein type Il (left) and 320
nanocomposite of 4PEG10000 (right) after 30 min annealing

Anti-freeze protein type llI
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Rheological investigation  of
nanocomposite  system  with

embedded ice crystals

The storage modulus (@ and loss
(GH are obtained by frequency sweep test
from 0.1 to 10 Hz, with a stress value within
the linear range. At low temperature, the
rheological behavior of nanocomposite
hydrogel is mainly influenced by the ice
fraction and the structure. Ice crystal size
meaaured by microscopy correlated the
with the modulus where small crystals
contribute to low Gj [21]. The G is
correlated with the solid-body like behavior
thus the hardness/stiffness property of the
nanocomposite hydrogel. On the other
hand, the value of @ at low temperatures
can be correlated with the flowability and
scoop ability of the nano composite
hydrogel. The temperature effect of the
designed nanocomposite is significantly
expressed in terms of G thus discussed in
detail.

The solid-like property indicated by
storage modulus (G of the designed
nanocomposites are arranged ir(Figure 5).
The nanocomposite hydrogels at 20C are
evaluated before ice crystal formation
(Figure 5A). The Gis high for highly cross
linked system ¢20) for each 2PEG and
4PEG nanocomposite. As illustrated in

Figure 1A and 1B, the 2PEG nanocomposite

is only composed of AuNP junctions while
4PEG has mixture of AuNP and polymer
junctions. This AuNPonly junctioned 2PEG
exhibits slightly higher G than 4PEG. In
terms of the dope of frequency sweep
where lower slope indicates harder texture,

2PEG is slightly harder than 4PEG systems

at each degree of crosslinking.

The frequency sweep of the
designed nanocomposites are performed at
-8 oC from 0.01 to 10 Hz (Figure 5B). The
time-dependent  coarsening (Ostwald
ripening) of ice crystals in the designed
nanocomposite is measured by-1 °C/min
cooling rate from 0 to-8 °C. Compared with
nanocomposites above zero temperature
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without ice crystal formation, the G is
hundreds times higher. In addition, the
tendency is opposite where the lower
crosslinking (x5) shows higher values. This
result indicates that the Gis dominated by
the ice crystal in the nanocomposites not by
the nanocomposite properly without ice
crystal. Considering that the correlation
length (Q) of the network (Figure 1C) and
the ice crystal size measured at instant
freezing on the dry ice (Figure 3), the
observed high Gis induced by large< and
bigger ice crystal. Nonetheless,he AuNR
only junction effect in 2PEG system still
contribute to higher values over 4PEG.
Prominently both 2PEG and 4PEG, highly
cross linked (x20) system shows
significantly far lower G than other
systems. This indicates that there is a
critical condition where the G values are
effectively lowered.

The Gvalues of the nanocomposites
are evaluated by temperature sweep during
the cooling from 1 to-10 oC at-1 oC/min
cooling rate (Figure 5C). In addition to the
G variation, there is a prominent freezing
point depression and this is proportional to
the degree of crosslinking. There is some
intermediate region where the G value
increases during the temperature changes.
The highly cross linked system (x20)
exhibits relatively sharp increase than other
systems. This might be caused from the
smaller ice crystal size for which it takes
relatively short time to get to the
equilibrium. For large crystal size, more
steps including recrystallization are needed
to get to a final size.

The G values of the selected two
4PEG nanocomposites ofx6) and (x20) are
evaluated by different cooling rate during at
the -0.5,-1 and -2 °C/min rate (Figure 5D).
Overall, the Gvalues are not differentiated
by the cooling rate changes. However, for
less crosslinked system (x5) the
intermediate region shows a tendency for
which the fast cooling shows more abrupt
G value increase along with temperature
decrease.
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Figure (5) : Storage modulus (@ of the designed systems.

Figure (5A) Frequency sweep of the designed nanocomposites at 2G.

Figure (5B) Frequency sweep of tle designed nanocompositeat-8 C.

Figure (5C) Temperature sweep of the designed nanocomposites at from 1 tdl0 C by-1
~C/min cooling rate

Figure (5D) Thoseof the selected nanocomposites by0.5,- 1 and- 2 C/min cooling rate.
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Methods is the scattering angle. Theq range is
Smallangle Xray scattering (SAXS) calibrated using polystyreneblock-
Synchrotron  small angle  Xray poly(ethylene-ran-butylene)-block-

. = ] l
scattering (SAXS) measurements are  Polystyrene (SEBS) ¢ = 0.19165 nm1). On

obtained at the 4C beamlineat Pohang
Accelerator Laboratory (PAL, Pohang, South
Korea) equipped with a positionsensitive
two-dimensional (2D) detector. Two energy
settings are employed for wavelength
modulation: 10 (0.0675 nmit) and 18 keV
(0.1217 nm't). A W/B,C double multilayer
monochromator is installed to deliver
monochromatic Xrays with a wavelength of
6. 75 nm (18360 keV)
0.01. The 2D scattered Xays are recorded
by a CCD camera (Mar CCD, Mar USA, Inc.,
and CCD16% The collected SAXS data are
corrected by subtracting the background
and empty cell scattering. 1 mm-thick
samples are used by using quartz tube. The
sample-to-detector distance (SDD) of #h
covers the q range of 0.0679 nm! <g<

the other hand, the 1m SDD covers thq
range of 0.346 nm! < q < 7.68039 nmy.
This q range is calibrated using silver
behenate @ = 1.052 nm&?). During the
measurements, the temperature is precisely
controlled at an isothermal condition of
20 °C if no heating plan is involved. To
increase the sample temperature to 40 °C
and 60 °C, programmed heating coil is

a nQgnPIyed, canpepling, tp the, goppeibased

sample holder.

IRI evaluation

A 10 nL droplet of smaple is
dropped from approximately 1.5 m height
onto a microscope coverslip (VWR
cat#48404-453, 243 50 mm) placed on an
aluminum plate (10 cm in thickness) cooled

1.64094 nm'1, whereq=(4 t/ A) si n( 6 /t@-)78 € ssing dry ice in a styrofoam box.

the magnitude of the
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the sample droplet spreads out, instantly
freezes and forms a disk shape wafer ice.
This iced wafer is tken placed on the
temperature-controlled thermoelectric
refrigerated system (SpaceRay, Charlotte,
NC, USA) under the polarizing light
microscope (OPTIPHOFPOL, Nikon, Tokyo,
Japan ). The images are obtained by camera
(Canon EOS 5DSR, Canon USA, Melvillg, N
USA) under the live view shot mode and
instant images are obtained.

After the iced wafer formation on
the dry ice condition (- 78 C), the ice wafer
is stabilized at-40 C for 2 min and then
heated to -8 C for 5 min (6.4 C/min
heating rate). The photogaphs of the iced
wafers are taken in every 5 min at 8 C and
the time-dependent crystal size change is
observed. From these optical images, mean
largest grain size (MLGS) is averaged by 20
grains. Obtained MLGS values a8 °C after
a certain annealing time (D) are normalized
by that of DI water as a standardsy); R=
(DY) ( Dsy). In this study, the annealing time
is controlled to be 30, 60 and 120 min.

Rheology

Rheology measurements at above
zero and subzero condition are determined
by oscillatory test by using MARS
Rheometer, Haake, conelate sensor
(C35/2Ti). A Peltier plate controls the
temperature of the samples during the
analyses. Rheogy measurements ofhe
samples produced at the same conditions
are replicated thrice. Prior to the frequency
test, a deformation amplitude test, from 0.1
to 1000 Pa, at a constant frequency of 0.5
Hz, is carried out at- 8 °C to determine the
linear viscoelastic regime. The castant
deformation amplitude of 30 Pa is chosen

for all oscillatory measurements. Such
deformation amplitude is established
within the linear range, the oscillation

frequency is varied between 0.1 to 10 Hz
and the temperature is kept constant at
-8 °C. Theelastic (G) and viscous (@

modulus are evaluated as a function of
frequency. In the oscillatory thermo-

rheometry conducted within the range of
linear viscoelasticity, the temperature is
continuously decreased froml to-10 C hy
-1 C/min cooling rate. And for selected
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nanocomposites of 4PEG nanocomposites of
(35) and (20), -0.5,-1 and -2 C/min
cooling rate is applied at a constant
frequency of 1 Hz and the mechanical
spectra are obtained.

Conclusion

Ice crystal dynamics occuring in
model network systems have been
investigated in this study, which is

significantly affected by network stucture in
nano-scale. Especially timelependent

recrystallization is significantly inhibited.

Both size and shape of ce crystal are
changed by nanescale confinement
indicating  effective  crystal  growth

inhibition at the initial stage of crystal

formation. Correlation length (z) of the

network is significantly related with the ice

crystal size obtained by instant coolingby

Splat assay). In addition, rheology result
also demonstrate that the suppressed ice
crystal generates lower modulus of the
whole  crystal-embbeded conmposite
systems.

Supporting Information

Further experimental details and
additional experimental data are available
via the authors.

Notes

The authors declare no competing
financial interest.

Acknowledgements

The authors are grateful for the
valuable help in the experiments performed
at the Pohang Accelerator Laboratory
(Pohang, Korea) inutilizing the small angle
X-ray scattering (SAXS) experiment4C
beamline.

References

1. Tiller WA (1964) Dendrites. Science;
146 (3646): 871-879

2. Ruedrich J, Kirchner D, Siegesmund S
(2011) Physical weathering of building
stones induced by freezethaw action: a
laboratory long-term study.
Environmental Earth Sciences; 63(#8):
1573-1586.

Net wor


https://link.springer.com/article/10.1007/s12665-010-0826-6
https://link.springer.com/article/10.1007/s12665-010-0826-6
https://link.springer.com/article/10.1007/s12665-010-0826-6
https://link.springer.com/article/10.1007/s12665-010-0826-6
https://link.springer.com/article/10.1007/s12665-010-0826-6
https://link.springer.com/article/10.1007/s12665-010-0826-6

l ce Cryst al Dynamics i n.

3. Pegg DE (2007) Principles of
cryopreservation. Methods Mol Biol,
368:39-57.

4, Karow Jr. AM, Carrie Jr O, Clower BR

(1968) Toxicity of cryoprotective agents 14.

at 30°. J. Pharm. Pharmacol; 20: 297
301.
5. Haque MA, Kurokawa T, Gong JP (2012)

Super tough double network hydrogels 15.

and their application as
biomaterials. Polymer; 53:1805-1822.

6. Zhang YS, Khademhosseini A (2017)
Advances in engineering

hydrogels.Science356: 3627. 16.

7. Sun JY, Zhao X, llleperuma WR, et al.
(2012) Highly stretchable and tough
hydrogels.Nature; 489:133.

8. Calvert P. Hydrogels for soft machines 17.

(2009) Adv Mater;21:743—756.

9. Haraguchi K, Takehisa T (2002)
Nanocomposite hydrogels: A unique
organic—norganic network structure

with extraordinary mechanical, optical, 18.

and swelling/de-swelling
properties. Adv Mater; 14: 1126-1124.

10.Yuk H, Lin S, Ma C, et al. (2017)
Hydraulic hydrogel actuators and
robots optically  and
camouflaged in waterNat
8:14230.

11. Banerjee H, Tse ZTH, Ren H (2018) Soft
robotics  with compliance
adaptation for biomedical applications
and forthcoming challengesint. J.
Robot. Autom; 33.

12. Vrana NE, Matsumura K, Hyon SH,
Geever
Higginbotham CL, Cabhill PA, McGuinness
GB (2012) J. Tissue Eng Regen Med; 6:
280-290.

Comm;

Citatior Ah 18, aé(t2 0 1199 e
Mach( 1. 1

DOI:M N ®0 MY HAHKCHOCKARTZ HYCHMLAMPD

sonically 19.

and 20.

LM, Kennedy JE, Lyons JG, 21

Crystal

the Nanocomposite

13. Biggs CI, Bailey TL, Graham B, et al.

(2017) Polymer mimics of
biomacromolecular antifreezes. Nature
Communications; 8: 1546.

Ahn S, Wang KShuler PJ, et al. (2005)
Paraffin crystal and deposition control
by emulsification. SPE International
Symposium on Oilfield Chemistry.

Ahn S, Wang KS, Wu S, et al. (2004)
Emulsion characterization for reduced
wax deposition. American Chemical
Society, Division of Petroleum
Chemistry, Preprints; 49(1):1- 3.

Ahn S, Lee SJ (2014) Hierarchical
nanoparticle clusters induced by block
copolymer seltassembly. Soft Matter;
10(22): 3897-3905.

Ahn S, Jung SY, Kim HK, et al. (2013)
Polymeric <slf-assembly changes by
surfacemodified and in-situ-grown
nanoparticles. Polymer; 54(3):
1004- 1009.

Kuhn W, Peterli E, Majer H (1955)
Freezing point depression of gels
produced by high polymer nework.
Journal of Polymer Science; 16 (82):
539- 548.

Ahn S, Lee SJ (2014) Nanopatrticle role
on the repeatability of stimuli-
responsive nanocomposites. Scientific
Reports; 4: 6624.

Eickhoff L, Dreischmeier K, Zipori A, et
al. (2019) Contrasting behavior of
antifreeze  proteins: Ice  growth
inhibitors and ice nucleation promoters.
J Phys Chem Lett; 10(5): 96872.

. Wildmoser H, Scheiwiller J, Windhab EJ

(2004). Impact of disperse
microestructure on rheology and
quality aspects of ice cream. Food
Science and TechnologgWT; 37(8):
881- 891.

DNya nmcammmi pcoss i itre ".tINreeDwo r k s

Net wor

Copyright© 2 0 1/Mh Lee SJ. Th-asceéss aar toipelne di stributed
the Creative Commons Attribution Li cense, whi ch
reproduction in any medium, provided the origina

Journal of Dynamics of Machines d


https://doi.org/10.1007/978-1-59745-362-2_3
https://doi.org/10.1007/978-1-59745-362-2_3
https://doi.org/10.1007/978-1-59745-362-2_3
https://doi.org/10.1111/j.2042-7158.1968.tb09742.x
https://doi.org/10.1111/j.2042-7158.1968.tb09742.x
https://doi.org/10.1111/j.2042-7158.1968.tb09742.x
https://doi.org/10.1111/j.2042-7158.1968.tb09742.x
https://doi.org/10.1016/j.polymer.2012.03.013
https://doi.org/10.1016/j.polymer.2012.03.013
https://doi.org/10.1016/j.polymer.2012.03.013
https://doi.org/10.1016/j.polymer.2012.03.013
https://science.sciencemag.org/content/356/6337/eaaf3627/tab-article-info
https://science.sciencemag.org/content/356/6337/eaaf3627/tab-article-info
https://science.sciencemag.org/content/356/6337/eaaf3627/tab-article-info
https://www.nature.com/articles/nature11409
https://www.nature.com/articles/nature11409
https://www.nature.com/articles/nature11409
https://doi.org/10.1002/adma.200800534
https://doi.org/10.1002/adma.200800534
https://doi.org/10.1002/1521-4095(20020816)14:16%3C1120::AID-ADMA1120%3E3.0.CO;2-9
https://doi.org/10.1002/1521-4095(20020816)14:16%3C1120::AID-ADMA1120%3E3.0.CO;2-9
https://doi.org/10.1002/1521-4095(20020816)14:16%3C1120::AID-ADMA1120%3E3.0.CO;2-9
https://doi.org/10.1002/1521-4095(20020816)14:16%3C1120::AID-ADMA1120%3E3.0.CO;2-9
https://doi.org/10.1002/1521-4095(20020816)14:16%3C1120::AID-ADMA1120%3E3.0.CO;2-9
https://doi.org/10.1002/1521-4095(20020816)14:16%3C1120::AID-ADMA1120%3E3.0.CO;2-9
https://www.nature.com/articles/ncomms14230
https://www.nature.com/articles/ncomms14230
https://www.nature.com/articles/ncomms14230
https://www.nature.com/articles/ncomms14230
https://www.nature.com/articles/ncomms14230
https://www.researchgate.net/publication/322796750_Soft_robotics_with_compliance_and_adaptation_for_biomedical_applications_and_forthcoming_challenges
https://www.researchgate.net/publication/322796750_Soft_robotics_with_compliance_and_adaptation_for_biomedical_applications_and_forthcoming_challenges
https://www.researchgate.net/publication/322796750_Soft_robotics_with_compliance_and_adaptation_for_biomedical_applications_and_forthcoming_challenges
https://www.researchgate.net/publication/322796750_Soft_robotics_with_compliance_and_adaptation_for_biomedical_applications_and_forthcoming_challenges
https://www.researchgate.net/publication/322796750_Soft_robotics_with_compliance_and_adaptation_for_biomedical_applications_and_forthcoming_challenges
https://www.nature.com/articles/s41467-017-01421-7
https://www.nature.com/articles/s41467-017-01421-7
https://www.nature.com/articles/s41467-017-01421-7
https://www.nature.com/articles/s41467-017-01421-7
https://doi.org/10.2118/93357-MS
https://doi.org/10.2118/93357-MS
https://doi.org/10.2118/93357-MS
https://doi.org/10.2118/93357-MS
https://www.researchgate.net/publication/288465082_Emulsion_characterization_for_reduced_wax_deposition
https://www.researchgate.net/publication/288465082_Emulsion_characterization_for_reduced_wax_deposition
https://www.researchgate.net/publication/288465082_Emulsion_characterization_for_reduced_wax_deposition
https://www.researchgate.net/publication/288465082_Emulsion_characterization_for_reduced_wax_deposition
https://www.researchgate.net/publication/288465082_Emulsion_characterization_for_reduced_wax_deposition
https://pubs.rsc.org/en/content/articlelanding/2014/SM/C4SM00343H#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2014/SM/C4SM00343H#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2014/SM/C4SM00343H#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2014/SM/C4SM00343H#!divAbstract
https://doi.org/10.1016/j.polymer.2012.11.082
https://doi.org/10.1016/j.polymer.2012.11.082
https://doi.org/10.1016/j.polymer.2012.11.082
https://doi.org/10.1016/j.polymer.2012.11.082
https://doi.org/10.1016/j.polymer.2012.11.082
https://doi.org/10.1002/pol.1955.120168238
https://doi.org/10.1002/pol.1955.120168238
https://doi.org/10.1002/pol.1955.120168238
https://doi.org/10.1002/pol.1955.120168238
https://doi.org/10.1002/pol.1955.120168238
https://www.nature.com/articles/srep06624
https://www.nature.com/articles/srep06624
https://www.nature.com/articles/srep06624
https://www.nature.com/articles/srep06624
https://doi.org/10.1021/acs.jpclett.8b03719
https://doi.org/10.1021/acs.jpclett.8b03719
https://doi.org/10.1021/acs.jpclett.8b03719
https://doi.org/10.1021/acs.jpclett.8b03719
https://doi.org/10.1021/acs.jpclett.8b03719
https://doi.org/10.1016/j.lwt.2004.04.006
https://doi.org/10.1016/j.lwt.2004.04.006
https://doi.org/10.1016/j.lwt.2004.04.006
https://doi.org/10.1016/j.lwt.2004.04.006
https://doi.org/10.1016/j.lwt.2004.04.006
https://doi.org/10.1016/j.lwt.2004.04.006
https://gudapuris.com/articles/DOM-2(1)-105.pdf

