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SUITABILITY OF SILICONE FOR SOFT-ROBOTIC EXPLORATION
OF TERRESTRIAL AND EXTRATERRESTRIAL OCEAN WORLDS

This work revisits relevant mechanical and chemical properties of silicone rubber — Ecoflex in this study — to assess its suitability and
viability for use in soft-robotic explorer construction and subsequent deployment and as a sealant for communication beacons, sensor
pods, and other electronics in extreme planetary liquid environments, such as the depths of Earth’s oceans and extraterrestrial ocean
worlds. Strain at a range of temperatures, as an indicator for operational durability, was tested under various endpoint clamp forces
for several compound ratios. The temperature range at which silicone rubber remains pliable was assessed to determine its deployabil-
ity. The re-binding property of cured silicone rubber samples with newly curing samples was investigated for its potential for additive
manufacturing in soft robotics. Finally, the dissolution resistance, non-polarity, and electrical non-conductivity of silicone rubber were
studied to assess its suitability for sealing electronics to be submerged in the salt water of both ocean and saturated salinity, as well as
in hydrocarbon liquids.

This work highlights critical aspects of silicone rubber for use in the construction, coating, and deployment of future soft robotic
extraterrestrial liquid body explorers: The chosen silicone rubber Ecoflex is an electrically non-conducting sealant and pliable soft
robotics material for temperatures above —50 °C, deployable in earthly extreme aqueous environments. Moreover, this work lays the
Jfoundation, albeit likely with different (silicone) rubbers/polymers due to much lower temperatures, for the robotic exploration of
extraterrestrial liquid environments on ocean worlds, such as the hydrocarbon lakes on Titan and the putative subsurface oceans on
Europa, Titan, and Enceladus.
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1. INTRODUCTION

Subsurface oceans on planetary bodies known as
ocean worlds, such as Jupiter’s moon Europa (to
be visited in April 2030 by NASA’s Europa Clipper
spacecraft slated to launch in October 2024 [14]) and
Saturn’s moons Titan and Enceladus, have been pos-
tulated based on varying degrees of evidence since the
1980s [11], but there has been no direct confirmation
to date through observation let alone in-situ explora-
tion (e.g., [7, 8]). Because these subsurface environ-
ments are largely shielded from radiation, and com-
bined with the hypothesized presence of water, they
would be prime candidate locales for astrobiological
exploration, i.e., the quest for finding extant or fos-
silized life.

Underwater autonomous vehicles are currently
dominated in design by rigid frames [15], which pres-
ents an inherent disadvantage in autonomous un-
derwater (or other liquid) exploration due to a lim-
ited ability (or lack thereof) to bend through smaller
apertures for more ambitious or extensive in-depth
exploration. As more research into the development
of flexible explorers, such as the PoseiDRONE [1]
or the Soft Robotic Fish [10], push the boundar-
ies of soft-robotics as a more effective paradigm for
liquid environment exploration, this paper revisits
experimentally the suitability of silicone rubber for
constructing soft-robotic explorers (e.g., [2—4, 12,
13]), and sealing of associated communication bea-
cons and sensor pods (e.g., [8]) — all in the context
of extreme planetary liquid environments, such as the
depths of Earth’s oceans and extraterrestrial ocean
worlds. To that effect, the elasticity, resilience at low-
er temperatures, re-bonding ability, chemical polar-
ity, and electrical conductivity are reexamined.

2. MATERIALS AND METHODS

2.1. Ecoflex Overview. Ecoflex™ 00-30 (referred to
as Ecoflex in the following) was chosen as a stand-in
for other rubbers/polymers. Ecoflex is a proprietary
silicone rubber sold by Smooth-On, Inc. [6], which
is made by mixing equal parts of 2 compounds, A
and B, by volume or mass because of similar density.
Mixing different ratios of A and B results in Ecoflex
with increasing elasticity as the percentage of com-
pound A decreases. It cures in approximately 4 hours
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at room temperature, according to manufacturer in-
structions. Ecoflex rubber was selected due to known
properties ideal for soft robotics, which include, but
are not limited to (e.g., [2—4, 12, 13]): (1) resistance
to freezing at moderate sub-zero Celsius tempera-
tures, (2) high degree of elasticity and pliability, and
(3) ease of casting. In the past, soft robotics applica-
tions for Ecoflex rubber range from use in claw ma-
chines [16] to a pneumatic robotic fish [20], which
provided an additional motivation to investigate it
for our purposes: the suitability (re-)assessment of
silicone rubber for soft robotic explorers for extreme
liquid environments found both on Earth and on ex-
traterrestrial ocean worlds, including its resistance to
saltwater and hydrocarbon corrosion as well as ex-
tremely low temperatures.

2.2. Strain Testing for Various Temperatures and
Compound Ratios. 2.2.1. Ecoflex Compound Ratios.
Ecoflex rectangular prisms (1.25 x 1.00 x 7.50 cm;
Figure 1) were cast at three different A:B mixing ra-
tios with 0.01g accuracy: 20 % : 80 %, 50 % : 50 %,
and 80 % : 20 %, with four prisms cast from the same
batch for each mixing ratio.

2.2.2. Strain Testing Setup. The Ecoflex prisms
were clamped at each longitudinal end, with the edge
of each prism aligned with and clamped between
optical table post clamps to a force of 5 = 0.25 N,
10 £ 0.25 N, and 15 = 0.25 N, measured with a force
gauge (Figure 1, left). One post was moved (Figu-
re 1, center and right) using a Velmex stepper motor
for continuous and consistent rate of pull (i.e., load
rate) of ~3.2 mm/sec (see specification for BiSlide
model E50 on page 11 in [18]) until one end slipped
out of the clamp grip. The total deformation for the
strain was measured from the outer endpoints of the
post clamps (yellow lines in Figure 1, right). Strain
measurements were taken once for each of the four
prisms per chosen mixing ratio (section 2.2.1) at each
temperature region (section 2.2.3) for each of the
three clamp forces.

2.2.3. Temperature Conditions. Each strain mea-
surement was conducted once per beam at each of
the following beam temperature conditions: approxi-
mately -5 °C to 0 °C, room temperature ~22.4 °C, and
approximately 39 °C to 40 °C. Temperature fluctua-
tions on both extremes were due to the challenge of
conducting low and high temperature experiments in
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Figure 1. Left: A force gauge is used to compress the Ecoflex prism to correct force, which is then set by screwing post clamps to
posts (center). All posts are held in place by screws or magnetic bases on an optical table. Right: In-progress stretching of Ecoflex
prism using lateral stepper motor from a top-down perspective

Figure 2. Original [-beam prism in an open (A4) and threaded 3D-printed clamp (B). A magnetic base held one end of the [-beam
prism while the other end was pulled longitudinally by a Velmex motor (C). The I-beams all broke near the edges (D)

a constant temperature environment. Samples were 2.3. Room Temperature Stretching to Failure. A
moved from either a freezer or a heated water bath to | different set of Ecoflex prisms was tested for stretch
the testbed and tested immediately. Temperatures for | to breaking point in order to compare to the specifi-
the samples were taken immediately prior to testing | cation sheet published by Smooth-On, Inc., which
using a non-contact infrared temperature sensor. claims a breaking elongation of 900 % for this variant
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Figure 3. Before and after encapsulation of communication
beacon electronics in Ecoflex

- =

Figure 4. Communication beacon encased in Ecoflex and sub-
merged in the salt water of 3.5 % salinity or saturated salinity
at room temperature (~22.4 °C), charged continuously by a
wireless charger underneath, communicating to and control-
lable from a PC via VNC through WiFi

of Ecoflex at room temperature (~23 °C) [6]. This
elongation percentage was only tested for the 50 % :
50 % mixture since that is the only one officially sup-
plied on the specification sheet. To that effect, five I-
beam prisms were cast, with screw-clamp anchors to
hold them at each optical post (Figure 2, A—C). The
beams were stretched longitudinally using the Velmex
stepper motor until completely torn anywhere along
the beam (Figure 2, C and D).

2.4. Very Low Temperature Testing. Ecoflex was
tested for its freezing and thawing behavior at low
to very low temperatures to simulate environments
below water freezing temperature in which a sub-
surface liquid explorer may be deployed. A total of
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five prisms of Ecoflex at mixing ratios 10 % : 90 %,
20 % : 80 %, 50 % : 50 %, 80 % : 20 %, and 90 % :
10 % were first placed in a conventional freezer and
chilled to —7.5 °C and subsequently returned to room
temperature. The same prisms were then placed in a
laboratory freezer and kept at —20 °C. After tempera-
ture equilibration, they were again returned to room
temperature. Next, the same prisms were placed in
a —80 °C freezer and later returned to room tem-
perature. Finally, the same prisms were submerged
in —196 °C liquid nitrogen and subsequently also re-
turned to room temperature.

2.5. Re-bonding Ability. A shorter piece of cured
50 % : 50 % Ecoflex rubber was placed into a lon-
ger mold. The empty spaces on both ends were then
filled in with a fresh mix of 50 % : 50 % Ecoflex liquid
and allowed to cure within the same day (Figure 7).
The same procedure was repeated with increasing
time between curing the initial piece and filling the
voids up to and including 6 days.

2.6. Dissolution Resistance, Non-Polarity, and
Electrical Non-Conductivity. The dissolution resistance
with respect to polar and non-polar liquids was tested
by long-term submersion of Ecoflex in water/salt wa-
ter and mineral oil, respectively, for several weeks.

The chemical non-polarity of Ecoflex was tested
during the Ecoflex compound mixing process using
polar/water-soluble food dyes. Once compounds A
and B were thoroughly mixed, drops of aqueous food
dye were added and mixed in for miscibility testing
before curing.

The electric non-conductivity of Ecoflex was tested
by building a small Raspberry Pi-based communica-
tion beacon consisting of a Raspberry Pi Zero W, a
5000 mAh power bank, a USB A to micro-USB ca-
ble, and a wireless charging receiver coil. The com-
munication beacon electronics were submerged di-
rectly into liquid Ecoflex before curing (Figure 3),
i.e., the Raspberry Pi had all of its contacts openly
exposed, such that any electric conductivity within
the Ecoflex would result in immediate short-circu-
iting and device failure. After the curing process, the
power bank was wirelessly charged and turned on.

2.7. Hermeticity. As a final test of resilience as an
insulating material, i.e., hermeticity, the communi-
cation beacon from Figure 3 was placed in a small
tank of water at 3.5 % salinity (weight/weight) to
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match Earth’s ocean salinity (Figure 4) [19], and in
a subsequent test at saturated salinity at room tem-
perature (26.3 % weight/weight [17]). In both cases,
salt (NaCl) was used. The beacon was connected to
a laptop wirelessly via Virtual Network Computing
(VNC) using RealVNC and monitored for continu-
ous uptime.

3. STRAIN CALCULATION

Strain calculations were performed using the me-
chanical strain formula: e=AL/L,, i.e., the ratio of
change in length of a piece of material as a result of
stretching and the original length of that same piece
of material. So €=1 represents 100 % eclongation
and € = 0.1 represents 10 % elongation with respect
to the original length, respectively (Figure 5).

4. RESULTS

4.1. Strain Testing Across Multiple Temperatures
and Clamp Forces. In general, increased amounts
of compound A led to a stiffer Ecoflex (Figure 5),
although the difference between 20 % A and 50 %
A was less pronounced than the one between 50 % A
and 80 % A (Figure 5). Moreover, the strain results
appeared to be largely temperature independent
(within the measured temperature range) due to the
size of the error bars (note: the increasing trendline
at 5 N is explained by a single outlier in both 20 % A
and 50 % A trials).

4.2. Room Temperature Stretching to Failure.
The five I-beam prisms (at 50 % : 50 % mix) were
stretched to the breaking point, which occurred at an
elongation percent of 553.3 £ 20.5 %. All five prisms
broke at a point near the clamping region of the
I-beam along the longest axis (Figure 2, D).

4.3. Very Low Temperature Testing. The Eco-
flex samples did not freeze at either 0 °C or —20 °C
across all 5 tested ratios of A : B. All tested ratios
froze at —80 °C (Figure 6, left). However, this freez-
ing was fully reversible, i.e., all tested ratios returned
to pre-freezing pliability once thawed to room tem-
perature. When room temperature samples from all
5 ratios were submerged in —196 °C liquid nitrogen
(Figure 6, center), the samples froze and shattered
(Figure 6, right). Moreover, when the samples were
removed and allowed to return to room temperature,
they shattered into even smaller pieces. All samples,
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Figure 5. The plot of the measured strain of prisms with dif-
ferent % A compositions at SN (fop), 10N (middle), and 15N
(bottom) of clamping force. Dotted lines are the linearly fit
trendlines

including the smaller pieces, eventually returned to
pre-freezing pliability at room temperature.

4.4. Re-bonding Ability. As shown in Figure 7, after
new Ecoflex cures adjacent to an already cured piece,
the resulting prism is near indistinguishable and does
not separate or break off when stressed (i.e., when
pulled apart) but rather behaves as if it originated
from a single curing session. This illustrates the ad-
vantage of using Ecoflex since it allows the construc-
tion and encapsulation of soft-robotic, communica-
tion beacon, and sensor pod electronic components
in an additive manufacturing manner (Figure 3). The
re-bonding ability of newly curing to already cured
Ecoflex, i.e., at least up to 6 days old samples, was
successful (Figure 7).

4.5. Dissolution Resistance, Non-Polarity, and
Electrical Non-Conductivity. An important property
of the Ecoflex rubber is that it does not interact with
polar and non-polar solvents:

* Dissolution resistance in polar liquids: Many of the
liquids which soft-robotics would explore are known
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Figure 6. The frozen core of 2 thawing Ecoflex samples can be observed after freezing in a —80 °C freezer (leff). Before and after
(center and right) of a piece of Ecoflex being frozen in a liquid Nitrogen bath (—196 °C) — note how the sample breaks into 3
smaller pieces. (Note: color corrected for better contrast for cenfer and right subfigure)

Figure 7. Left: Recasting ends of a prism of Ecoflex rubber: a prism is first cured in the left column of the mold, then placed in
a longer mold whose empty spaces to the left and right of the prism are filled with more Ecoflex. Right: The interface between
already cured and newly cured Ecoflex is indicated by the two yellow arrows

to be polar (such as Earth’s own bodies of water), or
are suspected to be so on extraterrestrial worlds [11],
such as Europa’s and Enceladus’ putative subsurface
oceans. Thus, there is a need for a material that will
be resistant to degradation by dissolution. The expo-
sure of cured Ecoflex to water with or without salt
at different salinity levels showed no signs of degra-
dation/corrosion through dissolution for at least 21
days (see also section 4.6 below).

* Dissolution resistance in non-polar liquids: Since
the lakes on Titan’s surface are hydrocarbon-based,
cured Ecoflex was also exposed to, i.e., soaked in,

52

mineral oil as a stand-in for hydrocarbon liquids and
exhibited no degradation/dissolution effects either
over a period of at least two months.

* Pre-cure non-polarity: In all spots with food dye,
the Ecoflex was curing around dye-formed pockets,
demonstrating that the material is indeed non-polar
during the curing process, i.c., while Ecoflex is still
liquid (Figure 8), and, of course, once cured.

* Non-conductivity: For soft robotic electronics to
operate in a coat of Ecoflex, the rubber would need
to encapsulate electronics, such as a Raspberry Pi,
without permitting any short-circuiting. Our experi-
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ments showed that the Raspberry Pi functioned per-
fectly, retaining its ability to communicate wirelessly
from within a block of solid Ecoflex rubber for ap-
proximately 6 hours with a fully charged 5000 mAh
power bank.

4.6. Hermeticity. With regards to hermeticity, the
ability of the communication beacon to transmit for an
extended period of time while underwater (Figure 9)
was validated, again for approximately 6 hours, when
powered by a fully charged 5000 mAh power bank.
Long-term hermeticity in a harsher environment, i.e.,
saturated salt water, was confirmed by maintaining
continuous wireless VNC communication with the
beacon (charged wirelessly) for at least 21 days, indi-
cating that Ecoflex did not degrade at all to cause wa-
ter intrusion. This showcases the potential for Ecoflex
as an insulating/encapsulating material in soft robotic
lake/ocean explorers and beacons/sensors because of
its ability to encapsulate electronics in a soft material
while protecting these electronics from short-circuit-
ing in an electrically conductive liquid environment.

5. DISCUSSION & CONCLUSIONS

The silicone rubber Ecoflex 00-30 appears to be an
excellent encapsulation option for soft-robotics,
communication beacon, and sensor pod applica-
tions. Pliability at low temperatures down to at least
—20 °C is preserved, more than sufficient for any
earthly aqueous exploration missions (see below) and
potentially for missions to putative subsurface oceans
(if water-based) on extraterrestrial planetary bodies,
such as Europa and Enceladus. In particular, for the
latter, the presence of a liquid water phase may de-
pend, at least in part, on the concentration of solutes
in water (e.g., brines), which can significantly con-
tribute to freezing point depression [5].

For the strain testing, a lower temperature limit
of ~—5 °C was chosen, primarily to account for all
terrestrial ocean environments: According to the
National Oceanic and Atmospheric Administration
(NOAA), the lowest ocean temperatures on Earth are
about -2 °C [9]. For exploratory operations in extra-
terrestrial oceans, e.g., on Titan, Europa, and Ence-
ladus, the temperature ranges may/will be well below
-5 °C, where Ecoflex™ 00-30 will likely be frozen
per the specification sheet published by Smooth-
On, Inc., which lists —53°C as the minimum useful

- o
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Figure 8. A small sample of Ecoflex with drops of red food
dye, whose primary ingredients are water and propylene gly-
col, i.e., both polar molecules

Figure 9. Raspberry Pi unit encased in Ecoflex (Figure 3) and
submerged in water, communicating to and controllable from
a PC via VNC over WiFi

temperature [6]. However, although not experimen-
tally verified, strain performance similar to the results
shown in Figure 5 is expected to be maintained down
to around —50° C because of the indicated minimal
dependence on temperature.

While prolonged exposure (in our case up to two
months) of cured Ecoflex to mineral oil, as a stand-
in for hydrocarbon liquids, produced no degrada-
tion/dissolution effects, Ecoflex may not be suitable
for deployment in Titan’s hydrocarbon lakes as their
temperature likely is around 94 K (i.e., —179 °C;
[11]). In fact, our freezing tests conducted at —80 °C
and —196 °C, respectively, confirmed that Ecoflex™
00-30 is already frozen as expected (see above).
Therefore, different (silicone) rubbers or polymers
that remain flexible at such low temperatures will
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have to be used. Notwithstanding the above, Ecoflex,
as a stand-in for such (silicone) rubbers or polymers,
may pave the way for soft-robotic explorers for ex-
treme planetary liquid environments.

Ecoflex exhibits good elasticity, and despite not
being able to replicate the manufacturer-advertised
900 % elongation at breaking point, it was found that
even keeping under approximately 550 % elongation
still affords soft-robotic explorer flexing and deform-
ing capabilities, both for mobility and accessibility of
spaces impossible to reach for a rigid robotic explor-
er. With this soft-robotic framework in mind, the in-
fluence of load frequency, i.e., how often the Ecoflex
prisms were stretched within a fixed period of time,
on strain was not studied because we do not expect
bending/flexing, deforming, and stretching/com-
pressing to occur on a rapid or frequent basis (e.g.,
at frequencies >1 Hz) during operation of a soft-
robotic explorer (or components thereof), let alone
during the deployment and/or usage of communica-
tion beacons, sensor pods, and other electronics in
extreme planetary liquid environments. As such, we
were more concerned with strain ability as a function
of temperature rather than the cracking susceptibil-
ity of Ecoflex as a function of load dynamics, i.e.,
repetitive application of load on shorter time scales.
In our strain test experiments, we repeated the strain
experiments on the same Ecoflex prism with minutes
in between tests, respectively.

Finally, Ecoflex protects electronics from exter-
nal, potentially conductive, aqueous, or other liquid
environments very effectively while permitting those
same electronics to work when directly in contact
with, i.e., encased in, Ecoflex. This has been vali-
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dated by our tests in which the Ecoflex permitted
communication with a PC via WiFi both in air and
submerged in water, including water at ocean salinity
and saturated salinity.

In summary, silicone rubber (Ecoflex™ 00-30 in
our case) is a robust yet pliable, easy to use material,
which appears to be an excellent candidate for con-
structing (potentially via additive manufacturing),
coating, encasing, and sealing soft robotic explorers
and associated communication and sensor compo-
nents (e.g., [8]) for extreme liquid environments on
Earth and extraterrestrial ocean worlds, such as Eu-
ropa, Titan, and Enceladus.
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HaykoBo-nociigHa 1adopatopist CUCTEM Bi3yaJlbHOTO Ta aBTOHOMHOTO JOCTiIXKSHHST
VYHiBepcuteT Api3oHU

Tycon, AZ 85721

CILIA

MPUJATHICTb CUIIKOHOBOI T'YMU M’SIKOT POBOTOTEXHIKHU
JJIA AOCHIIKEHDb SEMHUX I TOSASEMHUNX OKEAHCBKHX CBITIB

Y po6oTi po3riIsaaoThCes BiAIIOBIAHI MeXaHiuHi Ta XiMiuHi BIaCTUBOCTI CHJIiKOHOBOI r'ymMu — Ecoflex — s ouinku ii mpu-
JIATHOCTI Ta CTIHKOCTI JUIsi BUKOPUCTAHHS B CTBOPEHHI Ta MOJAJIbIIIN eKCIuTyaTalii M’ IKUX poOOTiB-A0CTiIHUKIB, a TAKOXK SIK
TrepMEeTUK TSI KOMYHiKalliiHUX MasiKiB, CECHCOPHUX OJIOKIB Ta iHIIIOI €JIEKTPOHIKH, 1110 BUKOPUCTOBYETHCS B EKCTPEMAJIbHUX
TUTaHEeTapHUX PiIKKUX CEPEeIOBUILAX, TAKUX SIK IIMOMHY OKeaHiB 3eMJIi Ta Mo3a3eMHi OKeaHChKi cBiTU. [ledopmaliist maTepiany
B Jiara3oHi TeMmepaTyp, sIK MOKa3HUK JOBTFOBIYHOCTI €KCILTyarallii, Oyya rnepeBipeHa il pi3HUMU KiHLEBUMU 3YCULISIMU
3aTUCKY IS KiTbKOX CKJIAJOBUX CITiBBiIHOIIEeHB. Jliara3oH TeMIiepaTyp, IMpU SIKOMY CHJIIKOHOBA TyMa 3aJIIIA€EThCS THYY-
KOI0, OLIHIOBAJIM JIJIsi BU3HAUEHHS 11 3MaTHOCTI A0 po3ropTaHHs. BiacTuBiCTb MOBTOPHOIO 3B’sI3yBaHHS 3aTBEPiINX 3Pa3KiB
CUJIIKOHOBOI T'YMM 3 HEILLIOAABHO 3aTBEPALTMMU 3pa3KaMu OyJia JOCiIKeHa Ha TIpeAMET ii MOTeHLialy Jjisi BAKOPUCTaHHS B
M’SIKili poO6oTOTeXHilli. Byau BUBUEHI CTiIKiCTh 10 PO3UMHEHHS, HEMOJSPHICTD i €JIeKTPOHEITPOBIIHICTh CUJIIKOHOBOI TYMMU,
1100 OLIIHUTHU 11 MPUAATHICTb SIK TEPMETUKA €JIEKTPOHIKM TSI 3aHYPEHHS B COJIOHY BOIly OKeaHy a00 iHIIUX HACUYEHUX CO-
JIbOBHX CEPEIOBHUIIL, a TAKOX y BYTJIEBOIHEBI PiTUHM.

Oco06imBy yBary B poOOTi MPUIIIEHO KPUTUUHUM aclekKTaM CHJIIKOHOBOI TyMM JIJISi BAKOPUCTAHHS B KOHCTPYIOBaHHI,
MOKPUTTI Ta pO3ropTaHHi MalOyTHIX M’SIKMX POOOTIB-AOC/IiIAHMKIB PIAMHHOIO iHOIJIAHETHOIO XKUTTsI: 0OOpaHa CUJIIKOHOBA
ryma Ecoflex € eJ1eKTpoHenpoBiTHUM TepMETUKOM i THYYKUM M’SIKUM pOOOTOTeXHIYHUM MaTepiaioM JUIs TeMIIepaTyp BUILIE
=50 °C, npuaaTHUM ISl pO3TOPTaHHS B 3eMHUX €KCTpeMaJbHUX BOJHUX cepeaoBuiiax. Kpim Toro, 1151 podoTa 3aKjiala€ OCHO-
BY, X0ua 3 iHIMMMU (CWIIKOHOBUMU) KayayKaMu/ToJliMepaM dyepe3 3HAYHO HUXKUi TeMIlepaTypu, st poOOTH30BaAHOTO J0-
CJIIKEHHS TT03a3eMHUX PiIKUX CEPEIOBUILL B OKEAHChKMX CBiTaX, TAKMX SIK BYyIJIEBOAHEBI o3epa Ha TuTaHi Ta UMOBIpHI ITij-
MoBepxHeBi okeaHu Ha €Bporti, TutaHi i EHuenani.

Karouoei caosa: M’sika poOOTOTEXHiIKa, MasiKU 3B’SI3Ky, CEHCOPHi NaHeJli, EKCTPEeMaJIbHO PiliKi cepeoBuIIa, OKEaHChKi CBITH,
TECTYBaHHS XiMiYHUX Ta €JIEKTPUYHMX BJIACTUBOCTEI MaTepialliB, MOJiMepU Ta MJIaCTMAaCH.
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