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Abstract— Robots are especially useful in cold, remote, and
inhospitable environments such as polar regions and extrater-
restrial settings. Due to subfreezing temperatures and lim-
ited resources in these environments, robots made of ice are
particularly advantageous. In this paper we demonstrate how
the solid and liquid phases of water, and transitions between
these phases, can be leveraged into common robot designs for
modular robots, robot arms, rovers, and soft robots. We explore
how robots can utilize structural elements made of ice and
exploit the phase change between ice and water to augment
their capabilities. Additionally, we do a scaling analysis of ice
structural elements to provide insight on their performance at
different length scales and ambient temperatures.

I. INTRODUCTION

Some of the most exciting applications of robots are in
subfreezing temperatures. International space agencies are
targeting operation in outer space and exploration of Jupiter’s
ice moon Europa [1]. Due to the increasing rate of global
warming, studies of polar environments and glaciers are
becoming increasingly urgent [2]. Canada is investing in
winter maintenance of seasonal roads over lakes, rivers,
and land to indigenous populations [3]. Weather patterns
worldwide are becoming more extreme [4]. At the time
of writing just three years have passed since winter storm
Uri hit the United States, Northern Mexico, and Canada
impacting hundreds of millions of people. It is therefore
a timely contribution to study the opportunities related to
robots and ice. Specifically, we investigate the use of ice and
phase changes between water and ice in a range of common
robot designs.

Due to their low cost and wide availability in polar
regions, ice and reinforced ice have been used to build igloos
(traditional, dome-shaped shelters), hotels, roads, airstrips,
and even ships [5]. Ice has also been proposed for use in ex-
traterrestrial habitats, commended for its ability to let visible
light penetrate to the interior [6], [7]. However, only recently
did Carroll and Yim introduce the the idea of using ice as
a structural element for robots [8]. Their paper focused on
low-energy manufacturing methods, comparing machining,
molding, and melting, and culminated in a demonstration of
two motors embedded into an ice chassis along with two
ice wheels. The concept that the robot morphology may
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be designed, customized, or even repaired after arrival in
a subfreezing climate is promising.

The use of phase transitions (solids to liquids to gasses) to
augment robot capabilities is common, especially in the soft
robotics literature where it has been used to produce actua-
tion via expansion and contraction and to tune material rigid-
ity using a range of inorganic and organic compounds [9],
[10], [11], [12], [13]. Specific to water, several research
groups have also pursued the idea of freezing and melting
a tip meniscus to grip micro-scale components [14], [15],
[16], [17]. Here, we build on these prior advances to show
additional benefits that can come from embracing the use
of ice in common robot designs. Rather than considering the
ice melting as a threat to structural and electronic component
integrity, or the freezing of water as a risk for immobilizing
the robots or breaking structural components, we utilize these
phase changes to add robot capability.

In areas that can reach subfreezing temperatures, water
and ice are often readily available; failed robots composed
mostly of ice would have low environmental impact; and
it is exceedingly easy to work with water and requires no
specialized equipment. Where ice may be used as structural
elements, transitioning between water and ice can lend
additional benefits. Melting or fracturing ice may facilitate
robot reconfiguration, foreign materials may be embedded
into the ice, and the expansion of water as it freezes may
be used to induce actuation forces. In this paper, we first
perform a scaling analysis of the structural strength and
melting characteristics of ice. In subsequent sections we then
explore different capabilities of ice in simple robotic systems
and demonstrate these concepts across a range of classic
robot morphologies including modular robots, robot arms,
rovers, and soft robots.

II. SCALING ANALYSIS OF ICE STRUCTURAL ELEMENTS

Due to its low cost and relative strength, an obvious use
for ice on a robot is as a structural element. Past work by
Carroll and Yim [8] use ice for a rover chassis, and in our
experiments we use ice rods as structural elements for a
modular robot and a robotic arm. To provide better intuition,
we reason about the structural integrity and melting of ice
at different length scales and ambient temperatures. For our
derivations, we assume a set aspect ratio between 7 (rod
radius, 10 mm) and L (rod length, 73 mm) and scale them
each by a factor 3, but our work can be expanded to other
ice rod aspect ratios.
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A. Stress Constraint

Ice is a brittle material, so structural failure of the rod at
large scales is caused by high tensile stress. The stress in a
cylindrical member due to a uniformly distributed load can
be primarily considered as bending stress, given by:

My
=7
where o is the bending stress, M is the bending moment, y
is the distance from the rod’s neutral axis to the point where
the stress is to be calculated, and I is the moment of inertia
of the cross-section about the neutral axis.

For a simply supported rod with a uniformly distributed
load, the bending moment is M = & (x(L — x)), where w is
mass per unit length, = is distance from one end of the rod,
and L is the rod’s total length.

The effects of scaling on relevant variables are:

g

o Length terms (x, y, L, and r) scale linearly with S
« Moment of inertia I’ scales as I’ = 321
o Mass scales by 32, and is incorporated into w, which
scales by (32 since it represents mass per unit length
o Bending moment M scales with w multiplied by length
squared, which gives M’ = i M
The total effect of scaling on the bending stress is
o = BM)Bey) _ o
gl
Therefore, stress on the rod will increase linearly with the
scaling factor 55 and will fail once it reaches the average
tensile strength of ice oy = 1.9 MPa [18]. The maximum
scaling before failure is [y = Z¢

oo’
B. Melting Constraint

When using ice as a building material, one also needs to
consider the effects of melting. Because of the large surface
area along the length of the rod, we assume that the ice
rod’s radius will melt significantly faster than its length,
increasing the stress experienced by the rod and leading to
structural failure. We denote this time as the critical time
and in the following work we identify minimum values of
B that guarantee a minimum critical time until failure.

We first calculate the melting rate of the rod’s radius. The
heat required to melt ice is given by () = mL;, where m
is the mass of the ice and Ly is the latent heat of fusion
for ice. The rate of heat transfer can be approximated using
Newton’s law of cooling, which is Q = hAAT, where h is
the heat transfer coefficient, which accounts for properties of
the ambient air surrounding the rod, A is the area of the rod,
and AT is the difference between the ambient temperature
and the temperature of the rod. It follows that m = L%,
which can be related to change in volume V via density of

ice p, V=L (mr’L) = p%, This yields

Q _ h(@2arL)AT _ hAT
(2nrL)pLy — (2mrL)pLy  pLy

under the assumption that melting only reduces the radius.
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Fig. 1. Recorded profile and radius of an ice rod in room temperature. The
outline as the rod melts is illustrated under the graph, with the respective
time frame of each outline indicated by its color.

As the rod melts, the tensile strength it undergoes increases
until it reaches o, at which point it fractures. The time it
takes for this to occur is its critical time. In order for the rod
to not fail due to melting, a length scale with a critical time
greater than the desired time of operation must be selected.

To verify that our model accurately reflects the melting
rate 7, we performed a melting test and calculated the average
melting rate of an ice rod (made from tap water). The ice
rod was secured on one end, and its width measured every
minute until it fractured under its own weight due to melting.
A plot of the rod diameter over time can be seen in Fig. 1.
Overall, the ice rod melts evenly around the circumference
of the rod and the average melting rate was found to be
0.1356 mm/min. Calculating Eq. 1 with the experimental
ambient conditions resulted in a theoretical melting rate of
0.1221 mm/min which is a 10% error from the observed
value.

C. Scaling analysis

The effect of temperature on the melting constraint can
be seen in Fig. 2. Intuitively, the minimum allowable length
scale increases with temperature and desired minimum crit-
ical time.
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Fig. 2. Smallest possible length scales, subject to the melting constraint,
for different operating temperatures and desired minimal critical times.
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Fig. 3. Feasible region of operation for a robot with a structural ice rod like
the one used in Sec. III at different length scales. At large length scales, the
rod exceeds the tensile strength of ice (red region) and at small length scales,
the ice rod melts before achieving a critical time > 1 hr at different ambient
temperatures (green shaded regions). The feasible region is also bounded
by robot design constraints (orange line) and the approximate maximum
actuation power for the corresponding length scale (dashed red line fitted
using specifications from commercially available DC motors, indicated as
red crosses).

When designing an ice robot, a roboticist must ensure that
at a given length scale, the ice structural members satisfy the
melting and stress constraints while still meeting the standard
set of design constraints typically found in traditional (non-
ice) robots. Fig. 3 illustrates some of the considerations that
must be made when designing robots composed of ice rods
at different length scales and environmental temperatures.
Length scales that are infeasible for ice robots due to the
rod stress constraint (Sec. II-A) are found in the red shaded
region, and length scales in which ice robots can have a
critical time longer than one hour before melting at various
temperatures (as discussed in Sec. II-B) are found within
the corresponding green shaded regions. Design constraints,
traditionally found in (non-ice) robots (e.g.,the minimum
power required to move an ice robot up an incline and the
maximum actuator power'), provide bounds on the feasible
region. These design constraints are application specific. In
our example, we have chosen an incline of 5° and a minimum
velocity of 1 BL/s. Less stringent constraints would increase
the size of the feasible region. Of course, robots may have
different rod cross-sections, load profiles, and more than one
rod, but this analysis gives an initial intuition for the design
considerations of ice robots.

III. MELTING STRUCTURAL ICE ELEMENTS

One of the advantages of using ice as a structural element
in robot design is that it can be melted to change the
robot’s structure. This is especially useful for a modular
rover, which is composed of many segments, each capa-
ble of independent operation, but collectively capable of
aggregate motion, better terrain maneuvering, and greater

IDC  motor specifications
(mcmaster.com)

collected from (pololu.com) and

Fig. 4. A) Modular robot composed of two differential drive modules
connected together with an ice rod. B) Upon encountering an environmental
hazard that prevents the rover from navigating, the rover thermally melts
the ice rod using a high power resistor, and the rear module drives away.

payloads [19]. A particular benefit of such a design is the
ability to shed faulty or entrapped segments when needed. In
this section, we demonstrate how a modular rover can melt
its ice coupling to shed a module that has become entrapped
in an environmental hazard.

To show the core principle of reconfiguration upon en-
countering environmental hazards, we designed and built
two modules (Fig. 4A). Each module included a 3D printed
chassis onto which we mounted two 120:1 plastic gear
motors with a 90° shaft and two wheels, an Artemis Nano
board controllable via Bluetooth, a DRV8833 dual motor
driver board, and a single-cell 850 mAh Li-Po battery.

We molded a 73 mm long ice rod, 20 mm radius,
using local tap water and connected each end to a module
using rubber bands, which maintain holding force if the rod
melts. Before freezing, we embedded a waterproofed 5 (2,
5 W power resistor within the mold. Then we connected a
MOSEFET driver circuit on the rear module to the resistor,
powering it by a separate single-cell 850 mAh Li-Po battery,
i.e. consuming roughly 2.74 W.

We then operated the robot in —3°C and drove it over a
ramp, upon which it became stuck (Fig. 4B). To recover, the
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Fig. 5. Design of 3-link robot finger. The top sketch shows the pouch
motor design from a single consecutive sheet: gray surfaces were laminated
together, first by the inlet and middle, then seal (ii) was welded onto seal
(i) to produce a pouch motor with two flaps marked in yellow. The bottom
sketch shows a cross-sectional view of the finger mold. Compartments for
frozen water are shown in blue; compartments for hot water to release the
cast is shown in red. Two pouch motors, shown in yellow, were frozen into
the links to double as flexible joints.

robot melted the connection between the modules thereby
freeing the back module. It took 8 min to melt the rod
to a point at which the back module was able to induce
a fracture and drive off. This ability to reconfigure during
run-time may be helpful during exploration of difficult-to-
navigate environments.

IV. FRACTURING STRUCTURAL ICE ELEMENTS

In addition to melting, ice elements can be fractured for
robot reconfiguration. We designed a 2-DOF robot finger
in which the 3 links were made of ice roughly 50 mm X
21 mm x 25 mm in length, width, and height respectively.
To actuate the finger, we embedded pouch motors [20] in
each joint, such that inflation would stretch the finger, and
deflation aided by gravity would curl the finger.

We fabricated two 1 x 1 in? pouch motors (Fig. 5 top),
consisting of 2 mil polyethylene tubing from U-Line. A
single pouch motor design can be seen in Fig. 5. Gray lines,
representing seals, were laminated together with a heat sealer.
First, we patterned a single inlet sized to accommodate a
flexible silicone tube and a thin silicone collar. We used a
zip tie around the inlet to create an airtight seal. We then
patterned the tubing to create the desired shape. Flaps made
of excess tubing material were encased in the ice as the
water solidified. These flaps were covered in Gaffers tape and
small holes were cut to enable additional water penetration.
We then placed two pouch motors into a mold as shown in
Fig. 5 bottom. The mold was filled with water and placed

in a freezer. Once solidified, the finger was demolded, and a
syringe was attached to each pouch motor.

These experiments were performed at room temperature.
As seen in Fig. 6A, each pouch motor expanded up to 8 mm,
causing a change in angle between link 1 and 2 by 7°, and
a change of 15° between link 2 and 3. The pouch motor
design also resulted in a working flexible joint, although as
the ice melted, the slack between the fingers grew larger.

Figure 6B shows a second finger, composed of just the two
outer links. Two pouch motors were laminated together. The
first actuated the joint, as described above, and the second
was embedded in the outermost link, replacing the perforated
flap. Both pouches were coupled to a single syringe, and
when inflated at low pressure, the finger repeatedly bent
(Fig. 6Bi-ii), showing stable operation. When inflated at
high pressure, the embedded pouch motor caused a fracture
(Fig. 6Biii), and the entire link was shed off of the robot. This
ability may be useful to help robots abandon parts which are
stuck or otherwise broken in the field.

V. ICE/WATER PHASE CHANGES TO ADAPT ROBOT
COMPONENTS

The phase change between water and ice can also be
exploited to expand the capability of a robot. To showcase
this benefit, we designed a rover that has wheels cast
from ice. Utilizing melting and freezing cycles, the rover
can reconfigure its wheels as needed when navigating an
environment.

The rover was composed of a custom 3D printed chassis,
with 120:1 plastic gear motors with a 90° output shaft,
controlled by an Artemis Nano board and a DRV8833 dual
motor driver, and powered by a single-cell 400 mAh Li-Po
battery and a 700 mAh NiCd battery. We designed custom
3D printed hubs (Fig. 7A, inset), inspired loosely by those
designed in [8] and froze these directly into ice wheels,
which were molded into a cylindrical mold with a 80 mm
diameter and a depth of 20 mm.

The first experiment is shown in Fig. 7B. We drove the
rover up to a tunnel that was too small for it to fit into.
The rover then used common sidewalk salt to chemically
melt 25 mm off the wheel diameter, driving over the salt
continuously to ensure even distribution of the salt over the
circumference of the wheels. The experiment was conducted
outside in —3°C. Melting the wheels took ~20 min. Ad-
ditionally, the robot can also utilize existing heat sources
in the environment. We showcased this by conducting an
experiment where a heated metal plate heated was used

Fig. 6.

A) 3-link robot finger, composed of ice links and 2 pouch motors which also serve as flexible joints to hold the links together. B) 2-link robot

finger, shedding its outer link by over-inflating the corresponding pouch motor to produce an ice fracture.
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Fig. 7. A) Rover with ice wheels molded around 3D printed wheel hubs.
B) Rover utilizing salt to chemically melt its ice wheels to fit under a low
clearance obstacle. C) Rover with two ice wheels attempting to climb a 9.4°
incline. Upon failing, the rover embeds and freezes sand into its wheels and
is now able to ascend the slope.

to melt the wheels. The robot first melts its front wheels
and then its back wheels on the hot plate, melting 10 mm
off of each set in ~8 min total. For both experiments, we
found it important to continually spin the wheels to ensure

L] | | = 1

POUCH MOTORS 2"

1 I I I I

| i BACKBONE

Fig. 8.  The inchworm is composed of pouch motors and a flexible
backbone. The pouch motors were laminated as shown along the gray bars.
The backbone was made from 10 mil acrylic sheets, and folded 90° along
the long dashed lines and ~120° along the short dashed lines. The pouches
and backbone were attached using 0.25” strips of Gaffers tape.

even melting and keep the circular shape. When using a
heating element, we observed significantly slower melting
rates if water was allowed to pool on the hot surface. To
account for this, we found it beneficial to have the heating
element at a slight angle so the water could run off. For these
experiments, a sufficient wheel diameter was determined via
observation; however, the robot could perform this with on-
board sensing (e.g., using a distance sensor to measure the
clearance between the chassis and the ground).

The third experiment is shown in Fig. 7C. Here, the
rover tried to drive up a ramp with a 9.4° incline in
subfreezing temperatures, but the wheels slipped due to the
low friction between the ice and ramp. The robot then drove
over snow and a layer of construction sand composed of
particles with an average diameter of 0.25—4 mm. The
crystalline structure of snowflakes creates a film of liquid
water on their surface [21]. Thus, driving the ice wheels first
through snow facilitates the adhesion of sand and pebbles.
Once its wheels are covered, the rover stops moving to
let the sand completely freeze to the wheels (10.5 min).
Afterwards, the rover was capable of driving up the incline.
This ability to absorb environmental materials may prove
useful to overcome diverse surfaces during exploration.

VI. ICE/WATER PHASE CHANGES TO INCREASE
PAYLOAD CAPACITY

In addition to structural elements, water and ice can play
a key role in actuation and payload capacity in soft robots.
We fabricated three inchworm robots composed of five 2 x
2 in? pouch motors in series, with a single inlet in the back.
The pouch motors were taped loosely with Gaffers tape to a
flexible backbone composed of 10 mil thick acrylic bent into
back and front feet (Fig. 8). For lack of snow, the experiments
were performed on a Styrofoam surface.

The results from one of three trials are shown in Fig. 9.
We inflated the inchworm by injecting ~40 mL water,
then repeatedly added and removed an additional 40 mL to
produce forward motion. In its relaxed state, the inchworm
lays flat on the ground due to both the elastic tension of the
backbone, and the baseline weight of the water in the pouch
motors. When water is added, the pressure in the pouch
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Fig. 9. A) Two steps by a 5-chamber pouch motor inchworm robot. B)
Frozen inchworm holding a 1.88 kg payload.

motors causes contraction and, like a tendon, they produce a
bending strain on the backbone. The inchworm traveled an
average of 28 mm/step + 16 mm or 10.8% (lay-flat) body
lengths per step.

While water can successfully actuate the inchworm to
cause forward motion, it was only capable of sustaining small
perturbations on the backbone without foot displacement.
However, once frozen, the inchworm could hold a 1.88 kg
mass with no noticeable deflection (Fig. 9B). The expanding
water caused a small leak resulting in the thin pillar of ice
in the image. In applications, water-based robots could be
deployed, move to a desired position, and then serve as a
structural element once frozen.

Finally, the expansion of water when it freezes (up to
110%) can actuate hydraulic robots. We assembled two 3-
chamber pouch motors similar in design to the the inchworm,
and filled them with 45 mL of water, leaving some room
for expansion. We then hung two weights, 206 g and
483 g, respectively, and measured their length before and
after freezing. Before freezing, the pouch motor length was
measured to 130 mm and 135 mm, due to the different
gravitational forces from the weights. Upon freezing, the
pouch motors both contracted to roughly 120 mm, indicating
that the expansion force provided by water easily overcomes
the maximum load. We were limited by the height of the
available freezer, but presumably with more pouch motors
and therefore a larger water volume, this difference could be
amplified.

VII. SUMMARY

In this paper we provide a theoretical basis to suggest
length scale regions where the operation of ice robots is
feasible. Furthermore, we demonstrate that the use of ice,
and in particular transitions between water and ice, has
many potential benefits for robots with applications in rovers,
wheels, robot arms, and inchworms. As water and ice are
abundant in the polar regions and can change phase relatively
easily, they are an attractive and versatile method of actuation
and transformation in rigid and soft robots.
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