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SUMMARY

Message storage using documents and telecommunications encounters high energy consumption and a 

short life cycle in cold regions. Easily available low temperature and water have created the history-recording 

glaciers. Inspired by the naturally occurring bubbles in glaciers, we elucidate the underlying physics govern

ing them and develop an ice-based message storage method. The formation process of trapped air bubbles 

is controlled by the heat and mass transfer during freezing. We identify four ice regions based on the bubbles’ 

distribution and determine the critical freezing rate between the bubble and clear ice regions at 2.87 μm/s. 

Manipulating the bubble layer by varying the freezing rate successfully utilizes Morse, binary, and ternary co

des to store messages. These findings reveal the underlying physics of the trapped air bubble formations, 

and the intermittent growth of bubble layers also provides the potential for incorporating artificial intelligence 

into material solidification, glacier analysis, and gas exploration.

INTRODUCTION

In the modern world, people mainly store messages in docu

ments and telecommunications.1,2 As our activities gradually 

expand to cold regions such as the poles, moon, and Mars,3,4

the production of document- and telecommunication-based 

messages faces increasing challenges owing to the require

ments for ink, power, and equipment,5,6 and the long-term 

preservation of paper and magnetic media for storing mes

sages also becomes difficult. Inspired by the natural air bubbles 

in glaciers, which record and preserve samples of air from the 

early history of the Earth,7,8 we found that it is possible to store 

messages by manipulating trapped air bubbles in ice. This 

method adaptively utilizes the naturally cold environments 

and the abundant water and ice resources in the polar regions, 

and thus, no additional power is required.9,10 The ice media can 

be preserved for a long time, and the trapped air bubbles, as 

well as their carried messages, are fully visualized and easy to 

read.11 Besides, physically understanding the formation and 

intermittent growth mechanisms of bubbles during the water 

freezing process, especially with the help of artificial intelli

gence and machine vision, will help deepen the understanding 

of glacier evolution, promote the exploration of under-ice natu

ral gas,12 and optimize the solidification process of metal,13,14

glass,15 and other materials.

Gas bubbles are always trapped during the freezing of wa

ter16,17 because of the different solubilities in liquid and solid 

phases. The characteristics of trapped air bubbles in ice are 

influenced by the type and solubility of the dissolved gas, plate 

temperature, ambient pressure, and freezing rate.18,19 The in

crease in the initial gas concentration enlarges the trapped bub

ble but has very little influence on the distance between layers of 

bubbles.20–22 The bubble size also increases as the freezing rate 

and ambient pressure go down.23,24 The trapped air bubbles are 

classified into egg-shaped and needle-shaped bubbles (ESBs 

and NSBs, respectively) according to their aspect ratios,24,25

and thus the bubble ice (BI) is divided into egg-shaped, 

egg- and needle-shaped, and needle-shaped bubble ice (ESBI, 

E&NSBI, and NSBI, respectively) regions. There is a greater ten

dency to form egg-shaped BI at a larger solubility and freezing 

rate.24,26 Under a gradient temperature, the bubble shape and 

position may change over time.27,28 Although some advances 

in understanding the features of trapped air bubbles in ice 

have been reported, the dividing aspect ratio for ESBs and 
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NSBs and the boundaries for different BI regions are still uncon

firmed. Moreover, the physical aspects of the intermittent growth 

of trapped air bubbles and the manipulating mechanism of bub

ble layers (BLs) remain poorly understood, and how to apply 

them to message storage also needs to be explored.26,29

To avoid the problems faced by conventional document- 

and telecommunication-based methods in cold regions, we 

propose a potential message delivery method by manipulating 

trapped air bubbles in the ice. We explore the formation mech

anism of a single trapped air bubble as well as its features and 

quantify the relationship between the BI region and the 

freezing rate depending on the plate temperature and freezing 

direction. Furthermore, we physically analyze the intermittent 

bubble growth to obtain the critical conditions for generating 

BLs. By adjusting the distribution of BLs in ice via plate tem

perature and recognizing them automatically by gray value, 

we design the procedures for manipulating BLs to fulfill mes

sage delivery and successfully deliver Arabic numerals and En

glish letters in Morse, binary, and ternary codes. These find

ings will help reveal the formation mechanism of trapped air 

bubbles in ice and other solids, guide the design of message 

storage in cold regions, and advance the relevant applications 

of ice making, material solidification, glacier analysis, and gas 

exploration.

RESULTS

Formation of a trapped air bubble in ice

As shown in Figure 1A, a large number of air bubbles are trapped 

in a Hele-Shaw cell (Figure S1) when the water film is frozen into 

an ice slice (Figure 1B). A trapped air bubble in ice generally un

dergoes nucleation, growth, shrinking, and trapping stages 

(Figure 1C). When a freezing front advances, the dissolved air 

in the frozen water film is squeezed out because of the decrease 

in solubility, and it accumulates near the freezing front (Note S1). 

Once the air concentration exceeds a critical value, a bubble em

bryo nucleates at a certain point.26 Then, the tiny bubble contin

uously grows, with the air near the freezing front transported to 

the bubble under the concentration gradient. Next, since the 

increasing ice length reduces the advancing speed as well as 

the air concentration, the bubble starts to shrink when the air 

transportation is slower than the bubble growth. Finally, the air 

bubble is closed by the freezing front and is trapped in ice. The 

temporal bubble size is estimated by the temporal width (W) at 

the freezing front and the temporal height (H), while the final bub

ble shape is characterized by the aspect ratio (AR) of height (Hb) 

to width (Wb). The above four stages are repeated for trapped air 

bubbles of different shapes and sizes. Normally, all the trapped 

air bubbles could be categorized into two shapes,17,23 i.e., 

ESBs (Figure 1D) and NSBs (Figure 1E), and they differ in both 

shape and size changes (Figure S2; Video S1). An ESB with 

AR = 2.5 and an NSB with AR = 10 both increase rapidly from 

zero in the growth stage. Their temporal widths reach maxima 

at tW and then remain, while the temporal heights keep 

increasing until the shrinking stage. The NSB holds a much 

longer growth stage than the ESB. Finally, the temporal widths 

reduce to zero, and the temporal heights reach maxima at tH, 

generating trapped air bubbles.

In the early growth stage (before tW), both the ESBs and NSBs 

are partially trapped in ice, with the upper cap staying in water. 

By simplifying the bubble cap as a hemisphere and balancing 

air transport across the air-water interface, the evolution of the 

bubble cap diameter, i.e., the temporal width W, can be scaled 

as (Note S2)

W
/

Wb∝(t=tW)
1=3
; (Equation 1) 

which is consistent with the experimental data of different ARs in 

Figure 1F and suggests an analogical growth law. The inset plots 

the normalized equivalent diameters (D/Db, where D =
̅̅̅̅̅̅̅̅̅̅̅
HW23

√

and Db = 

̅̅̅̅̅̅̅̅̅̅̅̅̅

HbW2
b

3

√

) as a function of the normalized time (t/tH). 

In the later growth stage, a bubble with a smaller AR shows a 

higher increasing rate in the normalized equivalent diameter 

because of the change in its shape.

The bubble shape and size are related to the advancing speed of 

the freezing front or freezing rate, which depends on the plate tem

perature. At a given plate temperature, ESBs and NSBs appear 

sequentially in ice (Video S2). The relationships between the 

lengths and widths of both ESBs and NSBs with their correspond

ing times satisfy the 1/3-power and 1/2-power laws (Figure 1F). 

The 1/3-power law has been explained by Equation 1. The 1/2-po

wer law is due to the growth of the bubble length being close to the 

advancing freezing front, which could be estimated by

L ∼

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2k(Ts − T)t

ργ

√

=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2λtSte

√
; (Equation 2) 

where L, λ = k=ρcp, and Ste = cp(Ts − T)=γ denote ice length, 

thermal diffusion, and Stefan number, respectively, in which k, 

cp, γ, ρ, Ts, and T are ice thermal conductivity, water specific 

heat capacity, water solidification latent heat, water density, water 

solidification temperature, and plate temperature, respectively. 

Since Wb∝t
1=3

W and Hb∝t
1=2

H , the definition of Db =

̅̅̅̅̅̅̅̅̅̅̅̅̅

HbW2
b

3

√

gives 

Db∝t
5=18

H . The experimental values and mathematical model cal

culations of the time-dependent trends of the equivalent diame

ters of ESBs and NSBs at different plate temperatures are in 

good agreement (Figure 1H).

Effects of plate temperature and freezing direction on 

bubble ice regions

After counting the widths and heights (Figure 2A) as well as the 

AR values (Figure 2B) of all trapped air bubbles at different plate 

temperatures, it is found that they have the same distribution 

patterns, where AR = 5 is a critical value and can be employed 

to distinguish between ESBs and NSBs (Figure S3). After count

ing the widths and heights (Figure 2C) as well as the AR values 

(Figure 2D) of all trapped air bubbles at different freezing direc

tions, it is found that they also have the same distribution pat

terns, where AR = 5 is a critical value and can be employed to 

distinguish between ESBs and NSBs (Figure S4).

According to the positions of ESBs and NSBs in ice, the BI is 

further divided into three regions, i.e., ESBI, E&NSBI, and NSBI. 
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Decreasing the plate temperature and increasing the freezing 

direction (θ, defined as the inclination angle between the cell 

plane and the direction opposite to gravity) both diminish the 

sizes of the ESBs and NSBs (Figures 2D and 2E) and elongate 

the ESBI, E&NSBI, and NSBI regions (Figures S5 and S6) owing 

to a higher freezing rate at the same position. However, they 

hardly influence the critical aspect ratios distinguishing ESBs 

and NSBs.

Manipulation of intermittent bubble growth and bubble 

layers in ice

To simply calculate the freezing rate of water film in a Hele-Shaw 

cell at different directions, the heat convection in the water film 

and near the outside surface of the cell is considered by two 

additional empirical relations for temperature and heat transfer 

coefficient depending on the freezing direction. Thus, Equation 

3 is further modified as

γρ
dL

dt
= k

Ts − T

L
− hw(Tw − Ts) − ha

2L

Dc

(Ta − Tc);

(Equation 3) 

where Dc is the cell thickness, Ta and Tw = Ta(0.75 + 0.25cosθ) 

are the air temperature and the average temperature of the 

water film during freezing, Tc = (Ts + T)/2 is the average temper

ature of the side surface of the cell, hw = 240 − 20cosθ and 

Figure 1. Formation processes and characteristics of trapped air bubbles in ice 

(A) Semi-profile schematic diagram of the Hele-Shaw cell for freezing experiments. 

(B) An experimental image of trapped air bubbles in ice. The dashed blue line represents the freezing front. 

(C) Air concentration (c) distributions along the length (L) direction in ice, water, and bubble. The air concentration is greatest within the bubble and smaller in the 

ice and water. The air concentration is uniformly distributed in both ice and bubbles and shows an exponential decrease at the ice-water and air-water interfaces. 

The four stages of the formation process of a trapped air bubble, i.e., nucleation, growth, shrinking, and trapping, are shown. W and H are the temporal bubble 

width at the freezing front and temporal height, while Wb and Hb are the maximum bubble width and height, yielding temporal and maximum equivalent diameters 

(D =
̅̅̅̅̅̅̅̅̅̅̅
HW23

√
and Db = 

̅̅̅̅̅̅̅̅̅̅̅̅̅

HbW2
b

3

√

) and an aspect ratio (AR). The red lines indicate the air distribution in the ice, bubble, and water. 

(D and E) Evolutions of temporal bubble width at the freezing front and temporal height during the formation processes of trapped air bubbles owing 2.5 and 10 

aspect ratios (AR). The dashed blue line indicates the freezing front. tW and tH denote the durations reaching the maximum bubble width and height. They occur at 

ice lengths of 0.8 and 5.8 mm at a freezing temperature of − 25◦C. 

(F) Changes of the normalized temporal bubble widths (W/Wb) with the normalized time (t/tW) during the formation processes of AR = 2.5, 7.5, and 10 bubbles in 

the early growth stage, suggesting a 1/3-scaling law between them. The inset plots the normalized equivalent diameters (De/Db) as a function of the normalized 

time (t/tH). 

(G) Changes in width and height dimensions of ESBs and NSBs with the corresponding times. 

(H) Plot of equivalent bubble diameter (Db) as a function of the maximum bubble height time (tH).
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ha = 0.5 − 0.1cosθ are the heat transfer coefficients between ice 

and water at the freezing front and between the cell and air, 

which are both related to the freezing direction (Note S3). A com

parison with the experimental results demonstrates that 

Equation 3 could predict the temporal ice height at different plate 

temperatures (Figure 3A; Video S3) and freezing directions 

(Figure 3B; Video S4). The freezing rate reduces as the freezing 

front advances owing to the larger thermal resistance. A higher 

plate temperature or smaller inclination angle reduces the driving 

force or enhances the heat exchange between the cell and the 

surrounding air and thus slows down the freezing, yielding a 

shorter ice slice at the same time. In addition, Hele-Shaw cell 

thickness also affects the freezing rate, which decreases as 

the thickness increases.

As the freezing rate reduces, the trapped air bubbles change 

from ESBs and NSBs and finally disappear, forming ESBI, 

E&NSBI, NSBI, and clear ice (CI) regions in sequence (Video 

S2). The map of ESBI, E&NSBI, NSBI, and CI regions indicates 

that the critical freezing rates are almost the same for different 

bubble region boundaries at different plate temperatures and 

freezing directions (Figure 3C). The critical freezing rates for 

the ESBI-E&NSBI, E&NSBI-NSBI, and NSBI-CI boundaries are 

20.05 ± 0.91, 9.90 ± 0.47, and 2.87 ± 0.28 μm/s, respectively.

Since the type of BI region is determined by the freezing rate, it 

becomes possible to manually control the freezing rate to manip

ulate the bubble shape and distribution in ice. Two easy control 

strategies are tested, i.e., temperature-constant (Figure 3D) and 

rate-constant (Figure 3E). In the temperature-constant strategy, 

the plate temperature is fixed at − 15◦C, and the freezing rate 

gradually decreases, which could be predicted by Equation 3. 

In the rate-constant strategy, the plate temperature is continu

ously reduced to control the freezing rate at around 15 μm/s, 

where E&NSBI appears. The evolution of the plate temperature 

can also be obtained from Equation 3. Similarly, for any expected 

freezing rate in the manipulation of BI, Equation 3 is capable 

of calculating the temporal plate temperature control curve 

(Figure 3F).

When controlling the freezing rate alternately below or above 

the critical value for the NSBI-CI boundary by adjusting the plate 

temperature in real time (Figure 4A) and intermittently adjusting 

Figure 2. Effects of plate temperature and freezing direction on bubble ice regions 

(A) Trapped air bubble widths and heights at different plate temperatures. 

(B) Percentages of bubble aspect ratios at different plate temperatures, dividing the trapped air bubbles into two types, egg-shaped (AR ≤ 5) and needle-shaped 

(AR > 5) bubbles (ESBs and NSBs, respectively). 

(C) Trapped air bubble widths and heights at different freezing directions. 

(D) Percentages of bubble aspect ratios at different freezing directions, dividing the trapped air bubbles into two types, ESBs (AR ≤ 5) and NSBs (AR > 5). 

(E and F) Equivalent bubble diameters (De) along the ice length (L) at various plate temperatures (T) and freezing directions (θ). According to the positions of ESBs 

and NSBs in ice, the bubble ice region can be further divided into egg-shaped (red), egg- and needle-shaped (green), and needle-shaped (blue) bubble ice (ESBI, 

E&NSBI, and NSBI, respectively). A region without bubbles (black) is called clear ice (CI). For each data point, the vertical and horizontal caps represent the height 

and 5× the width of the trapped air bubble.
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the bubble growth, alternate layers of BI and CI will be generated 

(Figure 4B). Thus, the size and position of trapped air bubbles 

can be regulated by changing the plate temperature during 

freezing. Each sharp decrease in the plate temperature results 

in a sudden climb of the freezing rate, yielding a single BL. There

fore, the trough on each temperature control curve (Figure 4A) 

has the same number as the BL in the corresponding ice image 

(Figure 4B). In addition, as can be seen in Figure 4B, some unde

sired bubbles appeared in the CI region due to invisible impu

rities in the water. These bubbles do not interfere with the iden

tification of the BL (Figure S7).

During the formation process of the jth BL (Figure 5A), the plate 

temperature dramatically decreases from Tj− 0.5 to Tj and then in

creases to Tj+0.5 with the freezing rate increasing from vj− 0.5 to vj 

and then decreasing to vj+0.5. The BL starts at Lj− 0.5 and ends at 

Lj− 0.5 with a center position of Lj. To speed up the freezing pro

cess, the freezing rates before and after each BL are controlled 

just below the critical freezing rate for the NSBI-CI boundary 

(vNSBI-CI), i.e., vj− 0.5 = vj+0.5 ≈ 3 μm/s. In addition, further studies 

revealed that the response time of the BL is in the order of sec

onds and proportional to the quadratic of the ice length (Note 

S4). All the BLs in Figure 4B are above the 1.5 mm position, 

and the stable control requires a minimum BL height (Lj+0.5 −

Lj− 0.5) of 1.5 mm (Figure 5B). For accurate control, each BL 

height is fixed at 1.5 mm, with the first 1.5 mm of the ice serving 

as the initial region (IR). As the ice length increases, the freezing 

rate increase (vj − vj− 0.5) required for the formation of the BL 

shows a gradually decreasing trend (Figure 5C). To ensure the 

successful formation of all five BLs, the freezing rate increase 

should be over 10.6 μm/s.

Using the minimum BL height and freezing rate increase as the 

critical parameters in manipulating BLs in ice, both the temporal 

plate temperature and freezing rate curves during the formation 

processes of the fifth BL (Figure 5D) and all three BLs (Figure 5E) 

are predicted by Equation 3, achieving good agreement with the 

experimental data. For the first four BLs, which are more easily 

realized (Figure 5D), comparisons of the plate temperature and 

freezing rate curves between the experiment and theoretical 

model are provided in Figure S8.

Message delivery by bubble layers in ice

The gray value extracted from the ice image containing BLs could 

be easily read by a computer. It is also possible to manipulate the 

formation of BLs in ice by adjusting the plate temperature accord

ing to the input message. Thus, messages can be delivered by en

coding trapped air bubbles in ice with the seven main procedures 

illustrated in Figure 6A, including input, transformation, encoding, 

acquisition, decoding, operation, and output. First, messages are 

input into the system via external devices based on user require

ments. Second, the input messages are transformed into temper

ature control signals. Third, the temperature control curve adjusts 

the distribution and shape of the trapped air bubbles in real time, 

and thus an ice slice containing BLs is encoded in a Hele-Shaw 

cell, which is the most important step in the message delivery. 

Figure 3. Freezing characteristics at various plate temperatures and freezing directions 

(A and B) Evolution of ice lengths at various plate temperatures and freezing directions. The dashed lines are predicted by the theoretical model. 

(C) A regime map of ESBI, E&NSBI, NSBI, and CI regions in terms of the freezing rate (v), the plate temperature, and freezing direction. The critical freezing rate for 

the emergence of bubbles in ice is about vNSBI-CI = 2.87 μm/s. Error bars are the standard deviation of the experimental results, with solid and hollow points 

corresponding to plate temperature and freezing direction, respectively. 

(D and E) Evolution of plate temperatures and freezing rates under temperature-constant and rate-constant control strategies in experiments. The insets are the 

experimental images of bubble ice. 

(F) Evolution of plate temperatures calculated from the theoretical model for five different groups of freezing rates and directions.

Cell Reports Physical Science 6, 102622, June 18, 2025 5 

Article

ll
OPEN ACCESS



Fourth, an optical image of the encoded ice is acquired by a cam

era. Fifth, the normalized average gray value of the acquired im

ages along the ice height (Note S5) is automatically calculated, 

and hence, the position and number of BLs are decoded. Sixth, 

an operation is performed to convert the rough position and num

ber on the gray value curve into digital data, which are quite 

distinct for different operators, such as Morse, binary, and ternary 

codes. Seventh, the data are output as readable messages.

Defining the BI and CI layers as ‘‘dah’’ and ‘‘dit’’ in Morse code 

(Table S1), Figure 6B presents the temperature control curve, en

coded ice image, and decoded gray value curve for encoding 

Arabic numeral 1. Each arrow next to the temperature control 

curve indicates a sharp decrease in plate temperature, i.e., a 

trough, causing a BI layer in the encoded ice image. Each image 

is divided into one IR and five equal-length encoding regions 

(ERs) with the normalized gray value curve inserted. Each trough 

of the gray value curve caused by the BI layer denotes a dah. 

Thus, a message can be transferred to the temperature control 

curve and read from the resulting ice image, completing the 

whole delivery process perfectly. When delivering 26 letters of 

the English alphabet, it is sufficient to employ only some of the 

five ERs for a faster delivery speed. For example, when encoding 

the English letter A (Figure 6C), the freezing front in the ice image 

produces a peak in the gray value curve, which serves as a termi

nator to end the encoding and decoding steps in a timely 

manner. The encoding results of all 26 letters of the English al

phabet are available in Figure S9.

Regarding the BI and CI layers as 1 and 0 in Binary code, it is 

necessary to encode the Arabic numeral 11 (Figure 6D), and the 

encoding results of all 32 Arabic numerals are provided in 

Figure S10 and Video S5. Furthermore, if the NSBI, ESBI, and 

CI layers represent 2, 1, and 0 in ternary code, respectively, 

the Arabic numeral 19 and more messages could be delivered 

(Figure 6E; Video S6). Generally, the NSBI and ESBI layers could 

be distinguished by the ratio of the rough width on the gray value 

curve to the ER height.

To evaluate the performance of different operators, Figures 7A 

and 7B plot maps of four indicators, i.e., temperature curve 

controllability, BL controllability, gray value recognizability, and 

encoding time, for 10 Arabic numerals and 26 English letters in 

Morse code and 32 Arabic numerals in binary code, with all the 

values normalized. For a standard comparison, the values of all 

the indicators are normalized to control them between 0 and 1. 

The values of the encoding time, BL controllability, and temper

ature curve controllability are normalized by

M
−

=
Mmax − M

Mmax − Mmin

: (Equation 4) 

The value of the gray curve recognizability’s is normalized by

M
−

R =
MR − MR;min

MR;max − MR;min

: (Equation 5) 

The definitions and calculations of all indicators are given in 

Note S6. Combining the four indicators, E and I in Morse code 

and 5, 12, 17, and 21 in binary code are the top choices for effec

tive message delivery. The seven steps of the delivery processes 

for the English letters A and E by Morse code and the Arabic nu

meral 5 by binary code are provided in Video S7.

Furthermore, Figure 7C compares the capacities of Morse, bi

nary, and ternary codes for message delivery. The message ca

pacity determines the maximum number of messages that can 

be communicated by a code system. Generally, the message ca

pacity of a code system without a terminator could be calcu

lated by

Cm = Pn; (Equation 6) 

where P is the digit corresponding to the code system and n is 

the number of ERs. For the binary and ternary codes, P = 2 

and 3, respectively. When a terminator is introduced, the Morse 

code can cover 26 English letters. The message capacity of a 

Morse code system becomes

Cm =
∑n

i = 1

Pi: (Equation 7) 

When introducing a terminator, the message capacities of all 

three codes almost double. The ternary and binary codes have 

Figure 4. Experimental plate temperature control curves and the corresponding images 

(A) Ten sets of plate temperature (T) control curves and freezing rate curves for intermittent bubble growth and manipulating bubble layers (BLs) in ice. 

(B) Ten experimental images of ice containing BLs corresponding to (A). Each sharp decrease in the plate temperature (T) results in a sudden climb in the freezing 

rate (v), yielding a single BL. Therefore, the trough on each temperature control curve in (A) has the same number as the BL in the corresponding ice image.
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10.1 and 1.7 times the capacities of the Morse code, respec

tively. Considering the message capacity, the Morse and binary 

codes are further compared comprehensively in Figures 7D and 

S11, Table S2, and Note S6. In addition, the message storage 

capacity can be significantly increased by varying the size of 

the coding regions (Note S7). Due to the fact that trinary encod

ing is more difficult to control, there is not enough data to 

compare it with the other two encoding methods.

The Morse code has an advantage in the temperature curve 

controllability, but the binary code is recommended overall. It 

can be expected that the message capacity will go up exponen

tially (Figure S12) when multiple cells are used. Two Morse code- 

based cells controlled by cooling systems were also tested suc

cessfully for the delivery of the English letters FL (Figure 7E), CN, 

and BJ (Figure S13; Video S8).

DISCUSSION

The findings here elucidate the underlying physics governing and 

manipulating the formation of trapped air bubbles and intermit

tent growth of bubble layers in ice and other solids. The message 

storage method of manipulating trapped air bubbles in ice uti

lizes easily available low-temperature and water resources in 

cold regions and overcomes the challenges of a short life cycle 

and the requirements for additional equipment and media 

encountered by the conventional document- and telecommuni

cation-based methods. In cold regions, the use of trapped air 

bubbles as a means of message delivery and storage requires 

less energy than telecommunication and is more covert than 

documents. In particular, trapped air bubbles in ice are advanta

geous for message storage (Note S8). Furthermore, although en

coding per character consumes more energy when the entire 

time it takes to deliver the message is taken into account, the 

average energy consumption for message delivery becomes 

lower. In addition, although changes such as deformation and 

migration of trapped air bubbles in ice may occur after long pe

riods,30,31 these changes do not affect the efficiency of message 

delivery and storage when ice is preserved in polar regions in en

vironments with small temperature gradients.

In the future, the growth dynamics of a single trapped air bub

ble, the effects of gas type and ambient pressure on the bubble 

ice characteristics, the control of more bubble layers and Hele- 

Shaw cells, and the thermal stability28,32 of trapped air bubbles 

demand further investigation. Furthermore, while this work uti

lizes the changes in gray value caused by the trapped bubbles 

to develop a new message delivery method, the trapped air 

Figure 5. Principles of manipulation of bubble layers in ice 

(A) Schematic diagram of plate temperature and freezing rate changes during the formation process of a bubble layer (BL) in ice. To speed up the formation 

process, the freezing rates before and after each BL are controlled just below the critical freezing rate for the NSBI-CI boundary (vNSBI-CI), i.e., vj− 0.5 = vj+0.5 ≈ 
2.8 μm/s. 

(B) Plot of the BL height (Lj+0.5 – Lj− 0.5) as a function of the BL center position (Lj). All the BLs in (B) are above 1.5 mm position, and the stable control requires a 

minimum BL height of 1.5 mm. 

(C) Plot of the freezing rate increase (vj – vj− 0.5) during the formation of BLs as a function of the BL center position. For accurate control, each BL height is fixed at 

1.5 mm, with the first 1.5 mm of ice serving as the initial region (IR). To ensure the successful formation of all five BLs, the freezing rate increase should be over 

10.6 μm/s. 

(D and E) Comparisons of the temporal plate temperature and freezing rate curves during the formation processes of the fifth BL and all three BLs between the 

experiments and theoretical equation. 

(F) Plate temperature curve for five BLs and normalized average gray value (G) along the ice length. Each BL caused by a sharp decrease in the plate temperature 

reduces the local gray value and hence forms a trough, which could be used for the automatic recognition of the BL.
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bubbles also significantly adjust the optical transparency33,34

(Figure S14) of ice and reduce its mechanical compressive 

strength35 because of the stress concentration (Figure S15). 

Studies have shown that air bubbles in glaciers change their 

melting rate and thus the climate.36,37 A combination of artificial 

intelligence and machine vision also provides the possibility to 

acquire more digital characteristics of trapped bubbles in ice 

and glaciers. The study of the growth and distribution charac

teristics of trapped air bubbles in ice can provide a reference 

for metal smelting.38,39 Meanwhile, air bubbles in ice can store 

gases such as ozone, which can be used for preserving food 

such as seafood.40,41 In addition, trapped air bubbles are also 

expected to be useful in the field of biopharmaceuticals as con

tainers for slow-release drugs.

In summary, we develop a message delivery method by 

manipulating trapped air bubbles in ice and solve the underly

ing fundamental and technical problems. First, we reveal the 

formation mechanism of a single trapped bubble in ice. Owing 

to the difference in solubility, air bubbles are trapped when the 

water film is frozen into an ice slice and undergoes nucleation, 

growth, shrinking, and trapping stages. Defining the aspect ra

tio of bubble height to width, we categorize all the bubbles into 

egg-shaped bubbles and needle-shaped bubbles by an aspect 

ratio of five. Then, we identify the egg-shaped, egg- and nee

dle-shaped, needle-shaped, and clear ice regions based on 

the distinct distributions of bubbles. Surprisingly, the bound

aries between the four ice regions depend on the freezing rates, 

which are ∼20.05, ∼9.90, and ∼2.87 μm/s, respectively. We 

also establish a theoretical model to predict the freezing rate 

under various plate temperatures and freezing directions. 

Next, we control the distribution of trapped air bubbles by ad

justing the temporal freezing rate. Interestingly, a sudden climb 

in the freezing rate caused by a sharp decrease in the plate tem

perature results in a single bubble layer. The minimum bubble 

layer height and the freezing rate increase are determined to 

be 1.5 mm and 10.6 μm/s, respectively. Using these two values 

as the critical parameters in the theoretical model, we further 

achieve the manipulation of bubble layers in ice by controlling 

the plate temperature and the automatic recognition of them 

via gray value. Finally, we propose the seven procedures for 

manipulating bubble layers to fulfill message delivery and suc

cessfully deliver Arabic numerals and English letters by 

regarding the bubble and clear ice layers as different signals 

in Morse, binary, and ternary codes. We comprehensively 

compare the Morse and binary codes in terms of temperature 

curve controllability, bubble layer controllability, gray value 

recognizability, encoding time, and message capacity and 

recommend the binary code for more achievable message 

delivery.

METHODS

Preparations of water samples and Hele-Shaw cells

To ensure that the water is saturated with dissolved air, all the 

water samples (deionized water, CAS#7732-18-5, Aladdin) are 

placed in a beaker and left in a clean room (20◦C ± 1◦C) for 24 h 

Figure 6. Message delivery by encoding bubble layers in ice 

(A) Schematic diagram of the seven steps of the message delivery process by encoding trapped air bubbles in ice. 

(B) Temperature control curve, encoded ice image, and decoded gray value curve for encoding Arabic numeral 1 with the bubble and clear ice (BI and CI) layers 

representing dah and dit in Morse code. Each arrow next to the temperature control curve indicates a sharp decrease in plate temperature, i.e., a trough, causing 

a BI layer in the encoded ice image. The image is divided into one initial region (IR) and five encoding regions (ERs), with the normalized gray value curve inserted. 

Each trough of the gray value curve caused by the BI layer denotes a dah. Thus, a message can be delivered by the temperature control curve and read from the 

ice image. 

(C) Temperature control curve, encoded ice image, and decoded gray value curve for encoding English letter A in Morse code. The freezing front in the ice image 

produces a peak in the gray value curve and denotes a terminator in Morse code. 

(D) Temperature control curve, encoded ice image, and decoded gray value for encoding Arabic numeral 11, with the BI and CI layers representing 1 and 0 in 

binary code. 

(E) Temperature control curve, encoded ice image, and decoded gray value curve for encoding Arabic numeral 19, with the NSBI, ESBI, and CI layers representing 

2, 1, and 0 in ternary code.
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before being used. Each Hele-Shaw cell for water freezing com

prises two acrylic plates and a copper plate serving as a plate 

(Figure S1). Each acrylic plate has a dimension of 50 mm 

height × 50 mm width × 5 mm thickness. The acrylic plate 

and the cooper plate show contact angles of 64.4◦ ± 3.2◦ and 

72.6◦ ± 4.5◦, respectively, measured at 20◦C ± 1◦C (Figure S1C). 

The copper plate has a dimension of 50 mm height × 40 mm 

width × 0.5 mm thickness (Figure S1D). To eliminate the effects 

of impurities, all the acrylic plates and cooper plates are washed 

with ethanol (CAS#64-17-5, Aladdin) and deionized water for 

5 min. Then, the former and the latter are put into a vacuum drying 

oven at 50◦C and 80◦C for 1 h.

Experimental setup for the freezing of water film

The experimental setup for the freezing of water film (Figure S16) 

consists of a plate temperature control system, a data acquisi

tion system, an image acquisition system, and a Hele-Shaw 

cell. The plate temperature control system includes a program

mable DC power supply (RIGOL DP811A, 0.05% accuracy for 

voltage regulation), a semiconductor plate (TEC2-19006), a 

heat exchanger, and a constant-temperature water bath. The 

data acquisition system includes six T-type thermocouples 

(0.2◦C accuracy), a temperature and humidity sensor (Rotronic 

HF532, 0.1◦C accuracy for temperature and 0.8% accuracy for 

humidity), and a data acquisition unit (Agilent 34970A). The im

age acquisition contains a cold light, a CCD camera (AOSVI 

3M50 with a 4.5× lens), and a diffuser. The above three systems 

are all connected to a computer for data storage. To avoid 

condensation and frosting, the Hele-Shaw cell is covered with 

a protective chamber, where 99.999% pure nitrogen (N2, 

CAS#7727-37-9, Beijing Haipu Beifen Qiti Ind.) is slowly fed dur

ing experiments.

Experimental details

All experiments are conducted in a closed dark room at 20◦C ± 

1◦C room temperature and 30% ± 3% relative humidity. In exper

iments, deionized water is injected into the Hele-Shaw cell in 

advance. By adjusting the input voltage of the semiconductor 

plate, the plate temperature can be controlled. Here, the plate 

temperature ranges from − 15◦C to − 35◦C with a 5◦C internal tem

perature. The freezing direction or the inclination angle of the Hele- 

Shaw cell is adjusted from 0◦ to 180◦, with a 45◦ internal temper

ature. Since the set plate temperature is well below the freezing 

point of deionized water, the water film may start to freeze before 

the plate temperature reaches the set value. However, the cooling 

stage occupies less than 6% of the total time in each freezing 

experiment (Figure S17), and thus it is reasonable to ignore the in

fluence of the cooling stage on the experimental results.

The seven steps of the delivery processes of the English letters 

and the Arabic numerals by Morse, binary, and ternary codes are 

completed with the help of LabVIEW software. Self-developed 

MATLAB codes are used to transform the message into the con

trol voltage curve for the semiconductor plate in the transforma

tion step, calculate the image gray value in the decoding step, 

and convert the rough position and number on the gray value 

curve into digital data in the operation step.

Data processing

During the water freezing experiments, the camera is set to re

cord videos at a speed of 10 fps and a resolution of 1.5 μm/pixel. 

Figure 7. Comparison of different encoding methods 

(A and B) Maps of temperature curve controllability encoding time, bubble layer controllability, and gray value recognizability for 10 Arabic numerals and 26 

English letters in Morse code and 32 Arabic numerals in binary code. Combining the four indicators, E and I in Morse code and 5, 12, 17, and 21 in binary code are 

top choices for effective message delivery. 

(C) Message capacities of Morse, binary, and ternary codes with and without a terminator. 

(D) A radar map for a comprehensive comparison between Morse and binary codes in terms of temperature curve controllability, bubble layer controllability, gray 

value recognizability, encoding time, and message capacity. The binary code is recommended overall. 

(E) Temperature control curves, encoded ice images, and decoded gray value curves for encoding the English letters F and L using two Morse code-based cells. 

The two cells are linked to two separate refrigeration systems to control the plate temperature independently.
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All the experimental data, such as ice length, bubble width, bub

ble length, and bubble position, are quantitatively extracted from 

the video-exported images with the help of ImageJ software.
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