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Gradient droplet distribution promotes
spontaneous formation of frost-free zone
Chenguang Lu 1, Cong Liu1, Zichao Yuan1, Haiyang Zhan1, Danyang Zhao1, Lei Zhao1, Shile Feng1 &

Yahua Liu 1✉

The inhibition of condensation frosting at harsh environments is critical in various anti-icing

applications. However, frosting on the entire surface is the final fate for most passive anti-

icing strategies as a result of inevitable ice nucleation of subcooled droplets from the surface

edges or defects and the following inter-droplet freezing wave propagation. Here, we report

the frost-free zone formation on a macro-ridged surface. We design a macroscale ridge on

the surface and show that this surface configuration changes the spatial distribution of water

vapor diffusion flux during the condensation stage, resulting in a gradient arrangement of

condensate droplets according to their size. This allows numerous failures of local inter-

droplet ice bridging in the area with a critical droplet coverage rate, which triggers the

interruption of the global freezing wave propagation and the evaporation of the rest droplets

to form a frost-free zone around the ridge corner. These findings extend our understanding of

frost formation on the surface and provide a rationale for the surface design with impressive

durable anti-frosting performance.
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Ice and frost accumulating on surfaces is ubiquitous in nature
and our daily life, which also threatens the safe and efficient
operation of transportation and energy infrastructure such as

aircrafts, marine vessels, wind turbines and power transmission
lines1–3. Traditional strategies for anti-icing and deicing, including
electrothermal heating, chemical deicing fluids and mechanical
removal, are usually energy consuming, environmentally hazardous
and inefficient. Therefore, extensive attention has been devoted to
passive anti-icing approaches with the capability to inhibit ice for-
mation before freezing and meanwhile facilitate ice removal after
freezing without external energy input4–11. In an ideal case,
superhydrophobic textured surfaces with an extreme water-
repellent property show great potential in passive anti-icing.
However, the random nucleation of condensed droplets within the
micro/nano-textures under high humid conditions leads to the
collapse of the superhydrophobic state of the surface, due to the
undesired Cassie-to-Wenzel transition12–14. Alternatively, slippery
liquid-infused porous surfaces rendered remarkable freezing delay
and ultralow ice adhesion, which are attributed to the molecular
smoothness of the surface and low contact angle hysteresis after
lubricant infusing within the textures15–18. Nevertheless, the lubri-
cant both spreading over the condensed and frozen droplets suffers
from great mass loss when the droplets shed off the surface19,20. In
addition, once ice crystals generated due to defects16,21,22,
contaminations23 or unsaturated gas flow24, frosting continuously
on the surface because of inter-droplet freezing wave propagation is
the final fate for most of the passive anti-icing surfaces25–27.

Studies have shown that inter-droplet ice bridging accounts for
continuous frost coverage due to its propagation in a chain reaction
fashion21,22,28,29. The corresponding microscopic mechanism is the
hygroscopicity of ice arising from the localized vapor pressure
gradient, which is formed by the depressed saturation vapor con-
centration of ice with respect to supercooled droplet at the same
temperature30,31. The vapor pressure gradient drives water mole-
cules evaporated from supercooled droplet to deposit on the ice,
which constitutes the outstretched ice bridge. Consequently, the
adjacent liquid droplet will be connected by the ice bridge suc-
cessfully and frozen to ice before evaporating completely21,29.
Although the hygroscopicity of ice can promote the propagation of
freezing wave, it can also be utilized to suppress continuous cov-
erage of frost by constructing patterned sacrificial ice stripes, such as
microgrooves with prestored frozen water32, patterned stripes with
ice nucleating proteins33 and patterned polyelectrolyte coatings34.
Owing to a depressed saturation vapor pressure over ice, these
sacrificial ice stripes serve as humidity sinks which can siphon vapor
from surroundings to keep the rest of the substrate frost free. A
similar effect was observed in the scaleup serrated structure with a
frost-free zone in the valley35. However, most of the above research
is focused on the validation of surface anti-icing performance
whereas the underlying mechanism are rarely touched, which
restricts its development and widespread application.

In this study, we report a new strategy that allows for the
interruption of continuous frost coverage, endowing the frost-free
zone formation. A surface with a millimeter-scale ridge was
fabricated to generate a gradient distribution of condensate dro-
plets, which leads to numerous failures of ice bridge connection at
the area with a critical droplet coverage rate. We show that the
interruption of the consecutive freezing wave propagation
synergized with drop evaporation for the hygroscopicity of ice,
resulting in the establishment of a stable frost-free zone on both
sides of the ridge over 48 hours.

Results and discussion
Condensation frosting on the macro-ridged surface. Macro-
ridged surfaces of height H and width D (Fig. 1a) were fabricated

using a wire cutting machine, followed by magnetic grinding to
achieve a surface roughness of ~0.3 μm and a water contact angle
of ~100° (Supplementary Fig. 1 and Fig. 1b). The roughness,
contact angles, and advancing/receding angles of various surfaces
are listed in Supplementary Table 1. The condensation frosting
experiments were carried out in a chamber with controlled
temperature and humidity (the schematic diagram is shown in
Fig. 1c). The ambient and surface temperature were set at
Tair= 20 ± 0. 5 °C and Tw=− 7 ± 0. 2 °C, respectively. Mean-
while, the ambient relative humidity (RH) is controllable to
sustain a supersaturation level defined as S= RH ⋅ Pair/Pw, where
Pair is the saturation pressure for water vapor at Tair, and Pw is the
saturation vapor pressure of supercooled water at Tw31,32,36.
Detailed information about sample preparation is described in the
Methods section and the surface temperature calibration is pre-
sented in Supplementary Note 1.

Figure 1d shows selected time-lapse images of condensation
frosting on a flat surface at supersaturation level S= 2. The water
vapor first condensed into relatively uniform droplets (shown as
the inset at t= 30 s), followed by rapid propagation of freezing
wave (t= 360 s) initiating from the sample edges, and finally the
whole surface was covered by dense frost (t= 3600 s). Note that,
the freezing wave propagation can be clearly observed owing to
the different refractive indices of light in water and ice
(Supplementary Movie 1). However, a totally different scene is
found during the condensation frosting on a macro-ridged
surface, e.g., H= 3 mm and D= 1 mm (abbreviated as H3D1), at
the same supersaturation level S= 2 (Supplementary Movie 2).
Specifically, at the condensation stage, e.g., t= 100 s in Fig. 1e, the
condensation droplets on the surface distributed in a gradient
manner, with the bigger ones farther away from the ridge, as
verified by the drop distribution in an enlarged view in Fig. 1f.
Note that, the largest droplets located on the top of the ridge
(inset in Fig. 1e), which phenomenon is consistent with previous
research37. Then ice crystals formed preferentially on the edges
(defects) of the surface, followed by the freezing wave propagation
as indicated by the white dotted line at t= 980 s in Fig. 1e. As the
freezing wave advancing, interestingly, an evaporation wave
indicated by the yellow dotted line emerged due to the water
droplet evaporation (Supplementary Note 2). The concurrent
icing and evaporating for water droplets are in the following
termed multi-phase transition. Finally, a symmetric frost-free
zone formed on both sides of the ridge and kept stable for a long
time, e.g., t= 3600 s. The whole condensation frosting process on
the macro-ridged surface is depicted in Fig. 1g, with clearly
identified three stages including droplet condensation, multi-
phase transition and final formation of frost-free zone.

Droplet condensation. To better elucidate the formation and
evolution of the frost-free zone, we first deliberate on the droplet
condensation process. As discussed above, it is obvious that the
millimeter-scale ridge modified the distribution of condensate
droplets compared to that on a flat surface. To interpret the dif-
ference, we numerically simulated the diffusion behavior of water
vapor over the macro-ridged surface, given that water vapor in
ambient environment is the source of condensates. Figure 2a shows
the boundary conditions. Since the experiment was carried out in a
chamber without disturbing the airflow, the assumption that con-
densation occurred at a steady state in a diffusion boundary layer is
acceptable, indicating that the mass transfer mainly occurs
through water vapor diffusion38,39. The thickness of the
boundary layer ζ is estimated to be ~1 cm according to previous
research32,39. The concentration of water vapor in ambient is set as
c0= 0.298mol m−3 with the ambient temperature Tair= 20 °C and
relative humidity RH= 31%. The cw defined as the equilibrium

ARTICLE COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-022-00308-5

2 COMMUNICATIONS MATERIALS |            (2022) 3:80 | https://doi.org/10.1038/s43246-022-00308-5 | www.nature.com/commsmat

www.nature.com/commsmat


vapor concentration of subcooled water at the substrate tempera-
ture Tw=− 7 °C is set to be 0.163mol m−3. The detailed calcula-
tion of c0 and cw is given in Supplementary Note 3.

Numerical calculation results in Fig. 2b displayed the spatial
distribution of diffusion flux on the ridge and the surrounding flat
regions. As indicated by the color gradient from red to blue, the
diffusion flux intensity of water vapor is maximal on top of
convex ridge while minimal at its corner. A higher intensity of
diffusion flux means a faster mass transfer of the water vapor,
which corresponds to more water molecules gathered. This is
verified by the size distribution that more big droplets condensate
on the top of the ridge than that on the flat region, as shown at
t= 100 s in Fig. 1e. To interpret the gradient arrangement of
condensate droplets on the surface shown in Fig. 1f, the
numerical solution of diffusion flux over the macro-ridged
surface was plotted in Fig. 2c with black solid line, which shows
a good agreement with the trend of the droplet coverage rate (red
circles, the data extraction is discussed in the Methods part)
obtained from the experiments. Here, the droplet coverage rate φ
is defined as the ratio of the droplet-covered area to the whole

surface area. Note that, the droplet coverage rate over the macro-
ridged surface at different time experiences a similar variation
tendency, as evidenced by Supplementary Fig. 3, with a lower φ
close to the ridge corner due to the low diffusion flux.

Multi-phase transition. Unlike the macroscopic phenomenon
that only single freezing wave propagates on a flat surface, e.g., at
t= 360 s in Fig. 1d (Supplementary Movie 1), evaporation wave
initiates after the freezing wave terminates and propagates along
the surface (yellow dashed line in Supplementary Fig. 4 and
Supplementary Movie 2), indicating that both liquid-to-solid and
liquid-to-gas phase transitions occurred on the macro-ridged
surface. The liquid-to-solid phase change originally arises from
ice nucleation at the surface edges or defects, followed by inter-
droplet ice bridge connection in a chain reaction manner, which
is visually manifested by freezing wave propagation in Supple-
mentary Movie 3. However, the obviously observed liquid-to-gas
phase change of the droplets, i.e., the widespread droplet eva-
poration around the ridge corner, always starts after ice is formed
(Supplementary Movie 2), which implies that the formation of ice
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Fig. 1 Condensation frosting on the surface. a Schematic showing the parameters of the macro-ridged surface. b Scanning electronic micrograph (SEM)
image of the surface. The inset shows a contact angle of ~100∘ with a 3 μL drop. c Schematic showing the setup for condensation frosting experiments.
d Condensation frosting on a flat surface. The insets show the high magnification optical images of the condensates at 30 s and frost at 3600 s,
respectively. Scale bar, 300 μm. e Condensation frosting on the macro-ridged surface H3D1. The inset shows the high magnification optical image of
droplets on the top of ridge at 100 s. White dotted line indicates the propagation of freezing wave and yellow dotted line indicates evaporation wave in the
multi-phase transition stage. Scale bar, 300 μm. f Gradient distribution of condensate droplets on the macro-ridged surface. g Schematic showing the frost-
free zone formation at different stages on a macro-ridged surface.
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zones has changed the nearby diffusion behavior of vapor. To give
a clear explanation of this phenomenon, we use the boundary
conditions to simulate the droplet evaporation. As shown in
Fig. 2d, the purple regions represent the ice zones, and the con-
centration of water vapor over the ice zones is set as ci= 0.153
mol m−3 by using the ideal gas law with the equilibrium
vapor pressure of ice at the surface temperature Tw=
− 7 ∘C and the detailed information is give in Supplementary
Note 3. The selection of the purple regions is consistent with the
ice distribution on the macro-ridged surface in the experiment, as
shown in Supplementary Fig. 5. Figure 2e shows the vapor dif-
fusion flux represented by the streamlines on the surface at two
different frost-free area proportion (defined as f= (L−D)/L as
shown in Fig. 1g). The arrowheads indicate the motion direction
of water vapor, and the color shading represents the concentra-
tion field of the water vapor. At a large frost-free area proportion,
e.g., f= 75%, water vapor diffuses onto the water region (denoted
by “w”), which means the droplets around the corner are being
continuously fed and keep growing (left in Fig. 2e). In other
words, evaporation in the water region would not occur when
f ≥ 75%. After a parametric sweep of f with a minimal step, a
critical value f * ≈ 66% is found, under which the droplets in the
water region evaporate completely. As shown in the right panel of
Fig. 2e, water vapor diffuses out from the water region and onto
the ice region (denoted by “i”), implying that the droplets near the
ridge corner undergo a continuous and fast evaporation until the
dry-zone is formed. Therefore, the dry-zone formation is deter-
mined by the competition between the incoming flux from
ambient to the water region and the outgoing flux from the water
region to the ice region, namely, dry-zone formed when the latter
dominated, e.g., at the critical condition f * ≈ 66%.

Frost-free zone formation. The above simulations explained how
the ice region affected the water evaporation from a macroscopic
perspective. However, the inter-droplet ice bridging process is not

taken into consideration, namely, themicroscopic mechanism for
the boundary formation to separate the frost-free and ice region is
still elusive. To provide insight into this point, the evolution and
formation of frost-free region is studied with more details. At the
time point t1 in Fig. 3a, the ice region (right side as separated by the
white dotted line) can be easily identified by the irregular angular
outline of the frozen droplets, which are closely linked to each
other. Then part of the droplets (left side as separated by the white
dotted line) survive from freezing and evaporate, which is mani-
fested by the propagation of evaporation wave, as indicated by the
travelingof thegreendotted line from t1+ 18 s to t1+ 96 s inFig.3a
and Supplementary Movie 4. Note that, this fast droplet evapora-
tion suppresses the inter-droplet ice bridging andaclose lookat the
failure of ice bridge connection is shown in Fig. 3b, where droplets
circled by red curves are connected by ice bridge while droplets
circled by yellow ones evaporated due to the failure of ice bridge
connection. Undoubtedly, numerous failures of ice bridging that
occurred intensively on themacro-ridged surface accounts for the
dry zone formation (Supplementary Fig. 8). As a result, the con-
secutivepropagationof ice bridge is interrupted thoroughly, e.g., at
t1+ 96 s in Fig. 3a (SupplementaryMovie 4). Note that, occasional
failures of ice bridging also appeared during the freezing wave
propagation on a flat surface, which did not prevent the ice bridge
connection from invading the whole surface in a chain reaction
fashion (Supplementary Movie 3).

Previous research has shown that the local inter-droplet ice bridge
connection is related to the inter-droplet configuration21,31,40 and the
detailed analysis is given in Supplementary Note 4 and Supplementary
Movie 5. To understand the reason why the failures of the ice bridge
connection are massively present on the macro-ridged surface as
shown in Fig. 3a, we first consider the droplet distribution on the
surface. The first panel in Fig. 3c shows that the condensate droplets
distributed in a gradient manner with the bigger ones farther
away from the ridge, and the inter-droplet distance increases as the
droplets size decreases, all of which results in a droplet coverage

Fig. 2 Vapor diffusion over a macro-ridged surface during condensation frosting. a Boundary conditions for simulating condensation process.
b Numerical calculation of the total vapor diffusion flux over the macro-ridged surface J normalized by that on a flat surface Jflat at a steady state during
condensation stage (Supplementary S3). c Distribution of vapor diffusion flux and the droplet coverage rate (Supplementary Fig. S5) on the macro-ridged
surface. The insets show the corresponding micrographs related to the data points. Scale bar, 300 μm. d Boundary conditions for simulating the droplet
evaporation. e Diffusion flux on the macro-ridged surface H3D1.5 with f= 75% and 66%, respectively. The arrows indicate the directions of vapor flux.
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gradient. This is in contrast to the case on a flat surface that the
droplets distribute uniformly and close to each other, providing
multiple paths for ice bridge connection despite occasional failures
(Supplementary Movie 3). Therefore, we speculate that there would
be a critical droplet size and inter-droplet distance, which can be
reflected by the droplet coverage rate, for numerous failures of ice
bridge connection.

For simplicity, as shown in Fig. 3c, we divided the condensa-
tion strip into several regions, e.g., with an equal spacing of
300 μm, considering a reasonable trade-off between accuracy and
efficiency in data processing. For S = 2, the corresponding
boundary separating frost-free zone from ice zone is located at
~1080 μm as indicated by the white dotted line, namely,
numerous failures of ice bridge connection occurred around this

Fig. 3 Failure of ice bridge connection on the macro-ridged surface. a Time-lapse images showing the formation of frost-free zone boundary. b Enlarged
partial view showing the details for the failure of inter-droplet ice bridging. Droplets circled in red froze while in yellow evaporated completely. c Division of
the surface area for the analysis of droplet coverage rate obtained from Supplementary Figs. S9c, d. The first row shows the droplet distribution just before
freezing, while the second one with the ice zone covered by gray shadow shows the formed frost-free zone after freezing. The white dotted line indicates
the boundary between the frost-free zone and ice zone. d Droplet coverage rate at the region where the freezing wave propagation terminated at different
supersaturation levels. e Bar graph for Lavg/Diameteravg and the droplet coverage rate of each region in c, and the position of each column corresponds to
the center coordinates of each region. f Lavg/Diameteravg for the regions in d where numerous failures of ice bridging occurred.
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position. Note that, the freezing wave spreads from the edges of
the surface to the ridge corner, indicating the ice bridging initiates
from regions with a large droplet coverage rate and propagates
towards the regions with a small one, as indicated by the yellow
arrow. By analyzing the droplet coverage rate for the region where
the freezing wave propagation terminated, i.e., the boundary, at
different supersaturation levels (Supplementary Note 5 and
Supplementary Fig. 9), we find that the droplet coverage rate
for these regions keeps an almost constant value. As shown in
Fig. 3d, 15 sets of statistical results of droplet coverage rate for the
regions that the ice propagation terminated, yield an average
threshold droplet coverage rate at ~37%. This means that
numerous ice bridge failures can be triggered when the droplet
coverage rate is less than 37%. In other words, ice bridge
connection succeeds when the droplet coverage rate of the surface
is larger than 37%.

In order to reveal the specific inter-droplet configuration for
numerous failures of ice bridging, we analyze the ratio of the
average distance between droplets Lavg and average droplet
diameter Diameteravg in each region for S= 2 (Fig. 3c), as well as
the other supersaturation levels (Supplementary Note 6 and
Supplementary Figs. 10 and 11). As shown in Fig. 3e, Lavg/
Diameteravg decreases dramatically as the φ increases, indicating
that regions with higher coverage have a denser droplet
distribution. Compared with the droplet coverage rate, the
dimensionless number Lavg/Diameteravg reflects more detailed
information for the inter-droplet configuration, which can be
considered as a modified form of bridging parameter S* as used in
previous research21,26. Since there exists a critical value of S* for
the ice bridge failed to connected its target droplet, a critical value
of Lavg/Diameteravg is expected for numerous failures of ice
bringing among multiple droplets. After calculating 15 sets of
Lavg/Diameteravg for the regions where numerous failures of ice
bridging occurred, i.e., the regions used in Fig. 3d, an average
Lavg/Diameteravg= 1.76 ± 0.05 was obtained, as shown in Fig. 3f,
indicating that numerous ice bridge failures for multiple droplets
can be triggered when the inter-droplet configuration Lavg/
Diameteravg is greater than ~1.76. Furthermore, we find that the
gradient distribution of droplets contributes greatly to the
stability of the anti-icing performance. Specifically, the gradient
droplet distribution on the surface with a macro-ridge slows
down the freezing wave propagation (Supplementary Note 7),
and the formation of the frost-free zone is hardly affected by the
nucleation position (Supplementary Note 8).

Anti-icing performance of the macro-ridge arrayed surface.
Single macro-ridge on the surface serves as a necessary pre-
requisite for the frost-free zone formation, and predicting frost
proportion on surfaces with periodic ridge arrays is also highly
important for anti-icing applications in many practical scenarios.
For this purpose, we first consider the frost-free area proportion f
on the surface with single macro-ridge. Figure 4a shows that the
simulated critical f for dry-zone formation decreased along with
the increasing ridge width D, which agrees well with the experi-
mental results. Note that, for a given ridge height, e.g., H= 3 mm,
different ridge width D corresponds to different critical f and then
different L could be calculated accordingly (Fig. 1g). As depicted
in Fig. 4b, it’s reasonable that an equal P and L could render the
bottom surface between the ridges frost free on the macro-ridge
arrayed surface, on which the frost-free area proportion f is the
same as that on the single macro-ridged surface.

Accordingly, one might think that the minimized D, e.g., 0.1
mm, should be chosen to design the arrayed surface in order to
achieve the largest frost-free area proportion ~97% (Fig. 4a).
However, the following factors need to be considered: the

structure with a small feature size would not only deteriorate
the mechanical properties of the surface, but also cause numerous
manufacturing challenges as the total surface area increased
dramatically. Figure 4c discussed the tradeoff between the frost
area proportion (1− f) and the dimensionless surface area
defined as η= Aridge/Aflat, where Aridge ~ πD/2+ 2(H−D)+ L
represents the surface area for one unit, signified by the red zone
(Fig. 4b), and Aflat ~ L represents the surface area for a flat surface
without ridge. The frost area proportion increases along with the
increasing ridge width, while the dimensionless surface area η
decreases dramatically. Therefore, an optimum regime emerges
around D ≈ 1 mm at which an optimal balance can be achieved,
and the ridge pitch can be derived as P= L=D/
(1− f ) ≈ 3.85 mm with fD=1 ~ 74%. Similarly, the optimized
H= 3 mm is discussed in Supplementary Note 9. Note that, a
prediction of P ≈ 4.1 mm is made by considering the balance
between the incoming and outgoing vapor flux at the inter-
mediate areas between two adjacent ridges on the H3D1 surface
(Supplementary Note 10). Based on above analysis, an approx-
imate value of P= 4 mm is chosen for the surface design. In other
words, P= 4 mm is a critical ridge pitch to keep the intermediate
areas between the ridges frost free under the corresponding
experimental conditions, and otherwise frost can invade the
intermediate areas of the macro-ridge arrayed surface with a
larger pitch value. This is verified by the experiments under the
conditions S= 2, Tw=− 7 ∘C and RH= 31% on the surface with
the macro-ridged arrays with P= 4 mm and 5mm, respectively
(Fig. 4d). More results with different experimental conditions are
given in Supplementary Table 2. It shows that the intermediate
areas between two ridges keep frost free for P= 4 mm while frost
forms for P= 5 mm in most cases.

To further validate the anti-frosting performance of the
designed surface with H= 3 mm, D= 1 mm and P= 4 mm
(H3D1P4), condensation frosting experiments under different
supersaturation levels are carried out, and the results are
compared with previous work, as shown in Fig. 4e. Note that, a
projected frost-free area proportion fp on the surface is defined
because a long-period frost accumulation would shield part of the
frost-free area from the top view. It is obvious that the fabricated
surface possesses a larger projected frost-free area proportion
than that reported by Ahmadi et al.32, despite almost twice the
supersaturation level in our case. Note that, a high fp was
observed for the initial stage32, which is attributed to the pre-
deposited ice stripes of ~100 μm. In addition, S= 1.1 is a weak
supersaturation under which subcooled droplets hardly nucleat-
ing in our experiment, and therefore we chose S= 1.5 as the
lower limit of supersaturation level for a natural condensation
frosting. Moreover, even though in such a weak supersaturation
level of S= 1.1, in the first 8 h, the frost growth rate of surface
designed by Ahmadi et al. is more than sixfold the growth rate
compared to ours with the supersaturation level S= 1.5, which
may be attributed to the enhanced vapor diffusion flux by the
sharp-top ridge with a width of 100 μm37. This means that
though micro-scale ridge may realize a large frost-free area
proportion by sacrificing its extreme narrow top part at the initial
frosting stage, the high growth rate of frost makes it uncompe-
titive in a long period. For experiments with extreme super-
saturation level S= 3, our results show a much larger frost-free
area proportion, which is far superior to that on the macro-
serrated surface as discussed by Yao et al.35. The anti-frosting
performance of the surface with macro-ridged arrays was further
demonstrated by an impressive durable frosting experiments, e.g.,
48 h. As shown in Fig. 4f, the surface could keep a frost-free area
proportion as high as ~43% in 24 h and ~29% in 48 h with the
supersaturation level S= 2, which makes it outstanding among
the many existing anti-icing surfaces.
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Conclusion
In conclusion, we established a mechanistic paradigm for frost-
free zone formation. We show that a macroscale ridge on the
surface redistributes the condensates by changing the vapor dif-
fusion flux during the condensation process, resulting in a gra-
dient arrangement of condensate droplets according to their size.
This unique droplet distribution subsequently enables numerous
failures of ice bridge connection at the area with a critical droplet
coverage rate, to generate a boundary separating the dry zone
from the ice zone. Then a frost-free zone forms around the ridge
corner after the rest droplets evaporate completely, which is
attributed to the dominated outgoing vapor flux caused by the
hygroscopicity of ice. Moreover, macro-ridge arrayed surfaces are

designed to achieve an overall anti-frosting performance, com-
pared to a small area of frost-free zone produced on the surface
with a single macro-ridge. We envision that this fundamental
understanding of frost-free zone formation and the correspond-
ing anti-frosting strategy might open up a new avenue for the
development of anti-icing surfaces in various applications where a
long-term resistance to frost/ice accretion is required.

Methods
Sample preparation. In the condensation frosting experiments, T2 copper plate
was chosen for the surface preparation due to its high thermal conductivity. Spe-
cifically, the macro-ridged surfaces were first fabricated using a wire-cutting
machine, followed by polishing with a magnetic grinding machine for 30 min. The

Fig. 4 Frosting on the macro-ridge arrayed surface. a Frost-free area proportion as a function of ridge width D on the surface with single ridge. The pink
band represents the simulated results using the boundary layer thickness ranging from 7mm to 13mm. The experimental f are obtained at one hour after
the experiment begins (Supplementary Fig. S14), and all results are repeated for three times. b Schematic showing the structure parameters of the macro-
ridged array surface. c Influence of frost area proportion (1−f) and dimensionless surface area (η) changed with the ridge width D. d Experimental results
on the macro-ridge arrayed surface with P= 4mm and 5mm, respectively, under S= 2 and Tw=− 7 ∘C. e Experimental results on the macro-ridge arrayed
surface H3D1P4 under different supersaturation levels for 12 h. f Verification of the anti-frosting performance on the macro-ridged array surface H3D1P4
under S= 2 and Tw=− 10 ∘C for 48 h. The error bars denote the standard deviation from three measurements.
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samples were then ultrasonically cleaned in ~1M hydrochloric acid solution and
deionized water for 3 min and 5 min, respectively. The surface roughness was
measured by a 3D optical surface profile (NewViewTM 9000, Zygo) to be Sa ~
0.3 μm, as shown in Supplementary Fig. 1.

The control of temperature and humidity. As shown in Fig. 1c, the vapor
temperature and humidity in the chamber are detected by the humidity sensor, and
the humidity is controlled by humid/dry air discharging through a humidity tube
with a controller (Linkam, RH95). The surface temperature is precisely regulated
by a Peltier cold stage with a temperature sensor and a digital temperature con-
troller. The sample was taped on a Peltier cold stage by a double-side copper tape
(3M 1182, 18 mm wide and 0.04 mm thick) to ensure a stable heat conduction
during the experiment.

Experimental setup. A customized transparent PMMA chamber (15 cm × 12 cm
× 7 cm, L ×W ×H) was used to endow a stable ambient condition over the surface.
The surface was covered by a plastic film to prevent the humid air from condensing
before the surface temperature as well as the humidity and temperature of ambient
air were stabilized. After all the factors are stable, e.g., Tw=− 7 ± 0. 1 °C, Tair=
20 ± 0. 1°C and RH= 31%, corresponding to the supersaturation level S= 2 (see
Supplementary Note 3 for detailed calculation), the plastic film was removed gently
and quickly, and then the condensation frosting process was recorded by a digital
SLR camera (EOS 5D MarkIV, Cannon) with a macro lens (Canon EF 100 mm
f/2.8L IS USM Macro Lens).

Method for droplet statistical analysis. The data of droplet coverage in Fig. 2c
are extracted from the counting statistics of droplets in Fig. 1f. Specifically,
micrographs during droplet condensation on the macro-ridged surface were
snapshotted using a digital microscope (VHX-900F, Keyence) when the con-
densation process was stable. Then the pixel-counting software ImageJ was used to
stitch the micrographs together to form Fig. 1f. The counting masks circling the
droplets greater than 4 pixels are shown as the green circles in Supplementary
Fig. 6, and thus the area and centroid coordinates of each droplet can be further
analyzed by ImageJ. 14 equal regions were divided, and the data of the corre-
sponding droplet coverage in each region was presented in Fig. 2c.

Data availability
The data that support the findings of this study have been included in the manuscript
and supplementary information. Any additional data are available from the
corresponding author upon reasonable request.
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