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rials such as silicone and polyurethanes 
are reported to simulate mechanical prop-
erties of human skin.[4–6] Metal-based 
composites/devices incorporating heating 
elements are utilized as skin simulants in 
terms of thermal properties.[7–9] Flexible 
and stretchable electronics that can sense 
touch are promising substitutes for tactile 
function of skin.[10–12] The advancement of 
artificial skins not only fosters the growth 
of robotics for which the skin component 
is indispensable for signal input and con-
trol, but also is meaningful for diverse 
fields, such as medicine, healthcare, and 
textiles, in which human skin alternatives 
are in extensive demand for testing.[13–15]

Perspiration is one of the most impera-
tive thermoregulatory functions of human 
skin.[16,17] Sweat glands embedded in the 
skin across the body are responsible for 
secreting sweat.[18,19] The generated sweat 
is directly delivered to the slight hydro-
phobic skin surface[20] and form droplets 
(Figure 1a,b). To simulate the perspiration 

scenario on artificial skins is of great importance and gaining 
increasing attention. It is not only an indispensable compo-
nent for artificial skin development, but also vital for in vitro 
tests for wearables, medicine, etc. The in vitro sweating skin 
that well replicates the perspiration condition of real one will 
facilitate research relevant to human body perspiration in 
various areas. However, how to realize ideal artificial skin for 
perspiration simulation remains challenging. For example, 
microfluidic devices made of layer(s) of membranes with laser 
cut pores usually require complicated fabrication, and uniform 
“sweat pore” activation still needs sufficiently high pressure 
provided.[21–24] For thermal assessment of textiles during perspi-
ration, the water-fed porous metal plate covered by water-vapor 
permeable but liquid-water impermeable membrane can only 
simulate the vapor evaporation of human body, ignoring liquid 
sweat.[25,26] Supplying water through tiny tubes to holes at the 
manikin surface was performed, but the manufacturing of the 
system is very complex and costly.[27,28] The fabric skins (cotton, 
polyester, wool, etc.) acting as a wicking layer spread water out, 
whereas the “sweat” distribution situation and intrinsic severe 
water absorption by the fabrics cause this strategy inadequately 
reproduce human skin perspiration.[6,13]

Here, we propose an integrated 3D hydrophilicity/hydropho-
bicity design for artificial sweating skin (i-TRANS) to mimic 

Artificial skins reproducing properties of human skin are emerging and 
significant for study in various areas, such as robotics, medicine, and textiles. 
Perspiration, as one of the most imperative thermoregulation functions of 
human skin, is gaining increasing attention, but how to realize ideal artificial 
skin for perspiration simulation remains challenging. Here, an integrated 3D 
hydrophilicity/hydrophobicity design is proposed for artificial sweating skin 
(i-TRANS). Based on normal fibrous wicking materials, the selective surface 
modification with gradient of poly(dimethylsiloxane) (PDMS) creates hydro-
philicity/hydrophobicity contrast in both lateral and vertical directions. With 
the additional help of bottom hydrophilic Nylon 6 nanofibers, the constructed 
i-TRANS is able to transport “sweat” directionally without trapping undesired 
excess water and attain uniform “secretion” of sweat droplets on the top 
surface, decently mimicking human skin perspiration situation. This fairly 
comparable simulation not only presents new insights for replicating skin 
properties, but also provides proper in vitro testing platforms for perspiration-
relevant research, greatly avoiding unwanted interference from the “skin” 
layer. In addition, the facile, fast, and cost-effective fabrication approach and 
versatile usage of i-TRANS can further facilitate its application.

Research Article

1. Introduction

Skin, the largest organ in humans and the first interface with 
the surrounding environment, plays significant roles in protec-
tion, sensation, insulation, and thermal regulation.[1] Aiming at 
reproducing specific properties or functions of skin, artificial 
skins, as well as skin-inspired devices, are emerging for assorted 
applications in recent years.[2,3] For instance, elastomeric mate-
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human body perspiration, highlighting 1) a facile, fast, and 
cost-effective fabrication method that applies to normal wicking 
materials, which is demonstrated to prepare the i-TRANS. 2) 
The i-TRANS properly simulates the human skin perspira-
tion. It can efficiently transport water out directionally without 
trapping excess water and realize uniform “secretion” of sweat 
droplets on the top surface. The fairly comparable simulation of 
skin sweating can provide more reasonable measurements for 
tested materials, especially for thermal assessments, because 
less deviation will be caused by the inappropriate change of 
“skin” layer. 3) The i-TRANS is versatile for usage on different 
types of devices, including hot plate and manikin. The fabrica-
tion approach is highly flexible to produce i-TRANS in various 
areas and shapes, and based on substrates of different wicking 
materials.

2. i-TRANS Design and Fabrication

The i-TRANS is illustrated in Figure  1c. We selected common 
filter paper (Whatman No. 1) composed of cellulose microsized 
fibers as the substrate for demonstration. From a material per-
spective, paper materials offer advantageous properties that 
make them valuable materials in many application fields.[29] Cel-
lulose filter papers show excellent mechanical flexibility, light-
weight, biodegradability, and they are renewable.[30] Besides, the 
rich hydroxyl groups of cellulose benefit easy surface modifica-
tion.[31] Cellulose filter papers and other paper materials have 
been widely used for microfluidic devices,[29] oil–water separa-
tion,[32–34] sensors,[35,36] actuators,[37] etc. In this work, the inter-
connected hydrophilic fiber network forming hierarchically 
porous structure renders it an ideal water wicking material, 
which is capable of efficiently transporting water via capillary 

effect. The scanning electron microscopy (SEM) images of the 
filter paper substrate without any modification are displayed 
in Figure S1 (Supporting Information). Selective surface modi-
fication was performed to change the surface property of the 
fibrous wicking substrate. The “sweat pores” (depicted in blue 
colors) are hydrophilic and retain water transportation ability, 
while the “non-pore” areas (depicted in red colors) are turned 
to be hydrophobic prohibiting superfluous water absorption. It 
is worthwhile to point out that the hydrophilicity gradient for 
“sweat pores” (increased hydrophilicity from bottom to top) is 
beneficial for one-way directional water transport from bottom 
to the top surface, due to the gradient wettability.[38–40] Besides, 
the fibrous wicking channels make every “sweat pore” easy to 
be activated for uniform sweating as long as water contacts the 
“sweat pore,” not requiring high pressure or fast flow rate to 
overcome the Laplace pressure difference among pores, which 
is challenging for perforated dense membranes.[21,22] More-
over, we added a thin hydrophilic nanofiber (NF) layer at the 
very bottom underneath the microsized fibrous layer to spread 
water.[41] It further helps the entrance of water into the “sweat 
pores” and being transported out for formation of uniform 
sweating, especially advantageous for tiny amounts of water. 
Meanwhile, the NF layer does not cause obviously increased 
water absorption in the i-TRANS, due to its thin thickness 
(≈1  µm; Figure S2, Supporting Information) and low mass 
density (0.55  g m−2). Figure  1d exhibits the photograph of an 
i-TRANS in dry sate, on which a 9 × 9 “sweat pore” array was 
fabricated. The photograph of wet i-TRANS for skin perspiration 
mimicking is shown in Figure 1e. It is clearly seen that a skin-
like sweating condition, in which sweat droplets are uniformly 
distributed on the skin surface, can be realized by i-TRANS. 
It is worthwhile to mention that our i-TRANS design can be 
applied to different substrates of varied pore size, thickness,  
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Figure 1.  Concept illustration of integrated 3D hydrophilicity/hydrophobicity design for artificial sweating skin (i-TRANS) and its photographs.  
a) Schematic of human body. b) Schematic of human skin perspiration. c) Schematic of i-TRANS artificial sweating skin illustrating its structure and 
surface property. d) Photograph of i-TRANS in dry state. Scale bar: 1 cm. e) Photograph of i-TRANS in wet state mimicking human skin perspiration. 
Scale bar: 1 cm.

 15214095, 2022, 44, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202204168 by Peking U
niversity H

ealth, W
iley O

nline L
ibrary on [02/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



© 2022 Wiley-VCH GmbH2204168  (3 of 9)

www.advmat.dewww.advancedsciencenews.com

and mass density. Here, we demonstrated the fabrication fea-
sibility on other two filter papers (Whatman No. 4 and No. 5).  
The SEM images of blank Whatman No. 4 and No. 5 are exhib-
ited in Figure S3 (Supporting Information), and the photo-
graphs of these wet i-TRANS-based substrates demonstrating 
skin perspiration simulation are shown in Figure S4 (Sup-
porting Information).

The fabrication process of i-TRANS is illustrated in Figure 2a.  
Spray coating was utilized to modify the surface hydrophi-
licity/hydrophobicity of the normal wicking layer, where we 
adopted a fibrous cellulose filter paper (Whatman No. 1) as 
explained above. The base elastomer and curing agent of 
poly(dimethylsiloxane) (PDMS), which is testified to be a 
hydrophobic material,[42] were mixed and diluted by hexane 
for spray coating. A mask with covers for “sweat pores” was 

mounted on the filter paper. The masked side would be used as 
the bottom side, while the other side is the top side, for sweat 
mimicking. We divided the sample surface into four areas 
and denoted as “bottom side’s non-pore area” (“Bottom_Non-
pore”), “top side’s non-pore area” (“Top_Non-pore”), “bottom 
side’s pore area” (“Bottom_Pore”), and “top side’s pore area” 
(“Top_Pore”), respectively. Bottom_Non-pore was modified to 
be hydrophobic due to the addition of PDMS. Also, Top_Non-
pore became hydrophobic as well owing to the capillary trans-
port of PDMS solution from the bottom side. Nevertheless, 
Top_Non-pore is less hydrophobic than Bottom_Non-pore due 
to the diffusion gradient. As for Bottom_Pore and Top_Pore, 
which were covered by the mask during spray coating, PDMS 
solution inevitably diffused laterally into these areas before the 
total evaporation of hexane. However, the wicking capability of 
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Figure 2.  Fabrication of i-TRANS and its surface property characterization. a) Schematic of fabrication process of i-TRANS. b–e) SEM images of dif-
ferent areas on i-TRANS without Nylon 6 NF film. Scale bars: 50 µm. The insets are magnified SEM images. Scale bars: 5 µm. f) EDS mapping of Si 
element in different areas on i-TRANS without Nylon 6 NF film. Scale bars: 10 µm. g) Water contact angles measured on different areas on i-TRANS 
without Nylon 6 NF film. h) SEM image of bottom side of i-TRANS (with the addition of Nylon 6 NFs). Scale bar: 50 µm. i) Magnified SEM image 
showing the Nylon 6 NF network. Scale bar: 3 µm. j) Water contact angle of Bottom_Non-pore covered with Nylon 6 NFs.
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hydrophilic cellulose fibrous network was maintained. Notably, 
Top_Pore retains to be more hydrophilic than Bottom_Pore 
because such an area obtained the least PDMS solution dif-
fusion. It results in the hydrophilicity gradient and endows 
i-TRANS with directional water transport ability from bottom 
to top. It is very important to optimize the amount of coated 
PDMS to achieve the desired i-TRANS design. For Whatman 
No. 1 of 25 cm2, a PDMS loading mass of ≈0.032 g is optimal, 
which is identified experimentally. If the PDMS loading mass 
reaches ≈0.05  g, the “sweat pores” would be blocked partially. 
When the PDMS loading mass is ≈0.1 g, water cannot be trans-
ported through the “sweat pores” due to the excessive PDMS 
(Figure S5a, Supporting Information). On the other hand, 
the PDMS loading mass should not be too low, or the PDMS 
coating cannot prevent water sufficiently for the non-pore area. 
As shown in Figure S5b (Supporting Information), the pre-
pared sample with 0.0095  g PDMS absorbs water other than 
the “sweat pores,” which is not ideal for the i-TRANS design. 
Besides, we identified the optimized PDMS mass loadings for 
Whatman No. 4 and No. 5 (25 cm2) are 0.035 and 0.09 g, respec-
tively. The dimension of covered parts on the mask plays an 
important role in controlling the “sweat pore” size and realizing 
the directional water transport ability. Too small covered area 
cannot prevent PDMS diffusion sufficiently to preserve water 
transportation channels. Also, too large covered area is not able 
to construct the hydrophilicity difference between Bottom_Pore 
and Top_Pore for the directional water transport. The size of 
covered area should be optimized wisely according to the 
desired “sweat pore” size, PDMS solution concentration, and 
substrate wicking property. Lastly, the thin hydrophilic Nylon  
6 NF film prepared via electrospinning was transferred onto the 
bottom side and fixed by hydraulic press.

3. 3D Hydrophobicity/Hydrophilicity Contrast 
Characterization
Figure S1 (Supporting Information) exhibits the SEM images 
of normal wicking layer without any surface modification. 
Fibers in different sizes of diameter (tens of micrometers to 
sub-micrometers), hierarchical pores, and rough surface mor-
phology of relatively big fibers can all be distinctly identified. 
The SEM images of normal wicking layer modified by excessive 
PDMS via dip coating in the diluted PDMS solution are dis-
played in Figure S6 (Supporting Information). It is clear seen 
that PDMS blocks the pores and turns the fiber surface to be 
relatively smooth with polymer wrinkles. Figure 2b–e displays 
the SEM images (insets show the ones with larger magnifi-
cation) of the four areas in i-TRANS before Nylon 6 NF film 
was applied. Through comparing with Figures S1 and S6 (Sup-
porting Information), it can be recognized that PDMS covers 
the fiber surfaces in Bottom_Non-pore (Figure  2b) turning 
the surface morphology to be smoother and fills in the some 
of the small pores. Similar morphology change because of 
PDMS modification can be witnessed for Top_Non-pore, but 
it indicates that less PDMS was attached to the fiber surface 
considering that rougher fiber surface and more pores can be 
seen (Figure 2c). On the other hand, no apparent morphology 
alteration was perceived for Bottom_Pore (Figure  2d) and  

Top_Pore (Figure 2e). Furthermore, energy dispersive spectros-
copy (EDS) was used to map the silicon (Si) element distribution 
in the four areas. As shown in Figure 2f, an obvious descending 
trend of Si counts demonstrates the decreased amounts of 
PDMS applied to Bottom_Non-pore, Top_Non-pore, Bottom_
Pore, and Top_Pore (see Figure S7 in the Supporting Informa-
tion for the EDS spectra). The surface modification variation 
leads to the hydrophilicity/hydrophobicity gradients across the 
vertical direction for both “sweat pores” and “non-pore” parts. 
We measured water contact angles for these four areas, and 
representative photographs are displayed in Figure  2g. The 
Bottom_Non-pore and Top_Non-pore reveal evident hydropho-
bicity with water contact angles of ≈135° and ≈120°, respec-
tively. Differently, the water contact angles measured within the 
time zone of stably standing droplet on Bottom_Pore and Top_
Pore are ≈90° and ≈77°, respectively. The statistical measured 
water contact angles at five randomly selected locations (ten 
data points) for each area are shown in Figure S8 (Supporting 
Information). The discrepancy in water contact angle validates 
the hydrophilicity/hydrophobicity difference created by the 
PDMS spray coating. Even though these areas do not show 
very strong hydrophilicity, the capillary effect resulted from 
the porous structure constructed by the fibers works for water 
wetting. Besides, the hydrophilicity gradient of “sweat pores” 
across the vertical direction guarantees the one-way directional 
water transport. As shown in Movie S1 and Figure S9a (Sup-
porting Information), the water droplet (slightly larger than 
the “pore”) loaded onto the Bottom_Pore can be transported 
fast through the sample, and water droplet accumulates on the 
other side. As a comparison, the same volume of water droplet 
loaded onto the Top_Pore hardly penetrates across the sample 
(Movie S2 and Figure S9b, Supporting Information). Figure 2h 
exhibits the SEM image of bottom side of i-TRANS with the 
addition of Nylon 6 NF film. The Nylon 6 NFs are pressed into 
the pores among cellulose fibers as well as the cellulose fiber 
skeletons, forming an interconnected hydrophilic NF network 
(Figure  2h,i). The SEM image showing the cross section of 
i-TRANS is displayed in Figure S10 (Supporting Information). 
The water contact angle of Nylon 6 NF covered Bottom_Non-
pore is ≈60° (Figure  2j), indicating that the i-TRANS bottom 
achieves decent hydrophilicity for spreading water with the 
help of Nylon 6 NF film. The statistical measured water contact 
angle data are shown in Figure S8 (Supporting Information) as 
well. This water contact angle is slightly lower than the reported 
water contact angle values for Nylon 6 in literature (≈70°–80°), 
which is perhaps due to the porous structure of the nanofiber 
mat.

4. i-TRANS Performance Evaluation  
for Sweating Mimicking
We characterized how the i-TRANS performs in working condi-
tion, which means how i-TRANS handles water for skin per-
spiration simulation. First, the conditions of i-TRANS for given 
amounts of supplied water (0.05, 0.1, 0.2, and 0.5 mL for a 5 cm ×  
5  cm sample) were characterized, as shown in Figure 3a. For 
comparison, the sample conditions of a normal wicking layer 
(blank filter paper) and a perforated hydrophilic membrane 

Adv. Mater. 2022, 34, 2204168
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(polyester membrane with holes) with the same amounts of 
supplied water are shown in Figure 3b,c, respectively. Blue dye 
was added to water for convenient observation. For the normal 
wicking layer, its strong wicking capability enables it to absorb 
water and spread it out into elliptical shapes within a certain 
area. With a large volume of water, the wicking layer became 
totally wet. However, this is not how real skin performs when 
sweat is generated. Different from wicking materials, the per-
forated hydrophilic polyester (PET) membrane does not absorb 
water at all. When placed on a certain amount of water, water 
distribution is in a more limited region and uniform “sweating” 
cannot be realized. Even with compatible water reservoir under-
neath and pressure supply devices, the uniform “sweat pore” 
activation is arduous. In contrast, even a tiny amount of water 

(0.05 mL) is sufficient to occupy nearly all the “sweat pores” on 
our i-TRANS and be transported onto the outer surface forming 
uniform “sweat” droplets, which results from the water pro-
hibition by hydrophobic non-pore areas and restricted water 
absorption and transportation by only the “sweat pores.” Larger 
volumes of water realize uniform “sweating” more easily.

Besides, it is noteworthy to highlight the great reduction 
of water absorption capacity of i-TRANS, compared to the 
normal wicking layer. In addition to the intuitive demonstra-
tion in Figure 3a,b, we measured the water absorption capacity 
of i-TRANS and normal wicking layer by weighing the sample 
mass in the dry state and with saturated water. As shown in 
Figure 3d, the mass increase ratio of normal wicking layer with 
saturated water is 275.2%, while that of our i-TRANS is only 

Adv. Mater. 2022, 34, 2204168

Figure 3.  Performance evaluation under sweating mimicking condition. a–c) Photographs of i-TRANS (a), a normal wicking layer (b), and a perforated 
PET membrane (c) when different amounts of water were supplied underneath them. d) Sample mass of i-TRANS and normal wicking layer in dry state 
and with saturated water, and the mass increase ratio. e) Measured heat capacity of i-TRANS and normal wicking layer in dry state and with saturated 
water in the temperature range of 20–50 °C. f) Measured thermal conductivity of i-TRANS and normal wicking layer in dry state and with saturated water.
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55.25%. It means i-TRANS reduces the amount of absorbed 
water to be less than 1/5 of the unmodified normal wicking 
layer. The high water absorption capacity of a normal wicking 
layer indicates that the “skin” layer first absorbs water substan-
tially before delivering “sweat” to the skin outer surface and 
the materials on it for testing, in significant contrast to the 
actual perspiration situation in human body. The critical water 
absorption also causes significant change of physical properties 
of the “skin” itself, such as heat capacity and thermal conduc-
tivity. Conversely, the suppressed water absorption in i-TRANS 
can effectively alleviate this problem. Figure  3e exhibits the 
measured heat capacity of i-TRANS and normal wicking 
layer in dry and saturated water states. Taking 35 °C as an 
example, heat capacity of normal wicking layer increases from  
1.174 J (g °C) −1 (dry) to 3.592 J (g °C) −1 (saturated water), 
whereas heat capacity of our i-TRANS only increases from  
1.319 J (g °C) −1 (dry) to 2.382 J (g °C) −1 (saturated water). Simi-
larly, the increase of thermal conductivity from dry to saturated 
water state for i-TRANS is much smaller than the normal 
wicking layer (Figure 3f).

5. Demonstration in a Textile Testing Scenario

Furthermore, we compared the measurements for an iden-
tical piece of cotton fabric by using i-TRANS and the normal 

wicking layer for “skin perspiration” on an artificial skin testing 
device. As illustrated in Figure 4a, a heater placed on an insu-
lating foam was used to simulate the heat generation of human 
body. Thermocouples and a water inlet, which were sealed 
in a thin acrylic board, were attached to the heater. Then, the 
i-TRANS or normal wicking layer was added as the top layer 
for the whole artificial skin device, serving as the “sweating 
skin”. Water heated to 37 °C was pumped in at a specific rate 
continuously supplying “sweat” to the bottom side of i-TRANS 
or normal wicking layer. The cotton fabric for testing sat on 
the top of the artificial skin device. First, the water pumping 
rate (sweating rate) was set as 0.8  mL h−1 for the 25 cm2 
testing area (i.e., 320  mL (h m2) −1), which can be considered 
as a moderate sweating rate for human body. A constant power 
density of 456  W m−2 was applied. We measured the mass 
increase of i-TRANS/normal wicking layer as well as the cotton 
fabric at intervals and the thermocouple recorded the “skin” 
temperature.

Exceptionally different behaviors were observed for i-TRANS 
and normal wicking layer due to their different working mecha-
nism. The normal wicking layer can spread water out but it held 
water within its own fibrous network due to its strong water 
absorption capability. As a result, the normal wicking layer as 
“skin” trapped an undesirably large amount of water in itself. 
As shown in the blue curves in Figure 4b, the normal wicking 
layer skin held much more water than the cotton fabric during 

Adv. Mater. 2022, 34, 2204168

Figure 4.  Demonstration in a textile testing scenario. a) Schematic of artificial skin testing device for comparison between i-TRANS and normal wicking 
layer as the “skin.” b) Measured mass increase of water for i-TRANS, normal wicking layer, and the tested cotton fabric on them. c) Measured skin 
temperature during the tests with i-TRANS or normal wicking layer.

 15214095, 2022, 44, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202204168 by Peking U
niversity H

ealth, W
iley O

nline L
ibrary on [02/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



© 2022 Wiley-VCH GmbH2204168  (7 of 9)

www.advmat.dewww.advancedsciencenews.com

the 8 h measurement period, and water in “skin” was around 
twice amount as that in the cotton fabric at the beginning. This 
is very unsimilar to the real scenario of human body skin that 
transports sweat instead of absorbing sweat. In contrast, in 
such a test, the i-TRANS was more likely to serve as a transfer 
media to efficiently deliver “sweat,” mimicking the working 
mechanism of human skin. Thus, water mass increase mainly 
happened in the cotton fabric rather than in the i-TRANS 
(red curves in Figure  4b). Photographs of normal wicking 
layer and i-TRANS during the measurement are displayed in  
Figures S11 and S12 (Supporting Information), respectively. The 
difference in “sweating” behavior also resulted in the difference 
in stabilization time. For the normal wicking layer, due to the 
water absorption competition between the “skin” and tested 
fabric, and evaporation and condensation processes, much 
longer time was needed for testing stabilization. Nevertheless, 
it took much shorter time for our i-TRANS. This information 
can be derived either from the water mass increase curves in 
Figure  4b or the recorded skin temperature data (Figure  4c), 
revealing that i-TRANS shortened the stabilization time to be 
around half of that with normal wicking layer. In addition, the 
stable temperature with i-TRANS was prominently lower than 
that with the normal wicking layer. This is because evaporation 
at equilibrium mostly occurred at the cotton fabric surface in 
the case of i-TRANS. Conversely, in the case of normal wicking 
layer, a great portion of evaporation occurred on the “skin” and 
condensation also happened between “skin” and the fabric, 
releasing heat and increasing skin temperature. This is another 
indicator that i-TRANS can reduce disturbance for moisture 
management testing of fabrics. We also performed the meas-
urements at a higher “sweating” rate (520 mL (h m2) −1). Either 
i-TRANS or normal wicking layer required much longer time to 
reach equilibrium, but similar trends of sample mass increase 
and skin temperature were detected (Figures S13 and S14,  
Supporting Information).

6. Conclusion

We have reported a new integrated 3D hydrophilicity/hydropho-
bicity design for artificial skin simulating human skin perspi-
ration, and demonstrated a facile and cost-effective fabrication 
method. The design of selective surface modification on normal 
fibrous wicking materials to create hydrophilicity/hydropho-
bicity contrast and gradient in both the lateral and vertical direc-
tions renders our i-TRANS capable of directionally transporting 
“sweat” efficiently and uniformly. In thermal assessments rel-
evant to perspiration, these features make i-TRANS a prom-
ising sweating skin simulant, well mimicking skin perspiration, 
and not imposing unwanted interference for tested materials. 
We believe that this work provides new insights for simulation 
of skin sweating, and can be readily applied in various testing 
scenarios and accelerates the development of relevant indus-
tries. For the further advancement of i-TRANS, the fabrication 
process can be extended to elastic/stretchable substrates capable 
of wicking, which can be even more versatile to adapt to testing 
devices in various shapes more conformally. Also, the i-TRANS 
design and structure can be further optimized to better replicate 
skin properties (roughness, sweat pore size, sweat pore density, 

etc.). Besides, the i-TRANS design for perspiration mimicking 
can be incorporated with other artificial skins with specific fea-
tures (e.g., mechanical properties, thermal properties, and tactile 
functions) to develop next-generation artificial skins with com-
prehensive properties well reproducing human skin.

7. Experimental Section
Fabrication of i-TRANS: The cellulose filter paper (Qualitative, 

Whatman) was selected as the normal wicking layer. A CO2 laser cutter 
(Epilog Fusion M2) was used to cut an acrylic board into the mask. 
The mask was mounted on the top of the filter paper. PDMS base and 
curing agent (Sylgard 184, Dow Corning) (mass ratio was 10:1) were 
dispersed into hexane (Fisher Scientific) with a volume ratio of 1:2.5. A 
spray gun (3 M) was used to spray the PDMS solution onto the masked 
filter paper. The distance between filter paper and spray head was 
about 20 cm. The volume of PDMS solution added into the spray gun 
head was around 1  mL for a 5  cm × 5  cm sample. Then, the sample 
was placed in a 70 °C oven for drying and curing. Nylon 6 NF film was 
made by the electrospinning method, which was used in the previous 
work.[32] The prepared Nylon 6 NF film was cleaned by an air plasma 
decontaminator (Evactron, XEI Scientific) for 5  min and transferred to 
laminate on the bottom side (side directly facing PDMS spray coating) 
of the PDMS-modified filter paper. A hydraulic press (MTI) was used to 
press Nylon 6 NFs onto the filter paper.

Material Characterization: The SEM images were taken by FEI Nova 
NanoSEM 450 (5  kV). The EDS characterization was done using an 
FEI Magellan 400 XHR SEM equipped with Thermo Fisher Scientific 
Pathfinder EDS UltraDry 60 M. The water contact angle was measured 
by a contact angle goniometer (Rame-Hart 290), with a water droplet 
volume of 1 µL. The water droplet was small enough to only contact the 
interested area, not affected by the surrounding areas of different types. 
The heat capacity measurement was done using a differential scanning 
calorimeter (TA instrument Q2500).

Thermal Conductivity Measurement: The thermal conductivity was 
measured by the heat flowmeter method. The measured sample was 
placed in between two aluminum (Al) plates, whose temperatures were 
controlled to be 18 and 33 °C using thermoelectric modules separately. 
Two thermocouples (K type, Omega Engineering) were embedded in the 
Al plate, near the surface. A heat flux sensor (FHF03, Hukseflux) with 
an effective sensing area of 2.5 cm2 was mounted within the bottom 
Al plate. A proportional–integral–derivative (PID) control algorithm 
was utilized to stabilize the temperatures of the Al plates at the 
set points (within 0.05 °C) and the data were obtained only after the 
temperatures were stabilized. The thermal conductivity was calculated 
by k = (VSt)/ΔT, where V is the voltage output of the heat flux sensor, 
S is its sensitivity (W m−2 V−1), t is the thickness of measured material, 
and ΔT is the temperature difference between two Al plates. In these 
measurements, two copper (Cu) plates (≈335  µm thick) were used to 
sandwich the sample(s), and they were sealed tightly in a polyethylene 
(PE) bag (≈50  µm thick) for water evaporation prohibition. For dry 
samples, only the two Cu plates with the PE bag were measured first 
as the reference. Then one piece of dry sample was inserted between 
the Cu plates and data were measured. Thermal resistance data can be 
converted by thermal conductivity and thickness, and thermal resistance 
of only the dry sample can be calculated by thermal resistance difference 
between “sample + reference” and reference. Next, thermal conductivity 
of the dry sample can be derived by the thermal resistance and its 
thickness. For the thermal conductivity measurements for wet samples, 
thermal conductivity of one piece of the wet sample inserted between 
the Cu plates together with the PE bag first was measured. Then, two or 
multiple pieces of wet samples were measured with the same Cu plates 
and PE bag. The thermal conductivity of wet sample can be derived in a 
similar way as for the dry sample. The thermal conductivity obtained this 
way included the interfacial resistance, which could not be separated in 
this measurement.
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Artificial Skin Test: A polyimide-insulated flexible heater (McMaster-
Carr, 25 cm2) was used, which was connected to a power supply (Keithley 
2400) to generate heat. The heater was placed on a foam (10 cm thick) 
for heat insulation. An acrylic board (1.5  mm thick) with two grooves 
made by laser cutting (Epilog Fusion M2) was fixed on the top surface of 
the heater. A thermocouple (≈0.1 mm in diameter, K-type, Omega) was 
sealed in one groove for skin temperature measurement, and a needle 
for delivering water that was connected to a tube and a syringe pump 
(Harvard, PHD 2000) was sealed in the other groove. The i-TRANS or 
a normal wicking layer was placed on the top of the acrylic board. The 
cotton fabric (single jersey knit, 135 g m−2, ≈400 µm thickness, Dockers) 
for testing was put on the very top. During the measurements, pumped 
water in the tube was heated to be 37 °C by a PID temperature controller 
(Omega Engineering) before flowing onto the artificial skin. The mass 
of i-TRANS or normal wicking layer as well as the cotton fabric was 
measured by a balance (U. S. Solid, 0.001  g accuracy). All the tests 
were performed in an environment of 20 ± 0.3 °C and 35 ± 5% relative 
humidity.
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