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Electronic skins (e-skins)—electronic sensors mechanically compliant to human skin—have long been developed
as an ideal electronic platform for noninvasive human health monitoring. For reliable physical health monitoring,
the interface between the e-skin and human skin must be conformal and intact consistently. However, conven-
tional e-skins cannot perfectly permeate sweat in normal day-to-day activities, resulting in degradation of the
intimate interface over time and impeding stable physical sensing. Here, we present a sweat pore-inspired perfo-
rated e-skin that can effectively suppress sweat accumulation and allow inorganic sensors to obtain physical
health information without malfunctioning. The auxetic dumbbell through-hole patterns in perforated e-skins
lead to synergistic effects on physical properties including mechanical reliability, conformability, areal mass density,
and adhesion to the skin. The perforated e-skin allows one to laminate onto the skin with consistent homeostasis,
enabling multiple inorganic sensors on the skin to reliably monitor the wearer’s health over a period of weeks.

INTRODUCTION

In the coming age of ubiquitous health monitoring, electronic skin
(e-skin) represents one of the mainstream hardware innovations,
enabling imperceptible and noninvasive health monitoring of
human beings from the skin (1-3). Exciting progresses have been
made in the field of e-skin-based health monitoring platforms in-
cluding development of flexible/stretchable electronic circuits (4-7),
skin-compatible adhesive patches (8-10), and their conformal
lamination onto the skin. One of the crucial steps to advance this
technology into the commercialization stage is to ensure long-term
monitorability of physiological activities of our skins with high pre-
cision. Although improved flexibility/stretchability of the e-skin, by
thinning down the thickness (7, 11, 12) and forming a mesh net-
work (1, 6), can enhance conformability on the skin, accumulation
of skin by-products such as sweat at the skin/e-skin interface cannot
be avoided in current state-of-the-art e-skins, thus hampering pre-
cise cutaneous sensing for an extended period of time. Although
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accumulated sweat at the e-skin/skin interface has been used as a
biomarker of chemical sensors (13, 14) and an energy source of fuel
cells (15, 16), long-term conformability is not secured because accu-
mulated sweat could cause malfunction of the physical sensors (11)
and eventually delaminate the e-skin from the human skin. This
trapped skin by-product degrades homeostatic functions of the skin
(e.g., skin barrier function), resulting in perturbation of skin health
information that is critical for diagnosis of skin disorders (e.g., ery-
thema) and internal diseases (e.g., allergies) (17). However, there is
a lack of innovation on “sweat” permeable e-skins (see table S1).
Allowing “vapor” permeation through e-skins by open-mesh elec-
tronic circuits with porous elastomeric adhesives (8, 10, 18) and
nanofiber-based e-skins (19-23) can alleviate these problems, re-
sulting in increasing monitorability of physiological activity (up to
7 days of skin compatibility and >10 hours of continuous monitor-
ability at the best case). However, this gas-permeable path is not
enough to prevent sweat trapping-induced monitoring failures.
Furthermore, organic-based physical sensors are not desirable for
long-term reliable monitoring because of their instability to envi-
ronmental factors such as moisture (24). Therefore, to perform re-
liable cutaneous health monitoring for long-term period without
limitation of human activities, it is ideal to obtain e-skins that con-
tain sweat-permeable channels with stable inorganic sensors.

Here, we introduce a sweat pore-inspired fully perforated e-skin
containing inorganic sensor arrays that unlocks the way to com-
pletely permeate profuse sweat through e-skins. This allows un-
precedentedly long and reliable health monitoring for over a week
while maintaining healthy state of the human skin. We found that
under profuse sweat condition, a conventional e-skin not only de-
laminates from the skin but also does not accurately sense due to
sensor malfunction. We successfully avoid these by forming engi-
neered hole patterns through inorganic thin-film sensor modules as
well as elastomer adhesives, where the patterns are precisely de-
signed to avoid fully blocking the sweat pores on human skins.
Simultaneously, perforation has been engineered to enhance physical
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properties of materials (e.g., conformability and mechanical dura-
bility), overcoming intrinsic limits of materials. Making a fractal cut
between two holes forms the shape of “dumbbell.” These unique
dumbbell through-hole patterns construct an auxetic kirigami pat-
tern that allows extreme conformability on the markedly bumpy
surface of our skins, forming record-high work of adhesion to the
skin that is comparable to commercialized skin adhesives (~20 N
m™'). Simultaneously, the circular holes at the edges not only act as
a sweat removal paths but also suppress strain localization at the
edge of the kirigami patterns, allowing fatigue-free mechanical reli-
ability (>10° fatigue cycles with 2-mm bending radius; 12.5% nominal
tensile strain). This aggressive patterning of the e-skin additionally
allows a reduction of areal mass density to ~1.5 mg cm ™2, which is a
near ideal value for imperceptible lamination onto the skin while
maintaining excellent mechanical stability and sweat permeability.
On the basis of the perforated e-skin platform, we have integrated
inorganic-based temperature, hydration, strain, and ultraviolet (UV)
sensor arrays that are also perforated to secure sweat-permeable
channels at the active region. These perforated sensors could obtain
reliable biophysical data even under profuse sweating, whereas mal-
function occurred on nonperforated e-skins. With our innovations
on permeability, conformability, and stability, we demonstrate daily
activity checkup of skin health over a week (including exercise at
the gym) with no skin irritation. This paves the way for e-skin-
based long-term reliable physical health monitoring with mini-
mized disturbance to skin homeostasis.

RESULTS

Sweat pore-inspired perforated e-skins

For full sweat permeation, we uniquely designed our e-skin by be-
ing inspired by human sweat pores. The through-hole patterns on
the e-skin were constructed with the following rationales: (i) The
size and interspacing of the circular holes were engineered to pro-
vide outlet of gas and sweat from sweat pores, thus allowing the skin
to maintain normal physiological activities without causing e-skin
delamination and sensor malfunctioning, (ii) auxetic kirigami pat-
tern were made between two adjacent holes to reduce the Young’s
modulus and Poisson’s ratio, thus enhancing conformality on the
irregular skin surface, and (iii) circular holes at the edge of the aux-
etic cuts were made to relieve localized strain, thus finally construct-
ing dumbbell shaped patterns (see Fig. 1A). Figure 1B illustrates our
perforated e-skin design. Auxetic dumbbell hole patterns are inte-
grated into all the modules that construct our e-skin, including the
electronic modules [Au interconnects and polyimide (PI) encapsu-
lation] as well as the polydimethylsiloxane (PDMS) adhesive (figs.
S1 to S6 and note S1.1). To demonstrate through-hole patterns, the
pattern sizes were varied at each layer considering the misalignment
of each layer during e-skin fabrication (fig. S1). The e-skin contains
four different physical sensors (bottom of Fig. 1B): Pt resistance
thermometer, capacitive-type Au hydration sensor, ZnO thin film-
based strain sensor, and ZnO UV sensor. Interdigitated electrodes
of thermometers and hydration sensors follow the auxetic dumbbell
hole patterns, and all electronic modules are encapsulated with a PI
layer to improve mechanical robustness by placing the modules
close to neutral mechanical plane (fig. S7 and note S1.2). Figure 1C
shows optical images of the corresponding e-skin regions where the
sensors are also perforated to secure open channels at the sensing
region (see figs. S4 to S6 and note S2 for detailed information of
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sensors). Figures S8 to S13 show sensing characteristics of each sen-
sor where their performances are adequate for physical health mon-
itoring on the skin. Note that ZnO strain sensors are suspended
onto through-holes (no PDMS adhesive) for enhancing the sensi-
tivity by reducing flexural rigidity of the active region (25) and by
suppression of strain damping in the intrinsically stretchable PDMS
layer (26). On the other hand, ZnO UV sensors are located on the
PDMS adhesives to reduce strain dependency of the device conduc-
tance, and circular hole array patterns were formed at the top PI
layer to provide penetration paths of UV light and to trigger UV-
induced conductance changes of ZnO.

Sweat-permeable e-skins and reliable physical sensing

We designed circular holes in our auxetic dumbbell through-hole
patterns to form sweat-permeable channels, as depicted in Fig. 2A. We
conservatively assumed the average outer diameter of a sweat duct
and the average distance between the center of the sweat pore on
human skins to be ~100 um (27) and ~400 pm (28), respectively. On
the basis of these, we fixed an interdistance of the circular holes at
200 um to have more holes than sweat pores on the skin. Then, we
simulated the percentage of fully blocked skin pores by the function
of diameter of the holes, thus increasing the hole size and reducing
the interspacing of the holes (right of Fig. 2A). We found that when
the hole diameter is larger than 100 um, we can form sweat-permeable
channel without full blocking of skin pores. Moreover, sweat per-
meability can also be enhanced by adding (i) auxetic kirigami patterns
and (ii) additional hole patterns, thereby maintaining physiological
activities of the skin such as perspiration and suppressing sweat ac-
cumulation at the e-skin/skin interface (fig. S1). Then, we fabricated
dumbbell-patterned sensor modules using conventional photo-
lithographic processes and transferred the stack temporarily to a
semitransparent thermal release tape (TRT), followed by combin-
ing PDMS patches with dumbbell holes via soft lithography (figs. S2
and S3). We first evaluated the vapor permeability of e-skins by
measuring the changes of transepidermal water loss (TEWL) of the
forearm after the e-skin lamination (Fig. 2B). Nonperforated e-skins
show substantial reduction of TEWL by 34.63% (+6.54%). On the
other hand, conventional e-skins (perforation only on electronic
modules but not on elastomers) and perforated e-skins maintain
88.93% (+9.54%) and 94.54% (+7.33%) TEWL, respectively, show-
ing their excellent vapor permeability (see fig. S14 and note S3.1 for
details of TEWL changes).

Even with this excellent vapor permeability of conventional e-skin,
however, actively inducing sweat on the skin does not only cause
severe trapping of sweat at skin/e-skin interfaces but also induced
sensor malfunctioning when the conventional e-skins were lami-
nated to the human skin. As shown in Fig. 2C and movie S1, trapped
sweat is immediately observed when laminating conventional e-skins
on a forehead of our human subject right after stimulation of sweating
through eating a spicy meal. On the other hand, our fully perforated
e-skins maintained intimate contact without sweat accumulation at
the interface. It should be noted that the demonstration of sweat
permeability from our perforated e-skin is unprecedented, while
vapor permeability of conventional e-skin has already been well
demonstrated due to high vapor permeability of microporous silicone-
based adhesives (8, 10, 29). Quantitative analysis on sweat trapped
area measured by an image analyzer confirms effective evacuation
of sweat from our perforated e-skin, while sweat was trapped below
conventional e-skins (Fig. 2D). Although trapped sweat at the
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Fig. 1. Perforated e-skins with inorganic physical sensors. (A) Design of auxetic dumbbell through-hole patterns for driving sweat-permeable channels and synergis-
tic physical properties of e-skins. (B) Schematic illustration of perforated e-skins with (1) auxetic dumbbell through-hole patterns. As the hole interspacing is narrower than
the average diameter of a sweat pore, the e-skin can form open channels on the pore. Four multiple sensors—(ll) Pt resistance thermometer, (Ill) capacitive-type Au hy-
dration sensor, and ZnO nano-thin-film-based (IV) strain and (V) UV sensor—are also perforated to suppress sweat trapping at the sensing regions. (C) Optical images of
the perforated e-skins showing auxetic dumbbell through-hole patterns, Pt thermometer, Au hydration sensor, ZnO strain, and UV sensor. The images were obtained

after lamination on the wrist, except for the leftmost image.

conventional e-skin/skin interface disappeared owing to the high-
vapor permeability, it took around 4 hours for evaporation of
trapped sweat. We further verified efficient liquid dissipation through
our e-skin by measuring the hydration levels on a moisturized fore-
arm via our hydration sensor, as shown in Fig. 2E. After soaking the
forearm for 5 min, the e-skin was laminated on the wet skin and the
hydration level was continuously measured for 15 min. Our fully
perforated e-skin (blue line) measures immediate relaxation of the
actual skin hydration level, which is consistent with results estimat-
ed by a commercial hydration sensor (gray point; Corneometer CM
825), while the conventional e-skin exhibits delayed relaxation
behavior (red line). Our findings prove that our perforated e-skin
allows both vapor and liquid permeation, while the conventional
e-skin only permits vapor exchange through the e-skin. Our e-skin’s
sweat permeability makes a notable impact on post-wear skin
health and reliability of e-skin sensors. As shown in Fig. 2F, we
monitored skin allergic reaction by a dermatologist after laminating
our e-skin, conventional e-skin, and nonperforated e-skin on the
forearm over a period of 1 week. Skin damages appeared for those
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who wore conventional/nonperforated e-skin, while none of the
human subjects showed skin irritation after lamination of our per-
forated e-skin, thus proving excellent long-term skin compatibility
of our e-skin.

In addition, we observed that our e-skin sensors reliably ob-
tained physical information even under profuse sweating, as shown
in Fig. 2G. After lamination of conventional e-skin and perforated
e-skin on the forehead, we monitored movements of the forehead
using the integrated strain sensors. Without sweating, both conventional
and perforated e-skin correctly monitored tension and relaxation
when frowning and relieving. Note that higher strain responsivity
recorded from the perforated e-skin (four times) arises because a
suspended freestanding structure of strain sensors reduces flexural
rigidity of the sensor region (25), suppressing strain damping effect
from the PDMS adhesive (26) (see note S2.1 and figs. S8 to S10 for
details of the sensor performance). However, when we stimulated
sweating on the forehead, sensor malfunctions occurred for con-
ventional e-skins, while our perforated e-skin maintained its cor-
rect reading of the strain. Furthermore, as shown in Fig. 2H, sweat
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Fig. 2. Sweat-permeable e-skins with reliable physical sensing. (A) Precision design of auxetic dumbbell through-holes to provide open channels on sweat pores.
(B) Changes of TEWL of the forearm after e-skin lamination. (C) Stability of the e-skin/forehead interface under profuse sweating (after having a spicy meal). Perforated
e-skins form steady conformal contact on the forehead, whereas sweat trapping and interface delamination occurred on conventional e-skin samples. Photo credit:
Hanwool Yeon, Massachusetts Institute of Technology. (D) Areal changes of sweat trapped region after sweating. (E) Dehydration monitoring of moisturized forearm.
Only the fully perforated e-skin obtained similar dehydration tendencies with the reference skin region measured by commercial skin hydration analyzer (Corneometer
CM 825). (F) Skin compatibility test of e-skins through 1-week lamination on the forearm. (G) Tracking of forehead movements using strain sensors. During sweating, the
ZnO strain sensor in perforated e-skins reliably monitors the movement, whereas malfunction occurs at the strain sensors in conventional e-skins because of sweat trap-
ping and interface delamination. (H) Changes of skin hydration level and skin temperature after profuse sweating on the forehead.

trapping at conventional e-skin/skin interface also induced wrong
information from temperature and hydration sensors over 20 min,
whereas the perforated e-skin could track recovery of the physical
properties. These findings suggest that sweat accumulation must be
avoided to achieve long-term conformability and monitorability.

Yeon etal., Sci. Adv. 2021; 7 : eabg8459 30 June 2021

Our dumbbell hole patterns in the e-skin unlocked reliable opera-
tion of the e-skin for a long time, and this is achieved not only by
effective dissipation of sweat but also by forming steady conformal
contact on the human skin with mechanical stability, which will be
further discussed in the following section.
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Mechanical performance driven by auxetic dumbbell
through-holes

Together with having complete evacuation of sweat, connecting
two holes by line cuts forms auxetic dumbbell patterns, which have
three mechanical benefits that include (i) excellent conformability
due to reduced Young’s modulus and Poisson’s ratio with enhanced
adhesion (30-32), (ii) substantial reduction of stress concentration
at the tip of auxetic cuts by circular holes at the edges (although it is
mainly designed for sweat dissipation) (33), and (iii) significant
reduction of areal mass density due to largely patterned areas for
long-term imperceptibility.

Figure 3A visually shows that our e-skins conformally follow the
wrinkles of the skin without having significant interface delamina-
tion because of its auxetic structures (see fig. S6 for more images).
We measured a record value of work of adhesion from our perforated
e-skins as 20 (z 3.7) N m™?, as shown in Fig. 3B, that is superior to
other silicone-based e-skins (1) and is comparable to conventional
skin bandages (34). It should be highlighted that although the aimed
contact area of our fully perforated e-skin is smaller than that of
conventional e-skin, the value of work of adhesion in our fully per-
forated e-skin is seven- and threefold higher than that of nonperfo-
rated e-skin and conventional e-skins, respectively (see fig. S15 for

peel test results of each e-skin and note S3.2). This indicates that
due to enhanced conformability of our perforated e-skins, its effec-
tive contract area is greater than that of other types of e-skins. These
excellent conformability and strong work of adhesion can be at-
tributed to skin-like nonlinear mechanical behaviors of our perfo-
rated e-skins with comparable mechanical parameters to those of
the human forearm (35, 36) (see fig. S16 and note S3.3 for more
details). We also found that rounding of the edges of auxetic cuts in
the dumbbell patterns allows excellent mechanical durability of the
e-skin compared to other types of e-skins. Figure 3C shows finite
element analysis (FEA) results of the tensile characteristic of three
different patterns (circular hole, auxetic cut, and auxetic dumbbell).
Among the patterns, our dumbbell hole patterns show efficient re-
lease of localized strain at the edges of the auxetic cuts with the low-
est microscopic strain up to 30% global strain, which would prevent
crack formation at the edges of the cuts (see note S3.4 and fig. S16
for further details of the results). This structural engineering leads
to superior durability of the auxetic dumbbell hole-patterned e-skins
against bending fatigue cyclic test compared to e-skins that only
have auxetic cuts or circular hole patterns, as shown in Fig. 3
(D and E). The interconnect resistance of the e-skin with the dumb-
bell hole patterns was nearly unchanged during 10° bending fatigue
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Fig. 3. Mechanical performance of perforated e-skins. (A) Optical images of perforated e-skins showing conformal contact on the forearm. (B) Work of adhesion of
nonperforated, conventional, and perforated e-skins. (C) Strain distribution of three different patterns (circular hole, auxetic kirigami, and auxetic dumbbell) in uniaxial
stretching simulation. (D) Cyclic bending fatigue test of e-skins under 0.15 mm™"' bending curvature (3.8% nominal tensile strain) with various perforated patterns (no-
pattern, circular hole, auxetic kirigami, and auxetic dumbbell holes). (E) Mechanical durability of e-skins with respect to the bending curvature. (F) Areal mass density of

e-skins.
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Fig. 4. Long-term health monitoring by perforated e-skins. (A) Skin regeneration monitoring over a period of 2 weeks. Photographs of the inflamed skin region right
after erythema and after 2 weeks, showing that perforated e-skin has a negligible adverse effect to skin regeneration (left images). Scale bars, 5 mm. Hydration level of the
inflamed skin as a function of e-skin lamination days (right graph). Skin hydration level was monitored by a hydration sensor in the e-skin and simultaneously compared
with a conventional hydration analyzer (Corneometer CM 825). Photo credit: Haneol Lee, Massachusetts Institute of Technology. (B) Daily activity checkup using perforated
e-skin with multiple sensors for a week: wrist pulse, skin hydration level, skin temperature, and photoconductance. (C) Comparison of skin information using perforated
e-skin before and after exercise at the gym over 30 min (top: wrist pulse, middle: skin hydration level, and bottom: skin temperature).

cycles at 3.8% nominal tensile strain (0.15 mm ™" bending curvature)
due to prevention of cracking at the tip, whereas other patterned
e-skins failed (Fig. 3D). Although the bending strain increased to
12.5%, the dumbbell patterned interconnects survived at 10° cycles,
while other patterned e-skins show a tendency that fatigue lifetime
is inversely proportional to strain (see Fig. 3E and fig. S17 for more
details). The increasing resistance with bending fatigue is mainly
associated with localized strain-induced crack initiation/propagation
(37). Thus, these results indicate that auxetic dumbbell hole design
leads to fatigue-resistant e-skin by suppression of crack formation
that can endure repeated mechanical deformation on skin during
long-term cutaneous monitoring. Last, the auxetic dumbbell through-
hole patterning substantially decreases areal mass density of e-skin
of 1.45 mg cm 2, only 36% of the mass density of conventional
e-skins, as shown in Fig. 3F. This value is close to ideal realization of
imperceptible e-skins (1, 8, 19).
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Long-term seamless health monitoring

Using our e-skin with superior sweat permeability, conformability,
and mechanical stability, we attempted long-term seamless moni-
toring of skin health over a period of a few weeks. The e-skin was
never detached from the skin at any point during the monitoring
period. We measured the recovery of a damaged human skin over a
period of a few weeks. For connecting sensors to external power, we
used a releasable connector, composed of Ga-In liquid metal and
Cu wire (fig. S18A). In addition, conventional e-skins were not used
to perform long-term health monitoring, as we have obtained un-
reliable monitoring results from the conventional e-skins even for
short-term monitoring tasks. We first induced erythema on the skin
by applying a sodium lauryl sulfate (SLS) solution (38). Then, the
hydration level on the skin was constantly monitored by using hy-
dration sensors on the perforated e-skin. Simultaneously, by using
the Corneometer, we measured the hydration level on the control
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area without the e-skin (Fig. 4A). The recovery of the damaged skin
measured by the Corneometer shows three phases: (i) cornification
due to dehydration, (ii) regeneration by returning to a normal hy-
dration level, and (iii) recovery by maintaining a normal hydration
level (see fig. S19 and note S4 for further details of the phenomena).
The skin area laminated by our perforated e-skin exhibits the exact
same track of skin recovery over 2 weeks as measured by the Corne-
ometer, even while the skin is covered with the e-skin. The sensors
still performed well after 2 weeks. This implies that (i) a wound
healing process is not at all prohibited by our perforated e-skin due
to complete interaction with the environment and (ii) the hydration
sensor on our e-skin was capable of constant monitoring of the skin
condition for 2 weeks without any malfunctioning, which is crucial
for long-term cutaneous monitoring.

This encouraged us to operate all electronic modules for daily
activity checkup for a long-term period including wrist pulse, hy-
dration, temperature, and UV exposure by multiple sensors embed-
ded in the perforated e-skin. Note that the releasable connects were
also used for the discontinuous measurement. As shown in Fig. 4B,
these parameters were successfully monitored without malfunc-
tioning for more than a week (see fig. S18 and note S5 for the details
of the demonstration including average power consumption). Be-
cause of superior reliability, our e-skin could repeatedly measure
normal health information of a subject (male, 29): wrist pulse with
~51 beats per minute (bpm), skin hydration level of ~85 fF (~32
Corneometer value), and skin surface temperature of 33.7°C. Fur-
thermore, the spatiotemporal information of the subject was ob-
tained by the difference of photo-conductance at daytime (outside)
and at nighttime (inside). On days 4 and 6, the human subject exer-
cised (movie S2), and we were able to observe an increase in pulse,
hydration, and temperature, as shown in Fig. 4C. After exercise, the
blood flow was concentrated in skeletal muscles, initiating vasodila-
tion of arterial vessels (39, 40). As a result, the pulse frequency and
strength were increased to 120 bpm and by a factor of 5, respective-
ly. Furthermore, skin temperature increased from 33.7° to 35.6°C
and perspiration increased the skin hydration level. This unprece-
dented demonstration of long-term monitoring with multiple e-skin
sensors offers advanced e-skin platforms for long-term, noninva-
sive health monitoring.

DISCUSSION

We have demonstrated simple and novel approaches to form long-
term stable conformal skin-interfaced system. Our auxetic dumbbell
through-hole patterns simultaneously enhance physical properties of
conventional e-skin platform including mechanical reliability,
conformability, work of adhesion, and areal mass density. The
through-hole patterns, of which design is inspired from sweat pores,
provide sweat-permeable channels and secure the skin homeostasis
as well as conformal interface for a long-term period. In addition,
perforation-engineered inorganic physical sensors reliably obtained
health information from the skin even under profuse sweating be-
cause of the steady conformal interface. Although our perforated
e-skins should be advanced in terms of real-time monitorability,
long-term health monitoring tests were successfully performed
including tracking of skin regeneration with no disturbance and
daily activity checkup over a period of 1 week. We believe that our
perforating design rules can open new directions for implementing
reliable e-skin sensors for long-term health monitoring applications.
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MATERIALS AND METHODS

Fabrication of electronic modules for perforated e-skins
Figure S2 illustrates the fabrication processes. Electronic modules
were fabricated on Al/Ti (200 nm/40 nm)-coated, conductive Si
wafer (<0.01 ohm-cm) and were released from the wafer through
electrochemical dissolution of the Al layer. As a first step, the bot-
tom PI layer (2 um) was formed on the Al/Ti/Si wafer by spin coat-
ing and curing process (250°C for 1 hour). Au interconnects (100 nm)
with the Cr adhesive layer (1 nm) were deposited on the bottom PI
by e-beam evaporation and were patterned by the photoresist-based
lift-off process (LOR 3A, MicroChem). For temperature sensor for-
mation, auxetic Pt dumbbell meshes (40 nm) were formed between
Au interconnects by e-beam evaporation and the subsequent lift-off
process. For formation of ZnO thin-film sensors, ZnO thin films
(100 nm) were directly deposited to Au contact/interconnects on
the bottom PI by radio frequency (RF) sputtering at 200°C and were
patterned using HCI solution. The HfO, layer (1.5 nm thick) was
inserted at ZnO/Au contact by the atomic layer deposition process
at 225°C, resulting in Schottky barrier formation (see fig. S8, B and
D). Furthermore, the HfO, capping layer (3 nm) was formed at the
ZnO top surface for the protection from subsequent processes. The
top PI layer (2 um) was formed on the entire sample surface to
locate the electronic circuits near neutral mechanical plane, thereby
improving the mechanical robustness (note S1.2 and fig. S7).
Note that some interfaces among layers were treated with 1% (v/v)
3-aminopropyltriethoxysilane (APTES) in deionized water to im-
prove interface strength. Last, after the PI layers are patterned by
oxygen plasma with a Cu hard mask (50 nm), fabrication of the aux-
etic dumbbell hole-patterned electronic modules is completed.

Perforated e-skin fabrication

For integration of the electronic modules to the auxetic dumbbell
hole-patterned PDMS adhesives (SYLGARD 184, Dow Corning),
detachment of the electronic modules by the electrochemical lift-off
process (dissolution of Al sacrificial layer) was the first step, as
shown in fig. S2. Before the lift-off process, the electronic modules
were attached to TRT. Between modules and TRT, the 2-um-thick
poly(methyl methacrylate) (PMMA) layer was inserted. After elec-
trical wiring at the backside of the Si substrate, the samples were
dipped into NaCl solution (0.9% NaCl) together with Pt wire as a
counter electrode. As 3 V was applied to the Si wafer, the Al was
dissolved in NaCl solution and electronic modules were transferred
to the TRT accordingly. To form auxetic dumbbell through-hole
patterns in the electronic modules and the PDMS adhesives, Si
mold-based soft lithography processes were used as illustrated in
fig. S3. First, dumbbell-shaped Si mold (~20 um depth) was pre-
pared by deep reactive ion etching (DRIE). After spin coating of
off-stoichiometric, sticky PDMS gels (40:1 weight ratio of PDMS
prepolymer:curing agent) on the Si mold, the electronic modules
with TRT were placed on the uncured PDMS. Semitransparency of
the TRT allowed us to align auxetic dumbbell mesh of the electron-
ic circuits with the Si mold. After the alignment, the PDMS layer
was cured at 80°C with a constant pressure (1.29 kPa) to maximize
the yield of the through-hole formation in e-skin. Note that a weight
(1 kg) was used to apply the pressure where a flat steel plat was
inserted between a weight and an e-skin sample on Si mold for spa-
tially uniform through-holes. After PDMS curing, the Si mold was
separated from the samples. Note that the Si mold was treated with
trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane to reduce the Si
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surface energy, while APTES treatment was conducted on the sur-
face of the electronic modules right before placing onto the uncured
PDMS adhesives. Thus, the interface strength between the electron-
ic modules and the PDMS adhesive is much stronger than Si mold/
PDMS interface strength, and these interface engineering processes
facilitated the transfer of PDMS adhesives to the electronic modules
without notable damages. For spatially uniform coating of the si-
lane, oxygen plasma treatment is necessary to form hydrophilic Si
mold surface. After detachment of the perforated electronic mod-
ules and the perforated PDMS adhesives from the Si mold, the TRT
was released by heating at 150°C and the samples were dipped into
acetone to remove PMMA. As the PMMA layer was dissolved, the
perforated e-skin is produced. The perforated e-skin was scooped
from acetone using cellulose wipers (TX2009, Texwipe) and cleaned
by isopropanol. After drying of the perforated e-skin on the wipers,
the edge of the perforated e-skin was attached to a temporary tattoo
paper (Silhouette, USA), which acts as a temporary handling layer
(fig. S5A). Note that the PDMS adhesion can be degraded when the
e-skin samples are exposed to air for over 2 weeks. This environ-
mental aging is strongly related with interaction of PDMS surface
with air (moisture and oxygen) (34). To suppress the environmental
aging effect, all experiments were performed only when e-skin sam-
ples were exposed to air less than a week.

Finite element simulation

FEA was performed with ABAQUS/CAE. Three representative vol-
ume element (RVE) models, circular hole, auxetic kirigami, and
dumbbell hole pattern were prepared with computer-aided design
software. A periodic boundary condition was applied to the individ-
ual RVE model to reduce computation costs. C3D8 mesh elements
were used. Before the stretch simulation, linear buckling analysis
determined buckling eigenmodes. The resultant modes served as
initial imperfection of individual model for post-buckling calcula-
tion. To observe the tensile behavior of each geometry, displace-
ment was applied at both ends so that the global strain reached 30%.
Linear elastic property was used for PI material (2.5 GPa Young’s
modulus, 0.3 Poisson’s ratio).

Evaluation of mechanical properties and reliability

Uniaxial tensile tests were conducted with a micro material tester
(MMT-500N, Shimadzu, Japan), and the electrical resistance of in-
terconnects on the e-skin was measured simultaneously (41). The
strain rate was 5% min . For bending fatigue test, various types of
Au interconnects (unpatterned, circular hole, auxetic kirigami, and
auxetic dumbbell hole patterns) were formed on the e-skin (fig. S17).
To load the samples into a sliding bending fatigue tester (Slide tester,
CKSI, South Korea), each sample was attached on a 125-um-thick
PI handling substrate. The width and length of each sample were
4 mm and 20 mm, respectively. The fatigue system consists of two
plates (fig. S17A): The top plate is stationary, while the bottom plate
moves in a cyclic linear motion (37). The e-skin/PI substrates were
bent between two plates, and a cyclic strain was applied on the
e-skin samples as the bottom plate was displaced repeatedly. Be-
cause the e-skin samples were positioned outward from the PI han-
dling substrate, tensile strain was applied upon bending. The linear
displacement of the bottom plate was 10 mm, and the maximum
cycling number was 10° with 5-Hz cycling frequency. The bending
radius condition was modulated from 10.8 mm (2.3% nominal ten-
sile strain) to 2 mm (12.5% tensile strain). See fig. S7C and notes
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S1.2 and $3.4 for details of calculation of the nominal bending
strain. During the bending fatigue test, electrical resistance of the
Au interconnects on e-skin was measured simultaneously using
Agilent 34410A to monitor the evolution of fatigue damages on the
Au interconnects.

Peel test

Adhesion force of the e-skin was evaluated by a peel test, which was
executed by a customized loading machine with a translational
stage and a load cell for accurate control of the moving speed (42).
Before measurements, the e-skin was conformably laminated onto
the human forearm. One end of the laminated e-skin was grabbed
and fixed to the load cell. For peeling the e-skin from the skin, the
load cell and the translational stage simultaneously shifted in the
z and x direction with a speed of 0.2 mm s, respectively.

Sensor assessment

Capacitance-voltage (C-V) and capacitance-time (C-t) measure-
ments of the skin hydration sensor were carried out with an Agilent
B1500A semiconductor device parameter analyzer. Changes of the
electrical conductance of the temperature sensor, the strain sensor,
and the UV sensor were monitored by current-voltage (I-V) and
current-time (I-f) mode of Keithley 2400 Sourcemeter. Portable
National Instruments USB-4067 6 % Digit DMM was also used to
collect the electrical resistance data from the temperature sensor.

Evaluation of UV-sensing performance

UV conformal photocurrent microscopy (UVCPM) system was
established to assess UV-sensing performance of ZnO e-skin sen-
sors (see note S2.3 and fig. S12 for details of UVCPM system). The
output currents from sensors were recorded with varying biases and
illumination intensity with an Agilent BI500A semiconductor
device parameter analyzer.

E-skin conformability and sensing reliability under

profuse sweating

After the e-skin lamination onto the forehead, sweating was stimu-
lated by eating a spicy meal. The sweating-induced changes of the
e-skin conformability and sensing accuracy of the e-skin sensors were
assessed simultaneously. The test was approved by Massachusetts
Institute of Technology, Committee on the Use of Humans as Ex-
perimental Subjects (approval number: 1706011631R002).

Skin assessment after 1-week e-skin lamination

Nineteen human subjects executed e-skin lamination tests (4 male
and 15 female subjects, average age of 31.3). Subjects attached the
e-skins (nonperforated, conventional, and perforated e-skins) onto
the forearm, which was preserved by a rubber-based air-permeable
protector from external mechanical stresses. After 1 week, the
e-skins were removed from the subject’s arm. Skin health evalua-
tion of visual comparison (Visia-CR, Canfield) was conducted be-
fore e-skin attachment and immediately, 1 hour, and 24 hours after
e-skin removal, each two times. In visual comparison, visible symp-
toms (e.g., erythema, edema, dryness, and scales) of subjects were
evaluated from one to four points, and conscious symptoms (e.g.,
tingling, burning, and itching) of subjects were recorded to the case
reports. On the basis of meticulous evaluation, the safety of the e-skin
was judged. The test was approved by AMORE PACIFIC, Institutional
Review Board Committee (approval number: 2019-1SR-N088S).
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Skin regeneration test for 2 weeks

First, two regions of the forearm were intentionally irritated by ap-
plication of 35 ul of 1% SLS solution for 24 hours (36). One of the
inflamed skin regions was covered by our perforated e-skin, and the
other region was exposed to the ambient (controlled region). For
2 weeks, the degree of skin regeneration was estimated by measur-
ing the skin hydration level using a hydration sensor of the e-skin
and/or commercial hydration analyzer (Corneometer CM 825) on
the control region. The test was approved by Massachusetts Institute
of Technology, Committee on the Use of Humans as Experimental
Subjects (approval number: 2003000116).

Daily activity checkup for 1 week

Perforated e-skin with multiple sensors including strain, UV, tem-
perature, and hydration sensors was laminated onto the human
wrist. To obtain health information from the e-skin over a long period,
releasable interconnects, composed of Ga-In eutectic liquid metal
and Cu wires, were used. In addition, the e-skin was passivated from
mechanical frictions caused by clothing using a patch test chamber
(The Hill Top Chamber, Cliantha Research). Note S5 and fig. S18 con-
tain details of the experiment. The test was approved by Massachusetts
Institute of Technology, Committee on the Use of Humans as
Experimental Subjects (approval number: 1706011631R002).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/27/eabg8459/DC1
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