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ABSTRACT

According to the statistics of the World Health Organization, an estimated 17.9 million people die from

cardiovascular diseases each year, representing 31% of all global deaths. Continuous non-invasive arterial

pressure (CNAP) is essential for the management of cardiovascular diseases. However, it is difficult to
achieve long-term CNAP monitoring with the daily use of current devices due to irritation of the skin as
well as the lack of motion artifacts suppression. Here, we report a high-performance skin-like optoelectronic

system integrated with ultra-thin flexible circuits to monitor CNAP. We introduce a theoretical model via

the virtual work principle for predicting the precise blood pressure and suppressing motion artifacts, and

propose optical difference in the frequency domain for stable optical measurements in terms of skin-like

devices. We compare the results with the blood pressure acquired by invasive (intra-arterial) blood pressure
monitoring for >1500 min in total on 44 subjects in an intensive care unit. The maximum absolute errors of
diastolic and systolic blood pressure were +7/410 mm Hg, respectively, in immobilized, and

+10/+£14 mm Hg, respectively, in walking scenarios. These strategies provide advanced blood pressure

monitoring techniques, which would directly address an unmet clinical need or daily use for a highly

vulnerable population.

Keywords: skin-like devices, optoelectronics, blood pressure monitor, optical measurement

INTRODUCTION

The most reliable method at present for monitor-
ing continuous blood pressure is to insert a catheter
sensor into a human artery, which results in mas-
sive suffering to the patient [1]. An alternative so-
lution is continuous non-invasive arterial pressure
(CNAP) measurement [2-4]. In the 1970s CNAP
measurement was already being explored. Until
now, some CNAP technologies [S-7] have been
proposed and explored [8-13], such as pulse wave
velocity [14-18]. These technologies have been ex-
haustively investigated and optimized over the past
50 years for CNAP measurement. However, there
are still no suitable devices for long-term and precise
CNAP monitoring in daily use due to the irritation
to skin and suppression of motion artifact [19].

Devices for CNAP monitoring will be mounted
on human skin for a long time, which requires
them to not cause discomfort to the skin [20-23].
Some commercial devices are released for measuring
CNAP. These devices need to be bundled or pinched
to both fingers and arms [24,25], which results in
irritation to human skin. Skin-like devices [26-35],
which can be firmly mounted on and deformed with
the skin, offer an alternative solution for long-term
vital signs in daily use [36-38]. There are some skin-
like devices for detecting blood oxygen saturation
and pulse rate [39,40]. However, existing strategies
for skin-like sensors cannot apply for CNAP moni-
toring. The certain relationship between CNAP and
the pulse transit time (PTT) recording can be set
up by the Moens-Korteweg (M-K) equation. PTT
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refers to the time it takes a pulse wave to travel be-
tween two arterial sites [41]. Photoplethysmogram
(PPG) detected by optical methods can be used for
PTI measurement [42,43], while only one parame-
ter PTT cannot give both systolic and diastolic blood
pressure [ 11,44]. Previous works introduce physical
models of the blood circulation system to solve this
problem [42,45]. However, these physical models
did not consider the influence of the device defor-
mation and motion artifacts. The PPG signals will be
mixed with noises caused by the deformation of the
device or tissue. It is necessary to build a new phys-
ical model for skin-like devices to measure precise
PTT.

On the other hand, the PTT is very challenging
to measure, as even the ‘onset’ of each pulse is hard
to detect without external counter-pressure meth-
ods. Generally, the propagating speed of pulse wave
velocity (PWV) is over 10 m/s, and the ‘onset’ of
each period is difficult to detect due to the influ-
ence of motion artifacts [46,47]. The PPG or other
pulse-related signals are not subject to the motion
artifact or optical interference for measuring accu-
rate PTT. Most artifacts originate in the movement
of the distal arterial waveform detector in relation
to the skin. There are some designs or algorithms
for suppressing the motion artifacts (i.e. template
matching, Masimo SET) [48-50]. However, all of
them aim at solving motion artifacts for traditional
devices. The motion artifacts of skin-like devices are
quite different due to the deformable devices. The
technologies for detecting distal arterial waveforms
such as PPG are based on optical principles, and
their accuracy relies on the stability of the optical
path [51]. The deformation of skin-like devices will
have huge impacts on the optical path. Meanwhile,
the deformation of the skin can also change the op-
tical path in the human tissue. False readings caused
by shivering or other movements will be more seri-
ous in terms of skin-like optoelectronics.

In this work, we propose strategies for skin-like
optoelectronic systems that can monitor precise
CNAP in daily use. We introduce a theoretical
analysis by the virtual work principle for considering
the deformation of the skin-like system. The optical
difference in the frequency domain is proposed for
suppressing the motion artifacts. These features
enable the skin-like systems to be mounted on
the wrist without irritation and discomfort, and
the long-term monitoring of CNAP using wireless
data transmission. The assessment of the skin-like
systems was made during comparison experiments
with invasive (intra-arterial) blood pressure (IBP)
monitoring in the intensive care unit (ICU) for
>1500 min in total on 44 subjects. The results show
that the absolute errors of diastolic and systolic

blood pressure were only £7/4+10 mm Hg, re-
spectively, over all subjects. Moreover, the absolute
errors slightly increased to =14 mm Hg in both
diastolic and systolic blood pressure during walking.

RESULTS

Skin-like systems for precise CNAP
monitoring

The optoelectronic device mainly consists of ultra-
thin optoelectronics, watch-chain interconnects and
biocompatible package. It is easy to integrate with
a flexible circuit to compose a wearable skin-like
system, as shown in Fig. 1A and Supplementary
Fig. S1. Three inorganic light-emitting elements are
in the center of the device, and four photode-
tectors are placed 1 cm away from both sides of
the light-emitting elements, which creates a dual-
channel structure for detecting the PPG signals at
different location of the body (Fig. 1B). Due to
enough distance between light sources and pho-
todetectors, the optical shunt is avoided, which
means the light reaches the photodetectors with-
out passing through an arterial bed. The ultra-thin
optical semiconductors hybrid-integrated here in-
clude infrared light (850 nm, GaAs based), red light
(620 nm, GaAs based), green light (515 nm, AL, O3
based) and photodetector (400-1100 nm, silicon
based). All of them are thinned by nano-diamond
grinding technology, and the typical thickness is
11 um/11.7 pm/11.3 pum/11.8 pum, respectively
(Fig. 1C and Supplementary Fig. S2). The metal
(Cu/Cr) with 160 nm thickness is patterned as a
watch-chain shape to serve as electrical intercon-
nects for power and signal transmission, as shown in
Fig. 1D. This watch-chain shape has the advantages
of low resistance and prominent stretchability. The
function layer is packaged into a 50 pm-thick bio-
compatible material. Here, we utilize the transpar-
ent film dressing (W1624, Tegaderm, 3M, USA) as
the package, which is widely used to cover and pro-
tect wounds and catheters. The device is impercepti-
ble to the skin for long-term use. The thin, soft con-
struction allows the device to make contact with skin
only based on van der Waals interactions alone, as
shown in Fig. 1E and F. Due to the ultra-thin struc-
ture and low modulus mechanics, the device can
avoid any significant constraint on natural motions
of the skin when undergoing pressing or stretching
(Fig. 1G and H).

The skin-like device is easy to connect to a
flexible circuit to realize signal processing and
wireless transmission. Figure 1I and Supplemen-
tary Movie S1 show an example of the flexi-
ble system that is able to wirelessly transmit the
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Figure 1. Schematics, designs, optical images and measuring principle of the skin-like wearable systems. (A) Schematic illustration of the skin-like
device integrated with a flexible circuit for monitoring CNAP. (B) The front and exploded-view illustrations of the ultra-thin integrated optoelectronic
sensor with light-emitting elements with different colors and photodetectors. Inset: the features of the watch-chain interconnect. (C) Scanning electron
microscope images showing the surface morphology and thickness of optoelectronic elements. (D) Optical image of the watch-chain interconnect.
(E-H) Optical images of the skin-like device mounted on skin, then deformed by being pressed and squeezed. (1) Optical image of the skin-like systems
with the flexible circuit of wireless transmission. (J, K) Measuring principle of the skin-like device. Above: optical difference for detecting precise
waveform of PPG signals. Below: PTT signal detection by two sets of photodetectors.



signals to terminal devices such as a smart phone.
Figure 1J illustrates the principle of the light-
emitting and receiving sequence to realize the op-
tical difference method. Three light-emitting ele-
ments with different wavelengths are derived by
pulse light sequentially, which realize the optical
difference method against deformation disturbance.
The photodetectors can measure the waveforms of
the PPG signals at the different locations of the
artery (Fig. 1K), and then we can calculate the pre-
cise PTT value combined with the optical difference
method.

Light-emitting elements and photodetectors are
the inorganic semiconductors based on different
materials. When their thickness reaches the level of
10 pem, the semiconductors will become very brittle
and hard to be integrated. Here, we use the nano-
diamond grinding process to fabricate the ultra-thin
optoelectronics with high performance (Supple-
mentary Fig. S3). The fabricating steps start with
growing a AlGaInP/AlGaAs, InGaN/GaN quantum
well structure epitaxial on a GaAs/sapphire substrate
and doping impurity based on the silicon substrate,
respectively. Nano-diamond with different sizes
(diameter within 450 nm absolute error) is sorted
by centrifugation (Supplementary Table S1) and
mixes to a turbid liquid with deionized water (mass
ratio of 1:30). Then the optoelectronics are grad-
ually thinned by the turbid liquid. To confirm the
performance of thinned optoelectronics, we test the
electroluminescence (EL) spectra of light-emitting
elements and spectral responsibility of the photode-
tector, as shown in Fig. 2A and B. The threshold volt-
ages of the light-emitting elements are 2.5, 1.8 and
1.3 V, respectively, and the spectral responsibility
arrangement of the photodetector is 400-1200 nm.
The critical parameters of the ultra-thin optoelec-
tronics are the same as before the thinning process.

Generally, the shape of the interconnects de-
termines the stretchability of the skin-like device.
The most successful shape is the serpentine or
serpentine-based pattern. However, the serpentine
shape makes the actual length longer, which results
in power consumption and signal attenuation.
The interconnects for blood pressure monitoring
transmit high-frequency signals, and the parasitic
capacitance and large resistance will inevitably
occur if we still use the serpentine structure. Here,
we propose the watch-chain structure to guarantee
both stretchability and low impedance. Finite
element analysis (FEA) was utilized to analyze the
strain distribution during deformation, as shown in
Fig. 2C and Supplementary Fig. S4. Full 3D FEA
is adopted to analyze the deformation behaviors
of the ‘watch-chain’ interconnects under uniaxial
stretching. The Cu electrode (thickness 150 nm) is

supported by a thin layer of polyimide (P, thickness
4 um) and packaged by the film used in our device.
The elastic modulus (E) and Poisson’s ratio (v) of
Cu, PI and polyurethane film are 119 GPa/0.34,
2.5 GPa/0.34 and 4.68 MPa/0.5, respectively. Four-
node shell and eight-node solid elements are used
to analyze the interconnect wires and polyurethane
film, and the refined meshes are adopted to ensure
accuracy. In the condition of maximum pre-loaded
strain up to ~40%, the maximum strain in the
interconnects is limited within 10%, which is also
the fracture criteria of Cu [52]. The above analysis
demonstrates that the watch-chain structure greatly
improves the electronic and mechanical properties
of the device. In addition, real-time tests show that
the impedance of the watch-chain structure can
maintain its impedance unchanged when subjected
to a40% strain. We compare the stretching results of
the watch-chain and six parallel serpentine intercon-
nects (Supplementary Fig. SS), as shown in Fig. 2D.
Both structures are 1 cm in length and 150 nm in
thickness. The total width of six parallel serpentines
is the same as the watch-chain shape. The impedance
of the watch-chain interconnect is 5.2 €2, which is
27% smaller than 7.6 €2 of the six serpentine lines.
Also, the maximum strain loaded on the watch-chain
interconnect can reach 40%, which is larger than
the maximum strain of the serpentine line. We
repeat loading the applied strain of 0%-40%, and
the skin-like device can be cycled for >300 times
under this condition without any cracks (Fig. 2E).

Optical difference in the frequency
domain

Most commonly, problems in PTI' measurements
arise from motion artifact. False readings of the PTT
occur due to the irregular interference caused by
movement. This problem is particularly prominent
on skin-like devices due to the deformable charac-
ter. Here, we propose an optical difference in the
frequency domain to solve this problem, as shown
in Fig. 3A. We list two examples of PPG signals and
show the corresponding results processed by the op-
tical difference method, including under the stable
and motion artifact situation, respectively (Fig. 3B).
The three light-emitting elements are sequentially
illuminated for 100 s at a 2 ms period (Supple-
mentary Fig. $6), and PPG signals corresponding
to different light elements are simultaneously
detected by the time-multiplex method. The low-
pass frequency filter is responsible for suppressing
high-frequency noise in circuits, and its filter curve
is shown in Supplementary Fig. S7. Generally, the
original PPG signals are composed of alternating
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Figure 2. Optical, electrical and mechanical designs of the skin-like wearable device. (A) EL spectra of light-emitting ele-
ments (infrared light, red light and green light) and the spectral responsibility of photodetector used in the skin-like device.
(B) Current—voltage curves of the ultra-thin light-emitting elements. (C) FEA at the system level and optical images reveal
the displacement and strain distributions for uniaxial strains up to 40%. (D) Resistance comparison between six parallel
serpentine lines and watch-chain structure. The total width and length of these two structures are the same. Inset: optical
images of the two structures. (E) Images of the skin-like device with watch-chain interconnect under different strains after

being cycled >300 times.
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Figure 3. Principle of the optical difference in the frequency domain. (A) Processing steps of the optical difference in the time domain (FFT, fast Fourier
transform; IFFT, inverse fast Fourier transform). (B) Two examples of the waveform corresponding to the main steps in optical difference processing,
including the stable signals (top) and the signals affected by motion artifact (bottom). (C) PWSP and PWE on G-R (top) and G—IR (bottom) signals obtained
by optical difference and bandpass filter. (D) PTT calculated by the systolic peaks in (B). (E) Bar graph of the quantities of peak and valley counts in (B).
(F) Period time calculated by PWSE, PWE and their average. Error bars: standard deviation, 20 sets.

component (AC) and direct component (DC). AC  similar, the significance of the motion artifact is also
is caused by the variable, pulsatile component of  similar to each light. The AC intensities of each
the light absorption by arterial blood, while DC is  light are quite different when we set the DC at the
made up of the light absorption by tissue, venous  same level by adjusting the intensity of incident
blood and non-pulsatile arterial blood. Because light. Thus, the difference of the PPG intensities be-
the optical path of the light-emitting elements is  tween green and red/infrared can keep the useful AC



signals as well as effectively suppress the noise
caused by motion. The frequency spectrum of each
PPG signal is obtained via a fast Fourier trans-
form, and then the amplitude difference between the
green and red/infrared spectrum is calculated. At
this point, the peaks on the spectrum corresponding
to the pulse rate are clearly observed, which approxi-
mately equal to 1.35 Hz. Finally, the G-R and G-IR
signals are converted from the frequency domain to
the time domain by inverse fast Fourier transform.
A homemade algorithm can achieve the optical dif-
ference method, and the flow chart is shown in Sup-
plementary Fig. S8. We also use the sine wave sig-
nals with white noise to demonstrate efficiency. As
shown in Supplementary Fig. S9, the original sig-
nals are unable to read the 1 Hz frequency even
with a band-pass filter, while the optical difference
in frequency can recover the periodic signal. Thus,
the PPG signals are successfully separated from the
motion artifact, as shown in Fig. 3C. Then we can
easily obtain the precise time points of the pulse
wave systolic peak (PWSP) and pulse wave end
(PWE), which can be used to calculate the PTT value
(Fig. 3D). The peak and valley count of the two sig-
nals are the same as the predicted values, as shown
in Fig. 3E. The average periodic time of peak—peak,
valley—valley and pulse are near 0.67 s as shown in
Fig. 3F, which corresponds to the frequency of the
pulse rate.

Assessments in ICU

We propose a new model using virtual work to con-
nect PTT and CNAP. Blood vessels are subjected to
three types of stresses that are independent of the
radius of the vessels. They are the external strains
by other tissues (e.g. muscles), blood pressure and
the stresses resulting from the strain of blood vessels
themselves. The relationship between these three
stresses near PWSP and PWE can be expressed by
the virtual work equation:

20
Po = 112 (1

—rr—‘))—pmzo. (1)

In equation (1), Py, is the instant blood pressure
to the blood vessel; p, ry and r are the blood den-
sity, initial and current vessel radius, respectively; P,
is the external pressure to the vessel by other tis-
sues, including the pressure caused by motion arti-
fact. Then we can calculate the blood pressure via
equation (1) and the Beer-Lambert law:

Pggp = Ay + Biln(Ipc)

PRI B D, 2)
PTT? CIn(L/Ipc) |’

Ppgr = Ay + ByIn(Ipc)
C, |: D,

1 —
+ PTT? cm(IW/IDc)] - ©

where A, By 5, C1» and D; , are constants that can
be calibrated by experiments, and the detailed theo-
retical derivation can be seen in the Methods section.

The skin-like system assessments are made
on-site in Beijing Tsinghua Changgung hospital.
The ICU is prospectively selected to record IBP.
All the patients give written informed consent,
which is approved by the ethics committee of the
Tsinghua Changgung Hospital (Approval No.
18083-0-02). We use a closed-loop blood sampling
system (682051, Argon, USA) and patient monitor
(MX600, Philips) to record the IBP (Supplementary
Fig. $10). This blood sampling system is certificated
by the Gabarith test. The blood pressure is already
monitored by an arterial cannula in the vessel.
Drugs that may have a potential risk of changing the
elasticity of blood vessels are not used during the
experiments. Subjects keep the supine position, and
both upper arm or wrist are at heart level. Thus, no
potential energy affects the value of blood pressure.
The information for each patient, including age,
sex and breathing status, is recorded from their
medical identifications, as shown in Supplementary
Table S2. The skin-like system is mounted near the
position of the radial artery, and IBP is recorded by
the patient monitor for verifying the accuracy of the
skin-like systems (Supplementary Fig. S11). The
dual PPG signals monitored by our skin-like systems
are synchronized with IBP by a time marker.

We recorded the IBP and CNAP monitored by
our skin-like system on 44 subjects over 1500 min.
The estimated systolic and diastolic blood pressures
are summarized in Table 1 and Supplementary Ta-
ble S3, respectively. In general, the absolute errors of
the diastolic blood pressure (DBP) are smaller than
those of systolic blood pressure (SBP), because the
value of DBP is smaller than SBP. The correlation co-
efficients of SBP between estimated and invasive val-
uesrange from 0.62 to 0.96, and their mean value and
standard deviation (SD) are 0.82 and 0.08, respec-
tively. The root mean square of estimation errors
(RME) values of the 44 patients vary from 0.04%
to 7.08%, and the mean value is 3.05%. The proba-
bility distribution of errors is also evaluated. Out of
50 000 heartbeats from 44 patients, 94% of the esti-
mates were within the error range of S mm Hg, 4%
were within 5-10 mm Hg, while only 1% of the ab-
solute error was larger than 10 mm Hg.

Figure 4A and B, and Supplementary Fig. S12
illustrate the CNAP monitored by the skin-like
system and the IBP, respectively, as well as the
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Table 1. Statistical results of CNAP monitor from 44 subjects, where the estimated systolic blood pressure values are
compared with IBP, each subject being tested for >30 min.

Estimation error (%) Error distribution (%)4

Subject No. cc? RME® Mean® <5% <10% >10%

1 0.88 4.35 2.38 84.6 14.4 1

2 0.84 235 0.02 98 2 0

3 0.81 2.15 -0.29 99 1 0

4 0.92 6.92 2.61 56.4 36.4 7.2

S 0.8 3.8 0.83 96.1 3.9 0

6 0.87 249 -0.14 97.8 2.2 0

7 0.87 3.23 -15 98 2 0

8 0.76 1.67 -0.87 100 0 0

9 0.77 295 -1.04 93.9 6.1 0
10 0.69 2.73 -0.31 97.6 2.4 0
11 0.75 3.9 -0.23 81.3 18 0.7
12 0.88 2.84 -1.27 95.8 42 0
13 0.64 29 1.42 99.8 0.2 0
14 0.89 1.87 0.7 100 0 0
15 0.83 1.04 -0.35 97.5 2.5 0
16 0.86 241 -0.51 100 0 0
17 0.86 293 1.95 99.4 0.6 0
18 0.75 3.12 1.24 99.5 0.5 0
19 0.96 3.99 11S 98.5 15 0
20 0.94 4.03 -1.25 96.3 3.7 0
21 0.73 2.53 0.32 100 0 0
22 0.72 3.07 -0.19 100 0 0
23 0.74 2.55 -1.21 100 0 0
24 0.89 1.83 0.28 100 0 0
25 0.85 1.83 -0.07 98.5 1.1 0.4
26 0.73 1.71 1.03 99.4 0.6 0
27 0.75 2.54 1.24 95.6 4.1 0.3
28 0.78 1.75 0.26 100 0 0
29 0.73 6.7 0.42 75.7 20.4 3.8
30 0.9 2.77 0.47 99.9 0.1 0
31 0.69 5.37 1.61 74.4 22.6 3
32 0.93 7.08 -3.1 61.9 30.2 8
33 0.8 4.54 1.61 67.6 24.6 7.7
34 0.91 243 0.22 97.6 2.4 0
35 0.62 4.15 2.43 83.2 15.1 1.7
36 0.93 1.94 1.03 99.9 0.1 0
37 0.85 2.06 0.51 98.9 1.1 0
38 0.78 2.36 -0.67 100 0 0
39 0.93 4.19 1.29 93.6 6.4 0
40 0.77 2.54 -0.57 99.6 0.4 0
41 0.8 3.46 -1.53 94.1 5.9 0
42 0.8 3.35 0.71 95.8 4.2 0
43 0.88 1.67 -0.07 97.6 2.4 0
44 0.84 0.23 0 100 0 0
Max® 0.96 7.08 2.61 100.00 36.40 8.00
Minf 0.62 0.23 -3.10 56.40 0.00 0.00
Avg8 0.82 3.0 0.24 93.70 5.53 0.77
Sph 0.08 1.45 1.18 10.80 8.92 2.03

2CC, correlation coefficient between estimated and invasive values. "RME, root mean square of estimation errors. “Mean, arithmetic means of estimation
errors. 4Error distribution <5%, <10%, >10% represents range of normalized error within 5%, 10% and greater than 10%. “Max, maximum value. fMin,

minimum value. 8Avg, average value. "SD, standard deviation among 44 patients.
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Figure 4. Temporal course of (A) SBP and (B) DBP monitored by blood sampling system, skin-like systems, and their absolute errors from one subject.
(C, D) Sample size, error distribution and error standard deviation of each section of SBP and DBP. (E, F) Plots of the pressure difference between IBP
and CNAP monitored by the skin-like systems, and the mean pressure for IBP and CNAP, in 44 participants for SBP and DBP (the number of data points
is b5 910 for each). The two vertical lines divide the pressure scale into low, medium and high regions as defined in the clinic. (G, H) Plots of IBP versus
CNAP monitored by skin-like systems. The dotted line and center straight line represent theoretical and fitting linear regression, respectively.

estimation errors from a representative subject. The  of the experiment covers the scale from low to ultra-
errors of SBP and DBP do not exceed 10 mm Hg  high blood pressure as defined in the clinic. The ab-
in the comparison test over 1000 s. There is no  solute error and standard deviation are positively
significant difference between the CNAP and IBP.  correlated with the blood pressure value, and the
Figure 4C and D shows the CNAP distribution, the = maximum average error is ~10 mm Hg. Figure 4E
corresponding absolute errors, and the standard de- ~ and F shows the Bland-Altman plots correspond-
viation (SD) of the error. The sampled SBP and  ing to the monitored results, respectively. Here, the
DBP values range widely from 80/40 mm Hg to  difference of over 55 000 values is plotted against
200/110 mm Hg, respectively. The measuring range ~ the average values (in millimeters of mercury).



858 | Natl Sci Rev, 2020, Vol. 7, No. 5

Red (V)
oo o=
» OO 0 O

x1e-6

GR(V
A
[e)]

é

Pulse rate
(bpm)
(2]
o

s 4 :
o 7

©

©

o
[T T
O I

/\W\/
V\/\/\/\/\/\/\,

10 20 30 40 50 60 70
Time (s)

66.6

(mm
o
©
)

ST

Figure 5. Skin-like systems mounted on the wrist to detect the subject’s physiological
information while walking. (A) Images of the subject’s wrist to which were attached
the skin-like systems during walking. The skin-like systems were smeared by optical
filter dye to limit the ambient light interference. (B) The signal of original PPG, optical
difference, pulse rate, SpO, and blood pressure monitoring during subject walking.
Grey blocks: £0.5% and 410 mm Hg error.

Reference lines are marked to show £1.96 SD. The
£1.96 SD is 11/7 mm Hg respectively, which means
the construction of approximate 95% confidence in-
tervals. In our tests, the overall correlation coefhi-
cientis 0.95, and the typical erroris <10 mm Hgand
<S5 mm Hg, respectively.

The absolute errors of both SBP and DBP are less
than £10 mm Hg, and the data from skin-like sys-
tems follow a similar trend as those measured by the
blood sampling system. Overall, only 2.05% points
of systolic pressure (SP) and diastolic pressure (DP)
are outside the 95% limits of agreement. The average
difference between IBP and CNAP is <1 mm Hg, as
shown in Fig. 4G and H. These results demonstrate
the agreements of the two devices are also well.

Moreover, vital signs, including pulse rate, blood
oxygen saturation (SpO,) and blood pressure, were
monitored simultaneously in the walking scenario,
as shown in Fig. S. Also, we tested the performance
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with sitting and standing, as shown in Supplemen-
tary Fig. S13. In the experiments, one subject with
the skin-like wearable systems mounted on the wrist
was instructed to walk with arm movement. During
walking, the PPG signals were recorded and wire-
lessly transmitted to a host terminal (Fig. SA, Sup-
plementary Movie S2). The original PPG signal, G-
R signal, pulse rate, SpO, and blood pressure are
shown in Fig. SB. Because the traditional devices, in-
cluding fingertip oximeter and sphygmomanometer,
cannot measure vital signs precisely during human
walking, we monitored the SpO, and blood pressure
before walking as the standard value. During walk-
ing, the period of pulse is clearly shown in the G-R
signal, which is 70 bpm. The SpO, values by skin-
like systems are near 98.8% during walking, and the
maximum absolute error is less than +=1%. The mon-
itored SP and DP fluctuate near 143 mm Hg and
66 mm Hg, respectively, and the maximum absolute
error isless than 214 mm Hg. For the blood pressure
monitor, these are acceptable errors because the arm
swing during walking yields a strong noise signal. The
results demonstrate that the system can measure vi-
tal signs precisely and with no irritation to human
activities.

DISCUSSION

CNAP has found its greatest utility as an early warn-
ing of cardiovascular disease. Our skin-like systems
are an excellent tool. Here we propose skin-like op-
toelectronics systems for precise CNAP monitoring,
The stable optical measurements for the skin-like
optoelectronics system are investigated. We use the
virtual work principle to analyze the stress on the
blood vessel, and build up the relationship of blood
pressure, PIT and PPG. This theoretical analysis
is the foundation of precise CNAP monitoring.
The optical difference in the frequency domain
is an efficient solution for improving the perfor-
mance of skin-like optoelectronics. The skin-like
systems can be used for long-term monitoring in the
emergency or daily settings without any irritation
to the skin. Risks of allergy or other adverse reac-
tions are minimized due to the use of compatible
materials for the package. The skin-like systems are
demonstrated by monitoring the blood pressure
of 44 subjects over 1500 min, and the errors are
acceptable in terms of clinical diagnosis.

CONCLUSION

The skin-like systems are highly versatile for applica-
tions such as monitoring ICU patients or evaluating
physical conditions in daily life. Combined with
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Figure 6. The theoretical model for analyzing the variation of blood pressure by the vir-
tual work principle. (A) The parameters used to analyze the real stress acting through
the virtual displacement of the blood radius 8. rand h: radius and thickness of the
blood vessel, respectively; Py, and £, blood pressure to the blood vessel and the ex-
ternal pressure by other tissue, respectively. (B) A model for the light transmission
path through pulsating arterial blood, non-pulsating arterial blood, venous blood and
other tissues over several cardiac cycles. /y¢: alternating current; /pc: direct current
[30]. Copyright 2014, Wiley. (C) Typical PPG signals with motion artifact, including slow
and fast squeezing of the skin-like systems, bending the wrist and clenching fist, cor-
responding to sections 1—4. (D) Schematic of the optical path and tissue changed by
external stress.

a wireless many-to-one receiving terminal, the
systems are convenient to report all patients’ situ-
ations to the doctor simultaneously. Thereby, the
systems can serve as an early-warning functionality
in terms of cardiovascular disease or potential
patients. For example, the skin-like systems can be
used as a precautionary monitor to prevent chronic
or sudden diseases such as cardiac arrest. The same
platforms can also be applied to an exercise system
or sports competition to feedback every athletic
physiologic parameter and guide earlier supple-
mentation. In these scenarios or other interests, the
monitoring data could be accumulated and provide
information for big data analysis. The skin-like
systems could be broadly utilized and change the
quality of our life in different aspects, and open up
a new prospect in biomedical engineering for both
hospital diagnostic and daily healthcare.

METHODS

In human tissue, the blood vessels are always sub-
jected to three forces no matter how the blood pres-
sure changes, as shown in Fig. 6A. These forces are

produced by blood pressure (P, ), external pressure
(P..) by tissue, and the stress (W, ) in the blood ves-
sel. The blood vessels can be treated as isotropic lin-
ear elastic material with a round shape. The blood
vessel will be a stable state with a certain volume of
internal blood. Under this situation, the virtual work
equation can be expressed by:

/Pbp o8rds+/WU -dedv

+ /Pex - 8rds = 0, (M1)

where Py, is real-time blood pressure, 8 is the virtual
change of the radius, s, &€ and v are the surface of the
blood vessel, strain in the blood vessel, and volume
of the blood vessel, respectively.

When the radius r changes to r + §r, the virtual
work made by the three forces can be calculated as
follows. The first term related to Py, is:

r+d8r
/Php - 8rds = / Py, - (2mLx)dx

= nP;,prKM’ = LPy, (2r8r + 5r),
(M2)

where L is the length of the blood vessel. The 817 is
a second-order small value, and the equation (M2)
can be shortened as follows:

/Pbp - 8rds = 27TLPy,rér. (M3)

N

The fundamental principle of the PTI-based
method is based upon the pulse wave velocity
(PWV) recording through the Moens—Korteweg
(M-K) equation:

K Eh
PWV = — = [—,
PTT pd

which relates PWV and PTT with the elastic modu-
lus of the vessel wall E, blood density p, and arterial
dimension properties, such as vessel thickness & and
arterial diameter d. PWV is inversely related to PTT
(PWV = K/PTT), where K is the distance between
the two certain peripheral sites. The second term in

(M4)

equation (M1) can be expressed as follows:

r+é8r x —rp
/WU-(Ssdv:/ E-A d(2mx)
v r

ro

r+or
2 —
=/ PO 12710 ().
r PTT?h o

(Ms)



In equation (MS), A and rq represent the cross-
sectional area of the blood vessel. The vessel is a film
material and its thickness & is similar to constant
when the r changes. Equation (MS) can be com-
pacted as equation (M6):

4mpL
/U W, dedu= TOL(r —ro)ér. (M)

The third term in equation (M1) is similar to the
first term in equation (M6):

fPex - 0rds = 27LP,r ér. (M7)

N

Now the equation (M1) can be written as equa-
tion (M8):

4mpL
PTT?
—27LP,rdr = 0.

27LPy,rér — (r —ro)ér

(M8)

Here we define the direction away from the cen-
ter of the blood vessel as positive. Equation (M8)
can be compacted to equation (M9):

20 ( ro

- 1——)—Pex=0.
PTT?

P,
P r

(M9)

Each emitting light will be through a cutaneous
vascular bed and then reflect to the photodetector
during the detection of the PPG signal. The light ab-
sorption by blood and other tissue substances de-
termines the pulse-add component of the signal, as
shown in Fig. 6B. The fundamental principle of the
optical absorption in tissue is based upon the Beer—
Lambert law:

coeoLo c161L,

Lyt = Le el = Ipce (M10)

where I, I, and Ipc represent the output light in-
tensity, the intensity of the incident light, and the tis-
sue absorbed intensity, respectively; ¢1, €1, and L;
are the average substance concentration in blood, in-
dex of light absorption, and light path in the blood.
If the light source and photodetector are not very
close, the light will totally cross the blood vessel and
then turn back, as shown in Fig. 6D. The light path

L, will be proportional to the radius of the blood
vessel:
r=C-L. (M11)

C represents a certain constant in equation
(M11). The radius r can be calculated by equation
(M10) and (M11).

In a PPG period, the maximum and minimum in-
tensity are corresponding to DBP and SBP. The Py,
can be obtained with equations (M9) and (M12), as
shown in equation (M13):

C I
rz_ln( ) (M12)
€161 Inc
2p roci1€1
Py =Pyt ——|1—- ———— |
bp T e PTT2|: c1n(1m,t/IDc)]
(M13)

The motion artifact will introduce the extra pres-
sure to the external surface of the blood vessel.
Figure 6C represents typical PPG signals with mo-
tion artifact. Inc fluctuations are particularly large.
That means the main influences of the motion focus
on the outside of the blood vessel. Thus, we can add
extra pressure in equation (M13) to reflect the mo-
tion artifact:

2p
PTT?

] , (M14)

Pbp = P, + len(IDC) +

<[

where the added term is proportional to Ipc, as

roC1€1
Cln(Iout/IDC)

shown in Fig. 6D.
C, is constant. Then we can obtain the equations
about SBP and DBP:

Pasp = A, + Biln(Ip) + —
SBp = 411 In{ipc PTT?

D,
x [1 B c1n(1mm/1Dc)]’ (M15)

C,
Ppgp = Ay + ByIn(Ipc) + PIT?

D,
% [1 - Cln(Im/IDc)} - (M16)

Aj, B, Cip and Dy, are certain constants that
can be calibrated by experiments, and the SBP and
DBP can be derived through equations (M15) and
(M16).



RESEARCH ARTICLE

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.

FUNDING

This work was supported by the National Basic Research Program
of China (2015CB351904) and the National Natural Science
Foundation of China (11625207, 11320101001 and 11222220).

AUTHOR CONTRIBUTIONS

X. Feng, H. Li and Z. Liang designed the experiment. H. Li pre-
pared the soft structure. H. Li and S. Cai thinned the optoelec-
tronics. Z. Liang, Z. Wang, Y. Cao, Y. Xu, H. Zhou and H. Li moni-
tored the vital signs. B. Luand H. Li tested the signal. Z. Liang and
Z.Han set up the model for Finite Element Method. X. Feng, H.
Li, Y. Ma, Z. Liang and Y. Cao wrote the manuscript, which all
authors read and commented on. X. Feng is responsible for coor-

dinating the project.

Conflict of interest statement. None declared.

REFERENCES

1. Ding XR, Zhao N and Yang GZ et al. Continuous blood pressure
measurement from invasive to unobtrusive: celebration of 200th
birth anniversary of Carl Ludwig. /EEE J Biomed Health Inform
2016; 20: 1455-65.

2. De Greeff A, Lorde | and Wilton A et a/. Calibration accuracy of
hospital-based non-invasive blood pressure measuring devices.
J Hum Hypertens 2010; 24: 58-63.

3. Nicklas JY, Beckmann D and Killat J et al. Continuous noninva-
sive arterial blood pressure monitoring using the vascular un-
loading technology during complex gastrointestinal endoscopy:
a prospective observational study. J Clin Monit Comput 2019;
33:25-30.

4. Peng X, Schultz MG and Abhayaratna WP et al. Comparison of
central blood pressure estimated by a cuff-based device with
radial tonometry. Am J Hypertens 2016; 29: 1173-8.

. Lillie JS, Liberson AS and Borkholder DA. Quantification of
hemodynamic pulse wave velocity based on a thick wall multi-

ol

layer model for blood vessels. J Fluid Flow Heat Mass Transfer
2016; 3: 54-61.

6. Sharma M, Barbosa K and Ho V et al. Cuff-less and continuous
blood pressure monitoring: a methodological review. Technolo-
gies 2017; 5: 21.

7.Wang C, Li X and Hu H et al. Monitoring of the central
blood pressure waveform via a conformal ultrasonic device. Nat
Biomed Eng 2018; 2: 687-95.

8. Bilo G, Zorzi C and Ochoa Munera JE et al. Validation of the
Somnotouch-NIBP noninvasive continuous blood pressure mon-
itor according to the European Society of Hypertension Inter-
national Protocol revision 2010. Blood Press Monit 2015; 20:
291-4.

9. Ding X, Dai W and Luo N et al. A flexible tonoarteriography-
based body sensor network for cuffless measurement of arterial

20.

21.

22.

23.

24.

25.

26.

Lietal | 861

blood pressure. In: [EEE 12th International Conference on Wear-
able and Implantable Body Sensor Networks (BSN), Cambridge,
MA, 2015. New York: IEEE, 2015, 1-4.

. Fortin J, Marte W and Griillenberger R et al. Continuous non-

invasive blood pressure monitoring using concentrically inter-
locking control loops. Comput Biol Med 2006; 36: 941-57.

. Kashif FM, Verghese GC and Novak V et al. Model-based nonin-

vasive estimation of intracranial pressure from cerebral blood
flow velocity and arterial pressure. Sci Trans! Med 2012; &:
129rad4.

. Pereira T, Correia C and Cardoso J. Novel methods for pulse

wave velocity measurement. J Med Biol Eng 2015; 35: 555-65.

. Turner JR, Viera AJ and Shimbo D. Ambulatory blood pressure

monitoring in clinical practice: a review. Am J Med 2015; 128:
14-20.

. Mukkamala R, Hahn J-0 and Inan OT et al. Toward ubiquitous

blood pressure monitoring via pulse transit time: theory and
practice. /EEE Trans Biomed Eng 2015; 62: 1879-901.

. Buxi D, Redoute JM and Yuce MR. A survey on signals and sys-

tems in ambulatory blood pressure monitoring using pulse tran-
sit time. Physiol Meas 2015; 36: R1-26.

. Ding X, Yan BP and Zhang YT et al. Pulse transit time based

continuous cuffless blood pressure estimation: a new extension
and a comprehensive evaluation. Sci Rep 2017; 7: 11554.

. Salvi P, Magnani E and Valbusa F et al. Comparative study of

methodologies for pulse wave velocity estimation. J Hum Hy-
pertens 2008; 22: 669-77.

. Westerhof N, Stergiopulos N and Noble MIM et al. Wave travel

and pulse wave velocity. Snapshots of Hemodynamics: An Aid
for Clinical Research and Graduate Education. Cham: Springer
International Publishing, 2019, 165-73.

. Zhang YL, Zheng YY and Ma ZC et al. Radial pulse transit time

is an index of arterial stiffness. Hypertens Res 2011; 34: 884—7.
Luo N, Dai W and Li C et al. Flexible piezaresistive sensor patch
enabling ultralow power cuffless blood pressure measurement.
Adv Funct Mater 2016; 26: 1178-87.

Park SI, Brenner DS and Shin G et al. Soft, stretchable, fully im-
plantable miniaturized optoelectronic systems for wireless op-
togenetics. Nat Biotechnol 2015; 33: 1280-6.

Zhao J, Wang X and Liu L et al. Human skin-like, robust water-
proof, and highly breathable fibrous membranes with short per-
fluorobutyl chains for eco-friendly protective textiles. ACS App!
Mater Interfaces 2018; 10: 30887-94.

Kim SH, Jung S and Yoon IS et al. Ultrastretchable conductor
fabricated on skin-like hydrogel—elastomer hybrid substrates for
skin electronics. Adv Mater2018; 30: 1800109.

Hahn R, Rinésl H and Neuner M et al. Clinical validation of a
continuous non-invasive haemodynamic monitor (CNAP™ 500)
during general anaesthesia. Br J Anaesth 2012; 108: 581-5.
Jeleazcov G, Krajinovic L and Miinster T et al. Precision and ac-
curacy of a new device (CNAP™) for continuous non-invasive
arterial pressure monitoring: assessment during general anaes-
thesia. BrJ Anaesth 2010; 105: 264—72.

ChenY, Lu S and Zhang S et al. Skin-like biosensor system via
electrochemical channels for noninvasive blood glucose moni-
toring. Sci Adv2017; 3: €1701629.


https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaa022#supplementary-data

862

27.

28.

29.

30.

3

=

32.

33.

34.

35.

36.

37.

38.

39.

40.

| Natl Sci Rev, 2020, Vol. 7, No. 5

Chortos A, Liu J and Bao Z. Pursuing prosthetic electronic skin. Nat Mater2016;
15: 937-50.

Chung HU, Kim BH and Lee JY et al. Binodal, wireless epidermal electronic
systems with in-sensor analytics for neonatal intensive care. Science 2019;
363: eaau0780.

Hong Y, Lee B and Byun J et al. Key enabling technology for stretchable LED
display and electronic system. SID Symposium Digest of Technical Papers 2017,
48: 253-6.

Li H, Xu'Y and Li X et al. Epidermal inorganic optoelectronics for blood oxygen
measurement. Adv Healthc Mater 2017; 6: 1601013.

. Someya T, Bao Z and Malliaras GG. The rise of plastic bioelectronics. Nature

2016; 540: 379-85.

Yokota T, Zalar P and Kaltenbrunner M et al. Ultraflexible organic photonic skin.
Sci Adv2016; 2: 1501856.

Zhang Y, Zheng N and Cao Y et al. Climbing-inspired twining electrodes using
shape memory for peripheral nerve stimulation and recording. Sci Adv2019; 5:
eaaw1066.

KimY, Chortos Aand Xu W et al. A bioinspired flexible organic artificial afferent
nerve. Science 2018; 360: 998—1003.

Cai M, Nie S and Du YP et al. Soft elastomers with programmable stiffness as
strain-isolating substrates for stretchable electronics. ACS Appl Mater Inter-
faces 2019; 11: 14340-6.

Yao S, Swetha P and Zhu Y. Nanomaterial-enabled wearable sensors for
healthcare. Adv Healthc Mater2018; 7: 1700889.

Xue Z, Song H and Rogers JA et al. Mechanically-guided structural
designs in stretchable inorganic electronics. Adv Mater 2019; doi:
10.1002/adma.201902254.

Liu Y, Pharr M and Salvatore GA. Lab-on-skin: a review of flexible and
stretchable electronics for wearable health monitoring. ACS Nano 2017; 11:
9614-35.

Kim J, Gutruf P and Chiarelli AM et al. Miniaturized battery-free wireless sys-
tems for wearable pulse oximetry. Adv Funct Mater 2017; 27: 1604373.
Khan'Y, Han D and Pierre A et al. A flexible organic reflectance oximeter array.
Proc Natl Acad Sci USA 2018; 115: E11015-24.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

RESEARCH ARTICLE

Smith RP, Argod J and Pepin JL et al. Pulse transit time: an appraisal of poten-
tial clinical applications. Thorax 1999; 54: 452—7.

Kim EJ, Park CG and Park J et al. Relationship between blood pressure pa-
rameters and pulse wave velocity in normotensive and hypertensive subjects:
invasive study. J Hum Hypertens 2007; 21: 141-8.

Mukkamala R, Hahn JO and Inan OT et al. Toward ubiquitous blood pressure
monitoring via pulse transit time: theory and practice. /EEE Trans Biomed Eng
2015; 62: 1879-901.

Fung P, Dumont G and Ries C et al. Continuous noninvasive blood pressure
measurement by pulse transit time. In: The 26th Annual International Confer-
ence of the IEEE Engineering in Medicine and Biology Society, San Francisco,
CA, 2004. New York: [EEE, 2004, 738-41.

Westerhof N, Lankhaar JW and Westerhof BE. The arterial Windkessel. Med
Biol Eng Comput 2009; 47: 131-41.

Benes J, Simanova A and Tovarnicka T et al. Continuous non-invasive monitor-
ing improves blood pressure stability in upright position: randomized controlled
trial. J Clin Monit Comput 2015; 29: 11-7.

Ghosh S, Banerjee Aand Ray N et al. Continuous blood pressure prediction from
pulse transit time using ECG and PPG signals. In: 2016 IEEE Healthcare Inno-
vation Point-Of-Care Technologies Conference (HI-POCT), Cancun, 2016. New
York: IEEE, 2016, 188-91.

Liu J, Yan B and Zhang Y et al. Multi-wavelength photoplethysmography en-
abling continuous blood pressure measurement with compact wearable elec-
tronics. /EEE Trans Biomed Eng 2018; 66: 1514—25.

Griksaitis MJ, Scrimgeour GE and Pappachan JV et al. Accuracy of the Masimo
SET® LNCS neo peripheral pulse oximeter in cyanotic congenital heart dis-
ease. Cardiol Young 2016; 26: 1183-6.

Lim PK, Ng S-C and Lovell NH et al. Adaptive template matching of pho-
toplethysmogram pulses to detect motion artefact. Physiol Meas 2018; 39:
105005.

Sinex JE. Pulse oximetry: principles and limitations. Am J Emerg Med 1999;
17: 59-66.

Davis J. ASM Specialty Handbook: Copper and Copper Alloys. Metals Park:
ASM International, 2008.



