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E N G I N E E R I N G

Flexible Doppler ultrasound device for the monitoring 
of blood flow velocity
Fengle Wang1,2, Peng Jin1,2, Yunlu Feng3, Ji Fu4, Peng Wang1,2, Xin Liu1,2, Yingchao Zhang1,2, 
Yinji Ma1,2, Yingyun Yang3, Aiming Yang3, Xue Feng1,2*

Thrombosis and restenosis after vascular reconstruction procedures may cause complications such as stroke, but 
a clinical means to continuously monitor vascular conditions is lacking. Conventional ultrasound probes are rigid, 
particularly for postoperative patients with fragile skin. Techniques based on photoplethysmography or thermal 
analysis provide only relative changes in flow volume and have a shallow detection depth. Here, we introduce a 
flexible Doppler ultrasound device for the continuous monitoring of the absolute velocity of blood flow in deeply 
embedded arteries based on the Doppler effect. The device is thin (1 mm), lightweight (0.75 g), and skin conforming. 
When the dual-beam Doppler method is used, the influence of the Doppler angle on the velocity measurement is 
avoided. Experimental studies on ultrasound phantoms and human subjects demonstrate accurate measurement 
of the flow velocity. The wearable Doppler device has the potential to enhance the quality of care of patients after 
reconstruction surgery.

INTRODUCTION
The variation in blood flow in time and space contains abundant 
information regarding a person’s cardiovascular situation. Blood 
flow in arteries varies in a pulsatile manner because of intermittent 
heart pumping, and the flow velocity near the blood vessel wall is 
lower than that in the center of a vessel. The characteristics of vessels 
from different regions, such as their dimensions and compliance, 
have an impact on the hemodynamics occurring within them (1, 2). 
Flow velocity parameters can indicate thrombus, artery stenosis, 
hardening, occlusion, and other diseases (3–6). Long-term continuous 
monitoring of the blood flow velocity may be valuable in the diag-
nosis and prognosis of some vascular conditions (7, 8). For instance, 
ischemic stroke occurs when an artery to the brain becomes blocked, 
which is partly caused by narrowing of the carotid artery (stenosis) 
and the formation of blood clots that can block the carotid artery 
(thrombosis) or can break off and travel to the brain through the 
bloodstream (embolism). Carotid endarterectomy is an accepted 
and effective procedure for preventing strokes due to carotid artery 
stenosis (9), but acute thrombosis may occur at the endarterectomy 
and clamping sites within 72 hours, causing postoperative stroke and 
increasing postoperative morbidity and mortality (10, 11). Restenosis 
may occur even within 1 year because of intimal hyperplasia or the 
progression of an underlying atherosclerotic disease after surgery 
(9, 12). Prompt recognition and immediate reoperation are paramount 
(9, 10). However, patients are often examined only if ischemic symp-
toms recur (13), making immediate reoperation necessary. Post
operative thrombosis can also occur after other vascular reconstruction 
procedures, including angioplasty and stenting, and replantation 
operations. To prevent thrombosis at the site of vessel anastomosis 
after replantation surgery, a common assessment is a physical exam 
of the capillary fill and skin color every hour (14, 15). Patients can 
receive only a limited number of assessments when they are in the 

hospital and are sporadically or even not assessed after discharge, 
missing the opportunity to save their tissue/grafts (16). Therefore, 
continuous monitoring of the blood flow velocity of patients and 
evaluation of these conditions is necessary in clinical practice and 
health care settings.

At present, the common clinical way to measure blood flow is to 
use ultrasound equipment, including the handheld ultrasound de-
vice, which integrates the B-mode and Doppler function with rigid 
probes, resulting in high requirements on the handhold stability for 
the operator and possible compression to the local vessels. Implanted 
Doppler probes can achieve continuous monitoring but are limited 
by wired connection requirements (17–19). Other blood flow moni-
toring technologies have been proposed in recent years based on 
photoplethysmography (PPG) (20), thermal analysis (7, 21), and 
fringe-field capacitor technology (16). PPG and the fringe-field 
capacitive sensor provide only an estimate of changes in blood 
volume, and thermal analysis provides only a relative time-averaged 
value of the flow velocity. All three of these technologies are limited 
to measuring depths of only a few millimeters. Compared with light 
and heat, ultrasound has a higher penetration capability and causes 
no harm to the human body within a safe intensity (22). The ultra-
sound Doppler technique is the only method that can feed rapid changes 
in cardiovascular conditions back in real time, including the abso-
lute mean and peak velocity of blood flow. In addition, to detect 
small-vessel lumen reductions, the measurement of velocity changes 
is more sensitive than the measurement of flow (13). Flexible elec-
tronic devices are soft and wearable and have been proven to have 
the ability to monitor various vital signs continuously (23–29). In this 
work, we make use of the powerful features of ultrasound techniques 
and flexible electronics to reduce possible damage to patients.

Here, we present a flexible continuous-wave (CW) Doppler 
ultrasound device for the real-time, continuous monitoring of 
absolute blood flow velocity without averaging. The piezoelectric 
transducers are inclined to have a certain angle with the skin surface 
to emit oblique ultrasound beams to produce the Doppler effect. 
The soft and thin structure of the device ensures conformal light 
contact with the curved skin surface. The array design and the use 
of the dual-beam ultrasound Doppler (DBUD) method avoid the 
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influence of the Doppler angle on the velocity measurement and 
allow for obtaining absolute velocity, and thus eliminate the need 
for calibration. The device is demonstrated first by an ultrasound 
phantom and then on human arteries, showing its excellent ability 
to monitor blood flow velocity.

RESULTS
Working principle and device design
Ultrasonic measurements of blood flow velocity are based on the 
Doppler effect. Piezoelectric transducers transmit ultrasound waves 
with a frequency of f0 into the skin. When an echo comes from a 
moving scatterer (such as red blood cells), the received frequency fR 
has a certain deviation from the transmitted frequency, that is, a 
Doppler shift fD

	​​ f​ D​​  = ​ f​ R​​ − ​f​ 0​​  = ​  
2 ​f​ 0​​ Vcos 

 ─ c  ​​	

where c is the speed of sound, V is the flow velocity, and , known 
as the Doppler angle, is the angle between the axis of the ultrasound 
beam and the direction of flow, looking toward the transducer 
(Fig. 1A).

When the scatterer moves relative to the probe ( is not equal to 
90°), the received echo will exhibit a certain frequency shift. If the 
scatterer moves toward the probe (0 ≤  < 90°), the echo frequency 
will be higher than the transmitted frequency, which is called “for-
ward”; if the scatterer moves away from the probe (90° <  ≤ 180°), 
the echo frequency will be lower than the transmitted frequency, 
which is called “reverse.”

The Doppler signal of blood flow is a mixture of many single-
frequency signals of scatterers with different velocities in the blood 
flow. Each of these has a particular amplitude, frequency, and phase 
(Fig. 1C). The actual received signal needs to be demodulated before 
extracting Doppler signals (1, 30). Relatively low-frequency Doppler 
signals from slowly moving vessel walls and muscular tissue will be 
eliminated from the output by applying a high-pass filter (1, 31). 
The power spectrum is computed by spectral analysis to display the 
relative contribution of each frequency component to the original 
signal along a vertical line. The height represents a frequency bin, 
which can be converted into a velocity value, and the brightness 
represents the signal power or intensity for the bin, which is also the 
relative number of scatterers with the corresponding velocity (the 
rightmost image of Fig. 1C). The detailed signal processing proce-
dure is described in note S1.

CW Doppler is used in our device. One transducer continuously 
transmits an ultrasound beam, and another adjacent transducer re-
ceives the scattered echoes from the blood. Alternatively, one middle 
transducer receives and two adjacent transducers transmit simulta-
neously to reinforce sound intensity for a larger depth of penetra-
tion. CW Doppler offers simple signal processing, easy operation, 
and an unlimited maximum measurable flow velocity compared 
with pulse-wave Doppler (further discussions are provided in note 
S2) (1, 30). Flow velocities in small vessels like capillaries are very 
low, which have little impact on the monitoring of carotid, branchial, 
and other arteries.

To design a flexible Doppler ultrasound device, the key problems 
are producing ultrasonic Doppler effects and determination of the 
Doppler angle . To solve the first problem, we used the angled 
transducer array to generate oblique ultrasound beams so that there 

is relative motion between the ultrasound beams and the scatterers. 
The second problem is solved by DBUD method (see the “DBUD 
method” section). On the basis of this principle, we designed a flexible 
Doppler ultrasonic device as shown in Fig. 1B. The device consists 
of a 3 by 3 array of oblique 1-3 composite piezoelectric transducers, 
flexible circuits, and a soft silicone package. With a working fre-
quency of 5 MHz, the piezoelectric transducer is 1.5 mm by 1.5 mm 
in size and has a certain inclination angle to realize oblique inci-
dence of the ultrasound beam and produce the Doppler effect with 
the scatterers in the moving blood flow (Fig. 1D). The design avoids 
the phase control problem of phased array technology because of the 
curved skin surface (a further discussion is provided in note S2). 
The working frequency of 5 MHz ensures sufficient intensity of 
ultrasonic waves scattered from the carotid blood flow and avoids 
significant attenuation losses (see more in note S4). The 1-3 com-
posite has low acoustic impedance (15 megarayleigh) and thus can 
achieve better acoustic impedance matching with the silicone sub-
strate and human skin. Each transducer contacts the top common 
ground electrode and the bottom exclusive simulating electrode. 
The top ground and bottom electrodes are routed to the same plane 
through a copper patch. The multielement design (0.3 mm apart from 
each other) in each row helps cover the blood vessel below, ensuring 
that ultrasound beams pass through blood flow and avoiding high 
operation requirements. The overall thickness is only 1.04 mm, and 
the weight is approximately 0.75 g. Ecoflex silicone has an ultralow 
modulus of only approximately 5 kPa (23). The fabrication process 
of the device is based on photoetching technology and dry etching, 
which ensure the patterning of Cu/polyimide (PI) electrode on the 
silicone substrates with slopes (see Methods and fig. S2). The device 
can be attached to a curved surface and bear large deformation 
(Fig. 1E).

Device characterization
Piezoelectric transducers with different inclination angles are used 
to avoid adjusting the angle for various parts of the human body, 
such as the traditional ultrasound probe examination, and to over-
come the influence of the Doppler angle on velocity measurement 
by using the DBUD method (see the “DBUD method” section). When 
considering the determination of the inclination angle , note first 
that due to the acoustic impedance mismatch between the Ecoflex 
substrate and skin, ultrasound will refract on the interface; thus, the 
angle of the ultrasonic beam injected into the vessel  is greater than 
 (Fig. 2A). The incident wave will lose part of the energy because of 
reflection, and the intensity ratio of the transmitted wave to the in-
cident wave It/Ii is given by the following formula

	​​  ​I​ t​​ ─ ​I​ i​​
 ​  = ​   4 ​Z​ 1​​ ​Z​ 2​​ ​cos​​ 2​   ───────────  

​(​Z​ 1​​ cos  + ​Z​ 2​​ cos )​​ 2​
 ​​	

where Z1 and Z2 refer to the acoustic impedances of the Ecoflex and 
skin, respectively. The larger is the inclination angle, the greater is 
the energy loss of the incident wave (Fig. 2B). On the other hand, 
the smaller is the inclination angle, the smaller is the Doppler fre-
quency shift. To obtain the appropriate frequency shift and avoid 
significant refraction energy loss, we set  at 17°, 20°, and 23° in the 
three rows of transducers, with refraction angles of 26.76°, 31.78°, 
and 36.99°, respectively (the sound velocities of human tissue and 
Ecoflex are set to 1540 and 1000 m/s, respectively). If the transducer 
arrays contain more rows, the range of inclination angle can be set 
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larger to fit various arteries. The beam pattern of the transducer 
with a 20° inclination angle is calculated using finite element analy-
sis software (COMSOL Multiphysics 5.0). The results show that the 
transducer has excellent beam directivity (Fig. 2C).

Stable performance is very important for flexible ultrasound de-
vices attached to the deformable skin surface. We measured the 
pulse response and frequency response of the transducer before and 
after being bent 500 times (Fig. 2, D and E). The results show that its 
performance remains unchanged before and after bending, and the 
central frequency is stable at approximately 5 MHz. In addition, the 
device does not need to be pressed by hand to maintain stability 
during operation. Because of its extremely low weight, the pressure 
on the skin is much smaller than that of the traditional probe. 
Figure 2F compares the pressure produced by the device attached 
to the skin with that produced by a traditional probe (5-MHz 
double-crystal Doppler probe; Lanhui Chaosheng Company). Our 
device applies minimal pressure (approximately 15 Pa) due to its 

light weight, while the pressure from the traditional probe can ex-
ceed 1000 Pa, and its variance is considerably large. This results in 
discomfort and inaccurate recordings when the traditional probe is 
used for monitoring over long periods and may cause damage espe-
cially for postoperative patients with fragile skin.

In vitro device characterization
The device was first tested on a standard ultrasound phantom. The 
ultrasonic phantom is a testing device consisting of tissue-mimicking 
material and blood-mimicking fluid that simulates the acoustic 
characteristics of real human tissues. The ultrasound phantom that 
we used was Optimizer 1425A (Gammex Inc.), which has a variable 
flow system and a 5-mm-diameter vessel placed horizontally at a 
depth of 20 mm (Fig. 3A). Figure 3B shows the Doppler spectrum of 
the blood-mimicking flow under different velocities. Within 12 s, we 
adjusted the peak flow velocity (PFV) to 60, 40, and 20 cm/s succes-
sively. In general, the flow velocity near the vessel wall is slower than 

Fig. 1. Schematic diagram of the principle and design of the Doppler ultrasonic device. (A) Schematic of the Doppler ultrasonic device. The device continuously 
transmits ultrasound waves and receives echoes from a moving scatterer (such as red blood cells). (B) Schematics (left) and exploded view (right) of the device structure. 
ACF, Anisotropic Conductive Film. (C) Detection concept. Each received echo is Doppler-shifted relative to the frequency transmitted by the transducer, which is related 
to the velocity of the scatterer. A mixture of Doppler frequency shifts that changes from moment to moment and from place to place within the vessel lumen is produced 
by many moving scatterers in blood flow. After demodulation and power spectral density (PSD) analysis, the Doppler spectrum that contains the absolute frequency shift 
or velocity is obtained. (D) Optical image of the cross section of the semifinished device before top electrode bonding. The device with transducer arrays, bottom electrodes, 
and substrate was placed on a glass plate. (E) Optical image of the device when bent around a curved surface. Photo credit: Fengle Wang,  Tsinghua University.
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that near the center because of friction; thus, the flow produces a 
mixture of large and small Doppler frequency shifts. As Fig.  3B 
shows, from 60 to 20 cm/s, the peak Doppler frequency shift de-
creased, the range of the frequency shift was reduced, and the inten-
sity of the Doppler signal increased. These results indicate that 
when the velocity range of scatterers decreases, the number of scat-
terers with similar velocities increases. We calculated the peak 
Doppler frequency shifts produced by transducers with three incli-
nation angles at three velocities by using the modified geometric 
method (32). With increasing inclination angle and velocity, the 
peak frequency shift rises, which can also be concluded from the 
Doppler equation (Fig. 3C).

DBUD method
The ultrasound Doppler effect can accurately measure the blood 
flow velocity, but the angle between the direction of flow and the 
ultrasound beam must be known. The problem is that the angle be-
tween the direction of the vessel and skin surface is uncertain. A 
commercial ultrasound machine that can carry out B-mode ultra-
sound imaging can calculate the Doppler angle from an image. 
Taking advantage of piezoelectric transducer arrays with different 
inclination angles, we can overcome the influence of the Doppler 
angle on the velocity measurements to quantitatively measure the 
flow velocity. The principle of this method, which is called DBUD, 
is shown in Fig. 3D. Two beams with different angles of incidence, 

Fig. 2. Device characterization and performance. (A) Schematic of oblique incidence of the ultrasound beam through the Ecoflex substrate and skin. The ultrasound 
beam will refract on the interface because of acoustic impedance mismatch. (B) Relationship between the intensity ratio of the transmitted wave to the incident wave and 
the inclination angle of the transducer . (C) Simulated beam pattern of a piezoelectric transducer with a 20° inclination angle. (D and E) Impulse response (A) and fre-
quency response (B) of the transducer before and after being bent 500 times. (F) Comparison of the amount of pressure applied to the skin during measurements. The 
dark, dark gray, and light gray lines represent three measurements of variations in the pressure with time produced by the commercial probe. The red line represents the 
results of our Doppler device.
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1 and 2, are emitted by CW transducers. According to the 
Doppler effect and geometrical conditions, we obtained the follow-
ing equations

	​​ ​

⎧

 
⎪

 ⎨ 
⎪

 

⎩

​​​ 

​f​ D1​​  = ​  2v sin ​​ 1​​ ─ c  ​ ​f​ 0​​

​  ​f​ D2​​  = ​  2v sin ​​ 2​​ ─ c  ​ ​f​ 0​​​   

​​sin​​ −1​​(​​sin ​ ​​ 1​​ ─  ​​)​​ − ​sin​​ −1​​(​​sin ​ ​​ 2​​ ─  ​​)​​  = ​ ​ 1​​ − ​​ 2​​​

​​​	

where  is the refractive index, c is the sound velocity in blood, and 
1 and 2 are the Doppler angles. From these equations, a unique 
solution of Doppler angles, flow velocity v, and inclination angle of 
vessel  can be derived (see note S3).

Through pairwise calculations of the previous Doppler peak shifts 
produced by the 17°, 20°, and 23° transducers, the obtained Doppler 
angles are close to theoretical values (Fig. 3E). Using the calculated 
Doppler angles, we measured the blood-mimicking flow under dif-
ferent PFVs from 20 to 100 cm/s. The results show good agreement 

Fig. 3. In vitro device validation. (A) Structure specification of ultrasound phantom. (B) Doppler spectrum of blood-mimicking flow with PFVs varying from 60 to 20 cm/s 
by using 17° transducers. The time is represented on the horizontal axis of the Doppler spectrum at the base of the display. The frequency bin is shown on the vertical axis 
of the spectrum, which can be converted into a velocity value using the Doppler equation. Both the forward and reverse Doppler signals are displayed simultaneously on 
the same spectrum, with flow toward the transducer displayed on the positive half-axis and flow away from the transducer displayed on the negative half-axis. The dis-
tribution of frequency bins within the sample volume is illustrated by the brightness of the spectral display. The brightness of a pixel is proportional to the number of 
scatterers causing that frequency shift at that specific point in time. (C) Measurements by 17°, 20°, and 23° transducers at three PFVs of 20, 40, and 60 cm/s. (D) Schematic 
of the DBUD method. (E) Calculations of the Doppler angle  by using the pairwise results of the Doppler peak shifts produced by the 17° (1), 20° (2), and 23° (3) transduc-
ers. Error bars represent ±SD (N = 5). (F) Measured PFV versus true PFV curves. Error bars represent ±SD (N = 5). (G) Schematic of the flow through a constriction followed 
by a rapid expansion downstream, showing the regions of turbulence. (H) Spectra of flow in the normal segment of the tube (left) and flow around the narrowing site 
(right). The velocity increases as the blood flows through the narrowing site (from left to right) followed by an area of flow reversal beyond the narrowing.
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with the actual PFV, and the SD of the PFV is within 2% (Fig. 3F). 
The relative error of PFV is below 8.69%. The method can effectively 
calculate the Doppler angle and measure the absolute flow velocity 
without calibration.

In vitro narrowing experiment
Atherosclerosis or a thrombus can cause artery narrowing (stenosis) 
(33). Narrowing leads to increased resistance to blood flow, and ex-
cessive narrowing even completely occludes the artery. Blood gen-
erally flows through arteries in a laminar flow pattern, namely, the 
movement of blood in parallel lines. However, the velocity increases 
suddenly as the blood encounters a stenosis, causing turbulence 
beyond the narrowing (13). An in vitro narrowing simulator was 
developed, as shown in Fig. 3G. The blood-mimicking fluid flows at 
a constant speed in a silicone tube with an inner diameter of 8 mm. 
A 3-mm-long segment was cut from a silicone tube with an outer 
diameter of 8 mm and an inner diameter of 4.8 mm and was then 
inserted into the former tube to simulate narrowing. The left side of 
Fig. 3H shows the spectrum of flow in the normal segment of the 
tube, where the blood flow is relatively regular. Only positive flow 
occurs (PFV, 70 cm/s), and the flow velocity is relatively consistent. 
The figure on the right is the spectrum of flow around the narrow-
ing site. The spectrum of velocity is obviously broadened, with an 
unstable peak velocity (>180 cm/s) and reverse flow, which are the 
characteristics of turbulence. Therefore, our device can capture the 
flow characteristics of the fluid under different conditions.

Blood flow velocity monitoring
Compared with constant flow, blood flow is pulsatile, producing a 
jumble of Doppler frequency shifts that changes from moment to 
moment. Spectrum analysis provides quantitative information for 
blood vessels. We first show an accurate measurement of the carotid 
blood flow velocity and compare it with the result of a commercial 
ultrasound machine. The carotid artery is approximately 25  mm 
below the surface of the skin (23). It transports the blood pumped 
from the heart to the brain and therefore is positively associated with 
cerebral blood flow (34). A typical carotid blood flow spectrum was 
measured using our device, showing five feature points (Fig. 4A). 
The first peak systolic velocity (PSV) was the peak velocity S1, which 
can be used as an ejection parameter in cardiac systole (35). The 
velocity in the late systole was augmented as the second systolic 
velocity S2. The peak diastolic velocity, D, was the maximum velocity, 
which increased owing to the elastic recoil of arteries during diastole. 
I was the incisura between systole and diastole, and d represented 
the end-diastolic velocity (EDV) (36). We used an EPIQ 7 ultrasound 
machine (Philips Ultrasound) for validation, which exhibited 
remarkable correspondence (Fig. 4B). From various combinations 
of the PSV, EDV, and time-averaged peak velocity (TAPV), some 
blood velocity indices or ratios can be derived, such as the resistance 
index (RI), which is widely used to measure the pulsatility, i.e., the 
resistance to blood flow, and is suggested to be used for analyzing 
arteries with continuous forward flow throughout diastole, such as 
the carotid artery (37). The RI is defined as

	​ RI  = ​  PSV − EDV ─ PSV  ​​	

and ranges between 0 and 1. The blood flow parameters calculated 
from spectrum, including PSV, EDV, TAPV, and RI, were compared 
with those obtained by a commercial ultrasound machine. The results 

strongly proved the accuracy of blood flow measurement by our 
device (Fig. 4C). In addition to the spectrum, the measurement re-
sults can be displayed in the form of Doppler audio because Doppler 
shifts are in the audible range (from 20 Hz to 20 kHz) (Fig. 4D and 
movie S1). Doing so takes advantage of the human ear’s capabilities 
to aurally identify certain features of the Doppler flow signal. For 
instance, a distinctive whining or whistling sound is heard in severe 
carotid artery stenosis (1).

The pulsatility of blood flow in arteries varies from center to pe-
riphery. The carotid blood flow in Fig. 4A shows a low-pulsatility 
waveform with broad systolic peaks and persistent forward flow 
throughout diastole. The term waveform means the shape of the 
“wave” on the Doppler frequency spectrum. Waveforms obtained 
from peripheral arteries have a different appearance, with narrow 
systolic peaks and reversed or absent diastolic flow due to high-
resistance distal vascular beds (13). A typical example is the tripha-
sic waveform of blood flow in an extremity artery at rest. The first 
phase (1) is systolic forward flow, the second phase (2) is brief dia-
stolic flow reversal, and the third phase (3) is diastolic forward flow. 
Sometimes the late diastolic component is absent in a biphasic wave-
form. We used a commercial ultrasound machine (Fig. 4F, top row) 
and the flexible device (Fig. 4F, bottom row) to verify the small pe-
ripheral arterial blood flow, including the brachial, radial, and 
dorsalis pedis arteries. High-pulsatility waveforms of peripheral 
artery flow were observed. Arteries closer to the distal end, such as 
the radial and dorsalis pedis, have smaller diameters and higher pe-
ripheral resistance, exhibiting a decrease in PSV and relatively large 
reverse blood flow. The results of the commercial ultrasound 
machine and the flexible device showed good consistency.

The Doppler spectrum contains abundant information related 
to factors affecting cardiovascular health, such as age, sex, body height, 
and weight (38). Changes in both physiological and pathological 
conditions will alter peripheral resistance and flow patterns. The 
triphasic waveform in extremity arteries at rest converts to a low-
resistance, monophasic pattern after exercise because the capillary 
bed opens and peripheral resistance is reduced (1). Figure 4E shows 
the continuous measurement of radial artery blood flow after exer-
cise. The flow waveform gradually transitions from a low-pulsatility 
monophasic pattern to a high-pulsatility pattern, and last, reverse 
flow appears. The PSV gradually decreases because cardiac output 
decreases and flow resistance increases. The device can continuous-
ly illustrate changes in vascular resistance, proving its role in cap-
turing the characteristics of blood flow.

Cuff experiments
We used a flexible Doppler device to monitor the behavior of the 
brachial artery from the fully closed state to an open state. A sche-
matic of the measurement setup is shown in Fig. 5A. An inflatable 
cuff was wrapped around the upper arm. It was then inflated well 
above 140 mmHg to occlude arterial flow and then slowly deflated. 
At some point, the artery reopened, and blood flow resumed (Fig. 5B). 
When the cuff pressure was high, the vessel was closed, and there 
was no Doppler shift signal that could be detected. With the decrease 
in cuff pressure, shift signals appeared suddenly at a certain pressure 
level, obvious blood flow signals occurred, and the peak shift grad-
ually increased (left side of Fig. 5, C and D). The first marked shift 
signal in this process, that is, the bright short lines in the low-
frequency zone in the figure, was mainly caused by the movement 
of the artery wall. The cuff pressure at it equaled the systolic blood 
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pressure. The relatively small motion of an uncompressed brachial 
artery does not generate a detectable Doppler shift signal, but if a 
cuff wrapped around the arm is inflated to a level between the sys-
tolic and diastolic arterial pressures, the artery wall will generate 
distinctive Doppler shift signals, and it opens much more abruptly 
than it closes (39). On the right side of Fig. 5 (B and C), the spec-
trum of the motion signal of the artery wall below 400 Hz is shown 
after filtering out blood flow signals with high frequency shifts. With 
the opening of the blood vessel, the blood flow gradually resumed, 
and the peak frequency shift of the vessel wall decreased. The signal 
as the artery opened was more obvious than the signal of blood flow, 

but the closure signal is difficult to detect because of its low frequency 
shift (39), which can be solved by increasing the transmit frequency 
of the piezoelectric transducer or reducing its inclination angle 
(because the artery walls move perpendicular to the direction of 
blood flow). Movie S2 shows Doppler audio during this opening of 
the brachial artery in the right arm.

DISCUSSION
The flexible and lightweight Doppler ultrasound device supports 
noninvasive, real-time, and continuous monitoring of blood flow velocity 

Fig. 4. Blood flow velocity monitoring. (A) Typical carotid blood flow spectra during a cardiac cycle (left) and several cycles (right). Feature points are marked in the left 
image. Insets: An image showing the device mounted on the neck. (B) Spectrum of carotid blood flow from a commercial ultrasound machine. (C) Calculated key blood 
flow parameters compared with those obtained by the commercial instrument. Error bars represent ±SD (N = 5). (D) Doppler audio waveform of measured carotid blood 
flow. (E) Continuous measurement of radial artery blood flow after exercise. The flow waveform gradually transitions from a low-pulsatility monophasic pattern [low re-
sistance (LR)] to a high-pulsatility pattern [high resistance (HR)]. All the spectra of (A) to (F) use the same color bar as in (A). (F) Measurements of peripheral arteries (bottom 
row) and validation (top row) by a commercial instrument. Columns (left to right): brachial artery, radial artery, and dorsalis pedis artery. The small red circles represent 
the PSV (solid line) and maximum reverse flow velocity (dotted line). The numbers 1, 2, and 3 represent the three phases of blood flow.
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in human arteries. Compared to the clinical ultrasound machine, 
the device avoids complex imaging (for Doppler angle measuring), 
requires no experienced operator, applies much smaller pressure, and 
thus helps with long-term monitoring. Compared to other blood 
flow monitoring technologies, it can provide the absolute velocities 
of all moving scatterers in the sample range and require no calibra-
tion by using the DBUD method. Strategic designs of the material 
composition and the microfabrication procedure ensure that it can 
be attached to the curved skin surface and provide satisfactory signal 
quality with no coupling agent. The penetration performance of 
ultrasound makes detecting arterial blood flow velocity possible at a 
depth of at least 25 mm. The previously unidentified application, 
angled array design with DBUD method, and practical fabrication 
process make the device an advance from the prior flexible ultrasound 
devices (23, 40). The device could be used for blood flow velocity moni-
toring after vascular reconstruction procedures or preventive home 
care exams of some chronic vessel diseases, such as diabetic foot.

Motion artifacts in real-world conditions will bring large noise 
in the velocity measurement at present. Experiments in our work 
require the subject to keep the measured position still. The problem 
needs to be studied further in the future. Future work also includes 
integrating post-end functions, such as analog circuits, signal pro-
cessing, analog-to-digital converters, wireless communication, and 
a power supply, to improve the overall wearability and reduce system 
power consumption. Piezoelectric transducers with a higher working 
frequency and smaller inclination angles can be used to further re-
duce the thickness of the device. For example, a 7.5-MHz piezoelectric 
transducer could be used, with a size of 1.5 mm by 1.5 mm by 0.2 mm, 

an inclination angle of 10°, and a height of only approximately 460 m. 
A higher driving voltage enables a larger detection depth.

METHODS
Fabrication of flexible Doppler ultrasonic device
Flexible and stretchable conduct wire
The fabrication process started with the preparation of PI with a 
thickness of 10 m by spin coating on a silicon wafer. The PI film 
was cured at 80°C for 10 min, 120°C for 10 min, and 140°C for 
30 min. Cu was deposited with a thickness of 400 nm on the wafer 
by an electron beam. Then, it was etched into designed patterns by 
photolithography with a photoresist (AZ5214E) as the mask. Thus, 
we obtained a PI film with a shaped Cu conductor.
Fabrication of soft substrates
Two Cu molds for the top and bottom substrates were processed by 
machining. Ecoflex (00-30, Smooth-On) was then poured into them 
to undergo 3 hours of curing. The top and bottom substrates were 
then peeled off from the molds.
Integration
The PI film was transferred to the substrates. Then, two films with top 
and bottom electrodes were patterned by dry etching with reactive 
ion etching. Nine 1-3 composite piezoelectric transducers (Baoding 
Xinwei Dianzi Technology Co. Ltd.) and two copper patches were 
bonded to the bottom electrode on a soft substrate by conductive silver 
paint (Conduction CD-03). Next, the top electrode was bonded to the 
transducers and copper patches, and then, they were cured at 70°C for 
half an hour. Last, the device was encapsulated in a designed mold 

Fig. 5. Monitoring of blood flow and artery wall motion in cuff experiments. (A) Measurement setup, with our device and an inflatable cuff wrapped around the 
upper arm. (B) Schematic of the measurement. The cuff is initially inflated above 140 mmHg to occlude arterial flow. Then, the artery reopens, and blood flow resumes at 
some point as the cuff pressure declines. (C and D) Doppler spectra and cuff pressure variations (white dashed line) of the right brachial artery (C) and left brachial artery 
(D). The graphs in the right panels of (B) and (C) show the motion of the artery wall. The small red circles represent the systolic arterial pressure.
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with Ecoflex and vacuumized to remove any interfacial gaps (fig. S2). 
Curing was performed at room temperature for 3 hours.

Measurement and data analysis of the blood flow velocity
The blood flow velocity measurement was carried out on a healthy 
male aged 26 under the approval of the Institutional Review Board 
(IRB) of Tsinghua University, Beijing. The device was activated by 
sinusoidal excitation (waveform generator DG1000; RIGOL Tech-
nologies Inc.) at a peak-to-peak voltage of 10 V. The echo signal was 
received by an oscilloscope (PXI-5922) with a sampling rate of 
15 MHz after preamplification (CTS-8682, Guangdong Goworld 
Co. Ltd.). An ultrasound machine (EPIQ 7, Philips Ultrasound) was 
used to validate the measurement results. The Doppler spectrum was 
plotted by using the jet colormap in MATLAB R2020b.

Contact pressure measurements
The comparison of the contact pressure on skin when using the com-
mercial probe and flexible Doppler device was measured on the forearm 
of a healthy 26-year-old male. A 5-MHz double-crystal Doppler probe 
(Lanhui Chaosheng Company) was held by hand to detect the blood 
flow in the radial artery. In the meantime, a thin-film pressure sensor 
(RFP602, Yubo Intelligent Technology Co. Ltd.) was bonded in the 
surface of the probe transducer. We used a DC resistance meter 
(TH2515, Tonghui Electronic, China) to measure the sensor resist
ance and transform it to pressure. According to the area of the pres-
sure sensor, the measured pressure value can be transformed to the 
intensity of pressure. The intensity of pressure of our device on skin 
was concluded from its weight divided by the area.

Cuff experiments
The monitoring of blood flow and artery wall motion was assessed 
on a healthy 24-year-old male lying on a bed under the approval of the 
IRB of Tsinghua University, Beijing. A sphygmomanometer (Yuwell 
Medical) with an inflatable cuff and a manometer was used.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi9283
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