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A B S T R A C T   

Vascular pedicle thrombosis after free flap transfer or solid organ transplantation surgeries can lead to flap 
necrosis, organ loss requiring re-transplantation, or even death. Although implantable flow sensors can provide 
early warning of malperfusion and facilitate operative salvage, measurements performed with existing tech-
nologies often depend on extrinsic conditions such as mounting methods and environmental fluctuations. 
Furthermore, the mechanisms for fixing such probes to vascular or skeletal structures may disrupt the normal 
blood flow or cause unnecessary tissue damage. Requirements for wired connections to benchtop readout sys-
tems also increase costs, complicate clinical care and constrain movements of the patient. Here, we report a 
wireless, miniaturized flow sensing system that exploits sub-millimeter scale, multi-nodal thermal probes, with 
biodegradable barbs that secure the probes to the surrounding tissues in a manner that facilitates removal after a 
period of use. These smartphone-readable devices, together with experimentally validated analytical models of 
the thermal transport physics, enable reliable, accurate flow sensing in ways that are largely immune to varia-
tions in temperature and mechanical perturbations. In vivo demonstrations of this technology in porcine myo-
cutaneous flap and kidney malperfusion models highlight the essential capabilities in microsurgical and 
transplantation-related biomedical application scenarios.   

1. Introduction 

Vascularized free tissue auto- or allotransplantation is the ultimate 
means to treat the loss or dysfunction of a vital body part. For example, 
autologous free flaps replace areas of missing tissue after traumatic 

injury or oncologic resection, while allotransplanted kidneys and livers 
can be lifesaving in cases of total organ failure. Each of these recon-
structive procedures depends upon the successful transfer of tissue from 
one site to another, with re-establishment of tissue circulation by repair 
of the critical artery and vein(s) at the recipient site. Thrombosis (blood 
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clotting) at the site of these critical vascular anastomoses is one of the 
most common modes of early post-operative failure. For example, 
venous and/or arterial thrombosis occurs in 5–10% flaps, as the primary 
failure mechanism (Askari et al., 2006; Chen et al., 2007; Novakovic 
et al., 2009); 76–91% of the thrombosis appears within 48 h of the 
surgery, rising to 94–97% after a week (Chen et al., 2007; Kroll et al., 
1996). Renal arterial or venous thrombosis is a major cause of graft loss 
in the early (<1 week) post-surgical period (Kobayashi et al., 2007). 
Hepatic arterial thrombosis is the second main cause of liver graft failure 
(Pareja et al., 2010). Due to the risk of hemorrhage, there is a funda-
mental limitation in the use of anti-clotting drugs after surgery, 
demanding alternative methodologies for the timely diagnosis of 
thrombosis in these cases. Clinically convenient and cost-effective 
methods for rapid detection of thrombosis throughout the critical risk 
period could greatly improve the care of these patients. 

Microsurgical free flap monitoring historically has relied upon on 
empirical, qualitative methods such as observations of tissue color, tests 
of bleeding rate after a pin prick, and intermittent Doppler examination 
(Hirigoyen et al., 1995; Spiegel and Polat, 2007). More recently, stra-
tegies for continuous monitoring have been developed including 
implantable Doppler probes which wrap around the pedicle vessels, and 
near-infrared spectroscopy (NIRS) techniques that detect cutaneous 
tissue oxygen saturation (StO2) (Keller, 2007, 2009). While these 
continuous strategies have facilitated expeditious identification of flap 
thrombosis and improved salvage rates, each remains substantially 
limited. Implantable Doppler devices may yield results subject to 
inconsistent interpretation due to mounting methods (Poder and Fortier, 
2013); the wired connection between the delicate flap pedicle vessels 
and the external readout system also risks iatrogenic vascular disruption 
or kinking in the post-operative period as well as during removal (Khot 
et al., 2005). Peripherally mounted cutaneous NIRS probes obviate such 
risks, yet these devices are still wired, restricting movements of patients, 
and creating the potential for mechanical damage and motion artifacts. 
Such devices are also inapplicable to muscle flaps and buried flaps which 
lack the required skin paddle (Kozusko and Gbulie, 2018). 

While occurring in distinct clinical situations, the task of monitoring 
solid organ allotransplantation shares many challenges and potential 
solutions with microvascular free flap monitoring. In this case, the 
pedicle vessels are larger, and thrombosis is less common, but the con-
sequences of organ ischemia and loss can be even more devastating. 
Buried in the thorax, peritoneum, or retroperitoneum, solid organ 
transplants are difficult to directly monitor. Intermittent Doppler duplex 
ultrasound is currently the main diagnostic method to identify the 
anastomosed arteries and veins extracorporeally, and to determine the 
vascular flow velocities (Lorenzetti et al., 1999; Spiegel and Polat, 
2007). Deploying implantable Doppler probes for continuous measure-
ments yields unsatisfactory results, as such sensors only detect vascular 
occlusions of a single monitored vessel but not all anastomosed vessels 
connected to the organ (Amdisen et al., 2017). 

An ideal probe for monitoring both microsurgical flaps and trans-
planted organs should be wireless, continuous, sensitive to cessation of 
both arterial and venous flow, applicable to both muscle and skin flaps 
in addition to organs, robust to variations in tissue type, operable in a 
location remote from the delicate pedicle vessels, mechanically stable 
within the target tissue, and easy/safe to remove. Implantable thermal 
microvascular flow probes have several advantages including the 
capability of operating within almost any soft tissue and the lack of a 
need to contact the source vessels. Indeed, thermal models established 
previously guide the design of thermal probes for measuring the thermal 
conductivity and diffusivity (Arkin et al., 1994; Baish, 2015; Chen et al., 
1981; Diller, 2017; Valvano et al., 1985), yielding accurate perfusion 
values for ex vivo tissues and organs (Anderson et al., 1992; Valvano 
et al., 1984). In vivo thermal probes such as those for intracranial 
thermal microvascular flow sensing also exists for the continuous 
monitoring of cerebral perfusion (Rosenthal et al., 2011). However, such 
devices involve hard wired interfaces to external measurement 

equipment, and they demand semi-permanent skeletal mounting to 
achieve mechanical stability sufficient for accurate results in vivo 
(Rosenthal et al., 2011). This latter requirement complicates the surgery 
processes, causes unnecessary damage to adjacent skeletal structures, 
and creates difficulties in removal. Moreover, the observed high levels of 
baseline drifts (likely due to thermal fluctuations in the environment and 
remnant mechanical disturbances) in such in vivo probes lead to diffi-
culties in distinguishing normal and thrombotic phases, thereby limiting 
uses in clinical practice (Jaeger et al., 2005). Additionally, the heaters in 
the previous probes, as well as the discussion in the corresponding 
thermal models, confine themselves to 3-dimensional (3D) spherical 
cases, but not other heater shapes (Khot et al., 2005; Valvano et al., 
1984); fixing this degree of freedom also limits the ability for tuning the 
sensitivity of the sensors. These thermal models do not include micro-
scopic quantities such as flow velocity (Baish, 2015), which can be 
directly observed by imaging methods; modeling and calculating such 
velocity values would provide a direct comparison as a further evidence 
of the accuracy for the flow measurements. 

Recently reported classes of soft, biomedical electronic sensors that 
exploit Bluetooth data acquisition and wireless transmission modules 
provide attractive means for eliminating the necessity of bulky mea-
surement equipment and hard-wired tethers. Previous examples include 
various skin-interfaced devices such as mechano-acoustic sensors of 
various physiological processes and body motions (Lee et al., 2020), 
vital signs monitoring systems for neonatal and pediatric intensive-care 
units (Chung et al., 2020; Rwei et al., 2020), skin hydration sensors for 
inflammatory skin diseases (Kwon et al., 2021; Madhvapathy et al., 
2020), catheter-type oximeters for cardiac oxygen saturation (Lu et al., 
2021), and pressure sensors for compression therapy (Park et al., 2020). 
These devices typically combine a sensor sub-system with a flexible 
wireless module that gently but firmly mounts onto the surface of the 
skin using a standard, double-sided biomedical adhesive, for continuous 
measurements that can occur over extended periods of time. 

Biodegradable structural materials have relevance to the sensor 
component of the systems considered here, as a convenient means for 
temporary mechanical fixation of the probe to the surrounding soft tis-
sues. After some desired operational period, these materials degrade and 
disappear into benign products soluble in physiological environments, 
ultimately resorbed into the body. Demonstrations of related mecha-
nisms in other contexts include bonding with biodegradable adhesives 
(Bhagat and Becker, 2017), binding with biodegradable sutures (Seitz 
et al., 2015), and supporting frameworks with stents or scaffolds 
(Wykrzykowska et al., 2017). Recent research also suggests that 
biodegradable materials may help to avoid pathogenic film deposition 
on devices or inflammatory responses of the surrounding tissues for 
long-term implantation (Kang et al., 2016; Yu et al., 2016). 

The work described here combine these materials, wireless capabil-
ities, as well as considerations about the related physical models and 
designs into thermal flow sensing probes that enable early and reliable 
detection of arterial and/or venous thrombosis in muscle free flaps and 
allotransplanted solid organs. The system contains a miniaturized, 
implantable sensor based on thermal transport for microvascular flow 
measurements with a biodegradable fixation structure, which interfaces 
to a small Bluetooth low energy (BLE) data communication module that 
adheres to the skin (Fig. 1a). Multiple temperature sensing nodes inte-
grated onto the probe exploit designs optimized through computational 
modeling to minimize parasitic thermal transport and to include 2- 
dimensional (2D), adjustable heaters for accurate, highly sensitive 
measurements. The total dimensions are slightly smaller than those of a 
#12 biopsy needle (~2 mm diameter), to allow for minimally invasive 
insertion. Biodegradable barbs serve as a cladding layer that stabilizes 
the probes in soft tissues, with a simple implantation process that con-
sists of inserting the probe into an incision formed with a scalpel. In vitro 
studies indicate that barbs retain mechanical stability for up to ~9 days, 
after which their mechanical properties degrade to allow removal with a 
small extraction force. A BLE module enables wireless communication as 
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well as real-time monitoring of the flow, via a standard smartphone as a 
cost-effective platform for data display, storage and processing through 
an intuitive graphical user interface. In vivo studies that involve im-
plantation into porcine myocutaneous microvascular flap and kidney 
transplant models demonstrate quantitative, accurate measurements of 
flow. In addition to the typical parameter (tissue perfusion) to describe 

microvascular flow, we also report modeling and the measurement re-
sults for flow velocity, a physical quantity that can be directly compared 
with flow values measured in other methods as well as in benchtop 
experiments. These findings suggest that such devices may act as accu-
rate, convenient, and low-cost platforms for timely detection of post- 
surgical thrombosis in transplanted tissues and organs. 

Fig. 1. a) Schematic illustration of the microvascular flow measurement system. b) Sensing components in a flow probe. c) top-left, schematic illustration of a flow 
probe implanted in tissue (network of microvascular blood vessels is also shown); bottom-left, schematic illustration of the temperature distribution with and without 
the presence of the microvascular flow of velocity u; right, flow chart of the signal conversion process. d) Exploded view schematic illustration of a flow probe. e) 
Photograph of a fabricated flow probe; the dimensions are comparable to those of a biopsy needle. f) Schematic illustration of the complete flow sensor, showing an 
exploded view of the BLE module. g) Photograph of a flow probe and its flexible cable. h) Schematic block diagram of the circuits of the BLE module. i) Photograph of 
a BLE module. j) Photograph of an assembled flow sensor. 
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The sensing components consist of a surface-mount resistive heater 
and four (#1-#4) surface-mount negative temperature coefficient (NTC) 
thermistors at different relative positions along the length of the probe 
(Fig. 1b and c). Inert, biocompatible traces of noble metals (Au/Pt, 50/ 
300 nm) on a polyimide substrate (PI, 75 μm) form interconnects to 
these components. Compared with previous thermal-based single-nodal 
flow sensors implemented with wires of macroscopic cross-sectional 
areas (Khot et al., 2005), the thin, narrow geometries of the metal 
traces defined by laser patterning in the designs reported here minimize 
thermal transport through the metal, thereby significantly improving 
the sensitivity to the thermal properties of the surrounding tissue. The 
use of multiple temperature sensing nodes further reduces the error in 
the flow measurements via least-square fitting. A circular gold film 
(diameter 1.5 mm, thickness 25 μm) around the heater spreads the heat 
evenly in a well-defined circular shape. An alternative configuration 
uses Au/Pt (50/300 nm) thin film resistors instead of surface-mount 
components, as a probe based only on noble metals for the functional 
elements to further reduce the size and to improve the biocompatibility 
(Fig. S1), with reduced temperature sensitivity and increased error of 
flow velocity. Encapsulating the top and bottom sides of the probe with 
PI ensures stable operation in biofluids. Biodegradable barbs tempo-
rarily fix the probe to the target tissue location (Fig. 1d). The 
cross-sectional dimensions of the probe (2 mm width × 1 mm thickness) 
are smaller than those of biopsy needles (12-gauge, Fig. 1e). 

Insulated copper wires sealed in flexible silicone tubing connect the 
probe to a silicone-encapsulated BLE module (Fig. 1f and g). A voltage 
stabilizer circuit supplies power to the heater through the copper wires 
and the noble metal interconnects. Wheatstone bridges and amplifiers 
connected to the NTC thermistors enable accurate sensing of their re-
sistances, and therefore, the temperatures at the target locations (mea-
surement error ~ 0.06 ◦C). An Android cellphone with a custom app 
serves as a user interface (Methods section, Fig. 1h and i) for controlling 
the operation of the heater and for acquiring temperature data in real- 
time. Fig. 1j shows the fully assembled sensor system. 

2. Methods 

2.1. Fabrication of flow probes 

Sequentially depositing Cr (10 nm, adhesion layer), Pt (300 nm) and 
Au (50 nm) by electron beam evaporation formed conductive films on 
both sides of PI substrates (75 μm). Laser-ablating and cutting (U laser, 
LPKF Laser & Electronics) these substrates, bare PI sheets (75 μm), gold 
foils (25 μm) and CA films (250 μm) yielded metal interconnects, PI 
encapsulation structures, heat spreaders and CA barbs (manual bending 
by tweezers formed the ~30◦ angle between the barbs and the CA film), 
respectively. PI encapsulation prevents the penetration of conductive 
biofluids, avoiding short circuit. Lead-free solder (Sn/Bi/Ag) formed 
electrical interfaces between the Au/Pt interconnects and the surface- 
mount components (footprint 0201, heater resistance 1.1 kΩ, therm-
istor resistance 10 kΩ, thermistor B = 3380), as well as from the in-
terconnects to the copper wires. Assembling the individual parts by 
applying epoxy between the layers completed the fabrication. 

2.2. Design and fabrication of BLE modules 

A non-conductive epoxy (Loctite 3621, Henkel) mechanically 
bonded the surface mount components to the flexible printed circuit 
board (fPCB, PCBway) and reflow soldering with low-temperature sol-
der paste (4900P SAC305, MG Chemicals) established electrical contact 
between the surface mount components and the copper pads on the 
fPCB. The design of the BLE modules as well as the Android App follows 
the method in previous reports (Krishnan et al., 2020). Compact lithium 
batteries (Lipo LP501522, 200 mA h) powered the BLE module for 
wireless communication. 

2.3. Theory of flow sensing and verification 

Theoretical modeling of the thermal physics establishes a quantita-
tive understanding of the various effects and provides guidelines for 
optimized layouts. The temperature measured by the device is strongly 
affected by heat transfer in the tissue (and biofluid, primarily blood) and 
fluid flow in microchannels or microvascular blood vessels (Fig. 1c) as 
fluid flow carries heat away from the heater, effectively reducing the 
heat flux into the tissue. Let q denote the heat flux of the heater, and q′

(to be determined) the effective heat flux for heat conduction into the 
tissue (and biofluid). Their difference is the heat carried away by fluid 
flow via heat convection (Supplementary Note 1, Figs. S2a and b), i.e., 

qπR2 = q′ πR2 + q′′Svessels, (1)  

where πR2 is the area of the spreader (heater) with radius R, q′′Svessels is 
the heat carried away by fluid flow, q′′ (to be determined) is the corre-
sponding heat flux which vanishes for stationary fluid (zero flow ve-
locity), and the net area of microvascular blood vessels Svessels under the 
heater is related to blood content s (volume fraction of blood, or channel 
volume fraction for in-vitro experiments) by Svessels = sπR2. Equation (1) 
then becomes q = q′

+ sq′′. The temperature change on the flap surface 
ΔT is related to q′ via a heat conduction model of a semi-infinite solid 
(without the fluid) subjected to surface heat flux q′ over a circle of radius 
R (Supplementary Note 1) (Carslaw and Jaeger, 1959). ΔT is also related 
to q′′ by a boundary layer convection problem with fluid flow and flow 
velocity u (Supplementary Note 1) (Bergman et al., 2011). These, 
combined with Equation (1), give 

ΔT ≈
qR/k

1 + 0.76s
̅̅̅̅̅̅̅
uR

αfluid

√ F
(r

R

)
, (2)  

where k is the effective thermal conductivity of the tissue, αfluid is the 

thermal diffusivity of the fluid, F
(

r
R

)
=

∫∞

0

J0(λr)J1(λR)
dλ
λ 

(Fig. S2c), J0 

and J1 are Bessel functions of the first kind for integer orders of 0 and 1, 
respectively, and r is the distance to the center of the heater. The above 
model accounts for both heat transfer and fluid flow simultaneously. For 
representative parameters in experiments, the ratio sq′′

q is ~40% for in- 
vivo experiments, which highlights the importance of accounting for 
the heat carried away by fluid flow. Equation (2) relates the surface 
temperature measured by the devices to the flow velocity u, and there-
fore establishes the method to determine u. Perfusion w is related to the 
flow velocity u by 

w=
uAvessels

V
, (3)  

where Avessels is effective total cross-sectional area of the microvascular 
blood vessels (Supplementary Note 1) and V is total volume of the flap. 

2.4. Error analysis of the results 

Differentiating formula (2) gives an estimation of the error of the 
flow velocity: 

δu
u
= − 2

δΔT
ΔT

/(

1 −
1

1 + 0.76s
̅̅̅̅̅̅̅̅̅̅̅
uR/α

√

)

− 2
δs
s
, (4)  

where δ denotes the estimation of the errors of the corresponding 
quantities: δΔT/ΔT denotes the relative measurement error of the 
temperature, δs/s denotes the relative uncertainty of the local fluid 
content, and δu/u denotes the relative error of the flow velocity. For the 
PDMS microvascular model, the error of flow velocity mainly originates 
from the measurement error for the temperature as the fluid content can 
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be accurately calculated. For tissues, the variation of fluid (blood) 
content for different tissues also contributes to the measurement error. 
Previous reports indicate s = 4% ± 1% for the muscle, and 29% ± 4% 
for the kidney (Linderkamp et al., 1980). 

2.5. In vitro evaluation of sensor performance 

Hot-pulling polyvinyl alcohol (PVA) from a filament-type 3D printer 
formed PVA wires of ~100 μm diameter. Confining multiple PVA wires 
(the ends of the wires were tied outside the mold) in a mold, filling 
PDMS precursors (Sylgard 184), and curing the PDMS defined the 
structures for the microvascular model. Immersion in water (75 ◦C, 
water changed daily) dissolved the PVA and left channels of ~100 μm 
diameter. Kwik-Sil (World Precision Instruments) silicone glue bonded 
the flow probe to the surface of this microvascular model. A syringe 
pump induced flow of water into the channels at a well-defined flow 
rate. Note that demounting and remounting the flow probe on the PDMS 
microvascular model could introduce changes of effective thermal 
conductivity k; as such, Figs. 2 and 3 (in vitro test) only show the result 
from one representative flow probe. Either a wired system (a voltage 
source and a switching unit, Agilent 34970A/34901A) or a wireless BLE 
module powered the heater and measured the resistance of the 

thermistors. An optional infrared camera (FLIR) also monitored the 
temperature distribution around the heater. Using least square fitting 
with the temperature measured by the thermistors (ΔT) and the dis-
tances between the thermistors and the heater (r) for the analytical 
model yielded flow velocity u. Parameters (room temperature) used in 
the analytical model were: R = 0.75 mm, kwater = 0.6 W m− 1K− 1, kiso-

propanol,70 wt% = 0.28 W m− 1K− 1, kPDMSflapmodel = 0.27 W m− 1K− 1, kprobe 
= 1.82 W m− 1K− 1, s = 2.5%, α = 0.12 mm2 s-1. 

2.6. In vitro barb degradation test 

Immersing the CA barbed cladding structures on the flow probes in 
phosphate buffered saline (PBS) at 37 ◦C served as the basis for in vitro 
tests of barb degradation. Inserting probes with CA barbs in gelatin gels 
(from porcine skin, 10 wt% in water) allowed for characterization of 
their hooking properties. Determining the maximum force necessary to 
pull out the probe involved pulling with a force gauge (Mark 10). 
Applying mechanical disturbances by pulling and wiggling the copper 
wire/silicone tube cable enabled tests of the stability of the sensor under 
harsh mechanical conditions. 

Fig. 2. a) Schematic illustration of the in vitro flow sensing setup (a flow probe mounted on a PDMS microvascular model) used to verify analytical models of the 
measurement physics. b) Temperature distribution around a flow probe mounted on a PDMS model with and without the presence of the microvascular flow. c)-e) 
Temperature increase measured by the thermistors (ΔT) compared with results computed using the analytical model, c) at different heater power; d) with and 
without the heat spreader and e) in different media. f) Plot that shows a linear relationship between ΔT of the 1st thermistor (ΔT1) and the inverse thermal con-
ductivity of the media. g) Plot that compares ΔT with simulated results at different flow velocities. h) Plot that compares flow velocity calculated from the analytical 
model with the actual applied velocity. 
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Fig. 3. a) Temperature increase measured by the thermistors (ΔT) when changing the temperature of the environment. b) Temperature difference between the 
thermistors when changing the temperature of the environment. c) Calculation of flow velocity when changing the temperature of the environment. Shaded curves 
denote the uncertainty in the flow velocity. 
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2.7. In vivo biocompatibility study 

Animal procedures were performed in compliance with guidelines 
set by the Washington University Institutional Animal Use and Care 
Committee and the National Institutes of Health. Adult male Lewis rats 
(250 g, Charles River Laboratories, Wilmington, MA) were housed in a 
central animal care facility at 72 ◦F and a humidity between 30% and 
70% on a standard 12 h light - 12 h dark cycle. Food (PicoLab rodent diet 
20, Purina Mills Nutrition International, St. Louis, MO) and water were 
provided ad libitum. The animals were monitored postoperatively for 
signs of infection and distress before and after surgery. 

After anesthesia (inducing with 4% and maintaining at 2% iso-
flurane) and sterilization, making a 2-mm skin slot at distal end of right 
hind leg exposed the gastrocnemius muscle. The implantation started 
with making a tunnel in the gastrocnemius muscle, followed by inserting 
the CA barb with tweezers. Closing the muscle and skin with one stitch 
using 4–0 nylon suture finished the surgery. 

At 4 weeks post-surgery, harvesting rat gastrocnemius muscles (~5 
× 10 × 10 mm3) after euthanasia of both operated and unoperated sides 
prepared the tissues as experimental and control groups, respectively. 
Preparing for histological analysis started with fixing tissues with 10% 
neutral buffered formalin and embedding them in paraffin wax, fol-
lowed by transverse and longitudinal sectioning to micrometer-thick 
and standard protocols for H&E staining. Sections were imaged by a 
microscope (Keyence) with bright-field mode. 

2.8. In vivo evaluation of sensor performance in porcine models 

Animal research was performed with approval of the Institutional 
Animal Care and Use Committee at Washington University School of 
Medicine. This was performed as per U.S. Department of Agriculture 
Animal Welfare Regulations at an accredited facility. 3 live pigs were 
utilized for this study. Anesthesia was induced with telazol, ketamine, 
and xylazine followed by maintenance with inhaled isoflurane. After 
completion of all experimentation, the animal was euthanized with 
pentobarbital. 

A left pedicled rectus abdominis myocutaneous flap was raised based 
upon the deep superior epigastric artery and veins in addition to the 
superficial superior epigastric vein (Fig. 5). To deploy the intramuscular 

probe, a 15# blade was used to make stab incision oriented along the 
axis of the muscle fibers on the undersurface of the rectus abdominis 
muscle, being careful to avoid the pedicle vessels. The probe was then 
inserted into the muscle pocket. The entire deployment procedure took 
less than 30 s. The flap was restored to its anatomic orientation and the 
intramuscular probe was connected to its external processor via Blue-
tooth. A ViOptix T.Ox probe was adhered to the central portion of the 
skin paddle and then attached to the external monitor via the fiberoptic 
cable. Each myocutaneous flap was monitored continuously throughout 
the experiment using both devices in parallel. 

After achieving a stable baseline reading for each device for 15 min, 
an Acland clamp was applied to the right deep superior epigastric artery 
to induce complete ischemia. Ischemia was maintained for 15 min. The 
Acland clamp was then released and 15 min were then allowed for flap 
recovery and re-establishment of a stable baseline reading. Acland 
clamps were then applied to the deep and superficial superior epigastric 
veins in order to induce venous congestion. Congestion was maintained 
for 15 min. The Acland clamps were then released, and 15 min were then 
allowed for flap recovery and re-establishment of a stable baseline 
reading. This experiment was then replicated using used probes, for 
separate animals on separate days to demonstrate reproducibility. 

The peritoneal cavity was accessed through a laparotomy incision. 
The small bowel was retracted, and the posterior peritoneum was 
incised over the left kidney and renal vessels. The kidney was separated 
from all surrounding tissues bluntly, and isolated upon the renal vein, 
renal artery, and the ureter. Vessel loops were double-looped around the 
artery and vein to allow intermittent and atraumatic occlusion. The 
sensor was deployed within the kidney by puncturing its capsule with a 
#11 blade. The probe was advanced bluntly through this capsular rent, 
where it was quite stable. After establishment of a flow baseline, renal 
artery thrombosis was simulated by placing tension on the vessel loop 
encircling the artery. Ischemia was confirmed by obvious pallor of the 
organ. After 15 min, the vessel loop was loosened, and perfusion was re- 
established. After 15 min, a similar procedure was used to simulated 
renal vein thrombosis, and congestion was confirmed by observing 
purple discoloration of the organ. After 15 min venous occlusion was 
released, and reperfusion was allowed. 

Fig. 4. a) Hooking mechanism associated with the biodegradable barbs. b) Temperature difference between the thermistors when applying mechanical disturbances. 
c) Force for extracting the probe cladded with barbs as a function of time in phosphate buffered saline at 37 ◦C. d) Histology of rat muscle tissues implanted with 
biodegradable barbs, together with the control group. 
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Fig. 5. a) Schematic illustration of flow sensing in a flap and an organ (kidney) in a porcine model. b) left, photograph of a rectus abdominis flap with isolated veins 
and artery; right, clamps on a vein and artery to control the blood flow in the flap. c) Probe implantation process. d) left, photograph of a kidney; right, rubber bands 
on vein and artery to control the blood flow in the kidney. e) Absolute temperature of the thermistors and temperature difference between the thermistors for a rectus 
abdominis flap measured in release (R) and artery/vein occluded (I/C) conditions. f) Measured microvascular flow velocity and StO2 for the case of e. g) Results for 
the same sensor in f, but for another flap in a different porcine model. h) Measured microvascular flow velocity in a kidney. Shaded curves denote the error of the 
flow velocity. 
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3. Results 

3.1. Verification of the flow sensing theory 

A microvascular model enables quantitative verification of this 
expression (Fig. 2a). The model consists of microchannels (~100 μm 
diameter) of random orientations (Fig. S3, Methods section) embedded 
in a PDMS matrix, with channel volume percentage s ~ 2.5%. An 
infrared camera reveals the circular symmetry of the temperature dis-
tribution that results from operation. The absence of any spatial asym-
metry in ΔT suggests that the contributions of 1) heat conduction by the 
metal traces, the substrate and the encapsulation layer, and 2) heating 
effects by passing a high current through the metal traces connected to 
the heater are both negligible in our design. Introducing flow into the 
model reduces the increase in the temperature of the local environment, 
as anticipated by Equation (2) (Fig. 2b). Temperatures measured by the 
device serve as the basis for quantitative validation of these and other 
effects. Without flow, the temperature distribution is proportional to the 
heater power P = qπR2, consistent with Equation (2) (Fig. 2c). 
Comparing the performance with and without the circular heat spreader 
indicates that the spreader reduces the peak temperature and broadens 
the distribution (Fig. 2d). Increasing the effective heater radius by 
adding the heat spreader also boosts the relative sensitivity of the sensor 
(Equation (2)). Immersing the probe in media with different thermal 
conductivities such as isopropanol (70 wt%) and water verifies the 
linear relationship between the temperature and the inverse of the 
effective thermal conductivity of the media 1/k (Fig. 2e and f). Here the 
non-zero intercept (Fig. 2f) results from the small but finite effective 
thermal conductivity of the materials in the probe, mainly the encap-
sulation. This is because the limit u = 0 in Equation (2) provides a way to 
determine and calibrate the effective thermal conductivity k, accounting 
for effects of encapsulation layers between the heater/sensors and tis-
sue, and metal wires on the surface, underneath and outside the heater 
(Supplementary Note 1). Finally, the flow decreases the temperature at 
different distances from the heater (Fig. 2g), such that the flow velocity u 
can be determined from ΔT, with values that agree well with the known 
applied velocities (Fig. 2h). 

3.2. Robustness of the results against thermal or mechanical fluctuations 

For robust operation, the design of the sensor should minimize ef-
fects of fluctuations in the surrounding temperature. Analyzing the 
temperature differences between thermistors (ΔT14, ΔT24, ΔT34) rather 
than ΔT greatly reduces these effects. Specifically, ΔT14, ΔT24, and ΔT34 
are almost invariant to changes in temperature of the surroundings, even 
for magnitudes (~5 ◦C; Fig. 3a and b) much larger than those relevant to 
the application considered here. This reduction follows from similar 
effects of the surrounding temperature on ΔT from different thermistors. 
Experimental measurements of flow under changing surrounding tem-
perature confirm this expectation (Fig. 3c). 

Biodegradable barbs of cellulose acetate (CA) form a cladding layer 
(thickness 250 μm) on the probe, as described previously. CA is a non- 
toxic structural material used in implantable structures such as stents, 
designed to degrades in physiological conditions within a few months 
(Janjic et al., 2017). Inserting the barbs into transparent gelatin blocks 
of elastic modulus similar to biological tissues (E ~ 70 kPa for 10% 
gelatin (Karimi and Navidbakhsh, 2014), E = 25–100 kPa for skeletal 
and cardiac muscles (Ogneva et al., 2010)) illustrates the hooking 
mechanism and demonstrates their mechanical characteristics (Fig. 4a). 
Mechanical perturbations generated by forces imparted to the probe 
through the flexible silicone cable of the sensor have negligible effects 
on the measured temperature differences (Fig. 4b). The force required to 
remove the probe from the incision reduces to ~0.3 N, abruptly after 9 
d of immersion in simulated biofluid (phosphate buffered saline, PBS) at 
37 ◦C (Fig. 4c). Implanting the CA barb structures in skeletal muscle 
tissues of rat models confirms their biocompatibility. Histological 

analysis shows an absence of neutrophils in the tissue surrounding the 
implanted barbs after 28 d (Fig. 4d). 

3.3. In vivo performance 

Implanting flow probes in porcine flap and organ models allow 
continuous, local monitoring of the microvascular flow velocity. The 
rectus abdominis myocutaneous flaps have dimensions of 30 cm × 10 
cm × 2 cm, with the three main veins and the main artery exposed 
(Fig. 5a). Clamping the corresponding vein and artery simulates the 
venous (“congested states”, C) and arterial thrombosis (“ischemia 
states”, I) states, respectively, both of which stop microvascular blood 
flow and immediately threaten flap viability (Fig. 5b). The implantation 
involves incising the flap with a scalpel (~2 cm deep) and inserting the 
flow probe (Fig. 5c). Similar procedures enable flow measurements from 
the kidney (Fig. 5d). For the flap, compared to the states without 
clamping the vein or the artery (“release states”, R), both I and C states 
show significant increases in ΔT14, ΔT24 and ΔT34 (Fig. 5e). Converting 
these temperature differences into flow velocities using Equation (2) 
yields a clear difference between the I and C states (0.3 ± 0.3 and 0.2 ±
0.2 mm/s, 1.2 ± 1.2 and 0.8 ± 0.8 mL/100 mL min) and the R state (1.0 
± 0.6 mm/s, 4.1 ± 2.4 mL/100 mL min, Fig. 5f) even accounting for the 
increased measurement error, which mainly originates from the uncer-
tainty of the blood percentage s in muscles (Methods section), compared 
with the benchtop measurements on the PDMS microvascular model 
(Linderkamp et al., 1980). The flow velocity and perfusion of the R state 
is also consistent with previous values determined by direct imaging 
(0.5–1.5 mm/s in the capillary vessels in brain of a rabbit) (Ivanov et al., 
1981) and electromagnetic blood flowmetry (3.8–8.0 mL/100 mL min in 
canine and feline muscles) (Clarke and McKee, 1991). Furthermore, the 
time that characterizes the transition between the flow and no flow 
states (1–5 min) is comparable to that associated with measurements of 
StO2 captured using commercial devices mounted on the skin (Fig. 5f). 
Such characterizing time is also similar to the response time of the in-
dividual NTC temperature sensors to external temperature stimuli 
(Fig. 3a), also suggesting that the flow probes are able to respond rapidly 
to the change of flow states. The temperature increase of the probe 
(heating power 10 mW) is less than 4 ◦C (Fig. 5e), safe for clinical use in 
tissues without enhanced thermal sensitivity (tissues excluding the eyes 
and those in the nervous or reproductive system), according to a guid-
ance from United States Food and Drug Administration (2021). 
Decreasing the heating power may further reduce the increase in the 
temperature of the probe. The absolute magnitude of the change in 
temperature does not affect the flow measurement, as expected (Fig. S4). 
Reuse of the flow sensor is possible by replacing the biodegradable barb 
cladding structure. The same device yields similar flow velocities u (2.0 
± 0.9, 0.2 ± 0.1 and 0.2 ± 0.1 mm/s) and perfusion w (8.2 ± 3.7, 0.8 ±
0.4 and 0.8 ± 0.4 mL/100 mL min) for the R, I and C states in a flap from 
another porcine model (Fig. 5g). Variation in these values are likely due 
to the variation of the blood content s in different muscle tissues of 
different animals. Similar results from Fig. 2f and g also suggest that the 
performance of the flow probes is still stable after repetitive flow state 
changes. Different flow probes implanted in different porcine models 
also show negligible differences of sensing results (Fig. S5). Again, for 
the kidney model, values for ΔT and the flow velocity respond rapidly to 
clamping events (Fig. 5h). The values of u (0.9 ± 0.2, 0.03 ± 0.01 and 
0.04 ± 0.01 mm/s) for the R, I and C states are also similar to those 
measured in the flaps, and the values of perfusion w in R states (35 ± 11 
mL/100 mL min) are similar to those in transplanted kidneys (Notoha-
miprodjo et al., 2016). 

4. Discussion and conclusion 

The results presented here indicate that this sensing platform can 
reliably monitor the microvascular flow velocities in flaps and organ 
grafts for transplantation, in a manner that is robust to changes in 
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temperature of the tissue. The biodegradable barbs ensure mechanically 
stable positioning and they greatly simplify the extraction process. 
Compared with previous flow sensors, this technology eliminates bulky 
readout instruments and related mechanical artifacts in the measure-
ment results. The use of standard smartphones for control, data acqui-
sition, display and analysis reduce the cost of the system and facilitates 
routine use. Additionally, multiple temperature sensors reduce mea-
surement errors and laser-processed ultrathin metal interconnects 
minimize parasitic thermal transport through the probe, for accurate 
measurements of flow. Compared to the physical models reported pre-
viously focusing on spherical heaters, the model introduced here em-
ploys 2-dimensional (2D) circular heaters, enabling the design of sensors 
implemented with heat spreaders, which enhances the relative sensi-
tivity of the sensor. Pre-defined calibrations (Supplementary Note 1) 
eliminate the effects of thermal contact resistances. In muscle flaps and 
kidneys of porcine models, the measured flow velocities (0.9–2.0 mm/s) 
and perfusion (4.1–8.2 mL/100 mL min for flaps, 35 mL/100 mL min for 
kidneys) are both similar to microscopic (by direct imaging) and 
macroscopic characteristics (by blood flowmetry) observed in previous 
reports, and the response to simulated venous and arterial thrombosis is 
fast (1–5 min). In the future, integration with other sensors such as those 
for StO2 will yield additional information and mitigate uncertainties 
associated with variations in the blood content s. Similar probes con-
structed using fully biodegradable materials may completely eliminate 
the necessity of removal, further simplifying the related clinical pro-
tocols. Long-term animal tests could also yield the lifetime of the flow 
probe in biological environments. These features and associated future 
possibilities suggest that this overall measurement approach may lead to 
routine, quantitative means for evaluating the health status of trans-
planted tissues, giving key early indicators of thrombosis and related 
adverse events in practical clinical applications. 
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