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ARTICLE INFO ABSTRACT

Keywords: Thrombosis after free flap transfer or solid organ allotransplantation surgeries can lead to flap or
Flow sensing organ failure requiring re-transplantation and sometimes leading to death. Current technologies
Heat conduction can provide early warnings of thrombosis, but the resulting measurements can be influenced by
Heat Conv,em_on . motions associated with route operations in patient care and by subtle aspects associated with the
Thrombosis diagnosis . . . . -
use of the devices. These systems also require wired interfaces to external data acquisition
hardware, which limits patient mobility and subject the sensor to artefact from interface
disruption attributable to external tension. Furthermore, many existing systems require that the
probe be mounted directly on the anastomosed artery or vein which puts these delicate structures
at risk for kinking, avulsion, or other disruption. Recent reports describe a wireless, implantable
flow sensing probe technology that exploits thermal transport mechanisms to enable continuous
monitoring of microvascular flow velocity within peripheral tissue that is remote from the critical
blood supply. The capability is useful for the reliable detection of thrombosis in auto- or allo-
transplanted flaps or organs. Because the probe directly measures temperature rather than flow
velocity, analytical models must be used to interpret the results. Here, such a model, accounting
for both heat conduction and heat convection (due to blood flow), is developed to determine the
blood flow velocity in flaps and organ grafts for this flow sensing probe. The model is validated by
in vitro experiments without and with blood flow and further applied to in vivo experiments to
predict the flow velocity. The model serves as an important support for this type of flow sensing
probe and ensures reliable and accurate flow monitoring after the transplantation operations.

1. Introduction

Free flap transfer and solid organ allotransplantation are key procedures to treat the loss or dysfunction of a vital body part
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Fig. 1. Schematic muscle flap model with the flow probe inserted.

(Novakovic et al., 2009). The success of free tissue transfer depends upon harvest of the flap or organ along with its critical artery and
vein, followed by surgical anastomosis to nearby vessels at the recipient site. A common mode of early post-operative failure mech-
anism is thrombosis (blood clotting), which occurs in 5-10% flaps (Askari et al., 2006; Chen et al., 2007). The vast majority of these
failures occur within 48 h of surgical transfer (Kroll et al., 1996; Chen et al., 2007). When thrombosis is detected early, reoperation and
surgical salvage is facilitated, and can be life or limb-saving. Delayed detection of thrombosis generally results in necrosis of the flap or
organ graft, which is a devastating event.

For monitoring of the microsurgical free flap, traditional methods are mostly empirical and qualitative (Hirigoyen et al., 1995;
Spiegel and Polat, 2007), reliant on intermittent assessments of flap color, turgor, bleeding after pinprick, capillary refill or external
doppler signal. More recently, continuous quantitative monitoring methods have emerged, based on implanted doppler probes that
wrap around the pedicle vessels, and near-infrared spectroscopy (NIRS) techniques that measure regional tissue oxygenation (StO3)
(Keller, 2007, 2009). These continuous methods have gained some clinical acceptance, but their utility is limited by inconsistencies
associated with venous/ arterial or cutaneous mounting (Poder and Fortier, 2013). Furthermore, their requirements for wired oper-
ation restrict patient mobility and introduce other complications related to the potential for tissue damage. In addition, the NIRS
devices cannot be applied to muscle or buried flaps due to the absence of an exposed skin paddle (Kozusko and Gbulie, 2018) for
mounting.

For solid organ transplants buried in the thorax, peritoneum or retroperitoneum, direct monitoring is difficult, and implanted
Doppler probes have poor responsiveness to any insult aside from complete vascular occlusion (Amdisen et al., 2017). In spite of
drawbacks similar to those of the methods described previously, intermittent Doppler duplex ultrasound remains the main strategy to
identify anastomosed arteries and veins extracorporeally and to determine the vascular flow velocities (Lorenzetti et al., 1999; Spiegel
and Polat, 2007).

Implantable thermal microvascular flow probes can operate with rapid responses in almost all soft tissues, without the need to
contact the source vessels (Arkin et al., 1994). Together with calibrated theoretical models, measurements of the thermal conductivity
and diffusivity (Chen et al., 1981; Valvano et al., 1985; Bronzino and Peterson, 2018) performed with these technologies can yield
accurate estimates of perfusion in ex vivo organs (Valvano et al., 1984; Anderson et al., 1992) and in in vivo cerebral tissues (Rosenthal
et al., 2011). Existing devices of this type are wired and connected to semi-permanent skeletal features to allow stable measurements
(Rosenthal et al., 2011). The results are, however, still influenced by thermal or mechanical disturbances that cause baseline drifts.
These effects lead to difficulties in distinguishing normal and thrombotic phases (Jaeger et al., 2005). Also, heaters in previously
reported probes and theoretical models apply only to 3-dimensional (3D) spherical shapes (Khot et al., 2005) that are not optimized for
sensing performance.

Perfusion or microvascular flow velocity are the most important diagnostic parameters for arterial or venous thrombosis. Recent
advances in wireless, bio-integrated electronic systems serve as a promising basis for developing devices for continuous monitoring of
blood flow velocity (Klinker et al., 2015; Webb et al., 2015; Krishnan et al., 2020; Wang et al., 2021). Most such devices are, however,
skin-interfaced and fail to detect processes at depths of tissues or at the locations of organs inside the body; other implanted devices
operate inside arteries but cannot be easily adapted for use in monitoring microvascular flow due to size limitations. Lu et al. (Lu et al.,
2022) recently reported a wireless flow sensing system that overcomes these limitations through the use of flexible device designs and
biodegradable materials. The result enables continuous flow velocity and/or perfusion measurements and early, reliable detection of
arterial or venous thrombosis in muscle free flaps and allotransplanted solid organs. The system includes an implantable probe for
microvascular flow measurements based on thermal transport, and a wireless communication module as shown in Fig. 1. The probe is
miniaturized to minimize tissue damage during insertion, with a thin circular-shaped heater (instead of 3D spherical shape) integrated
onto one end of the probe. The probe measures temperature and a theoretical model establishes a quantitative connection to flow
velocity. Such a model, accounting for both heat conduction and heat convection (due to blood flow), is developed in Section 2 for this
flow sensing system. The model is validated by finite element analysis (FEA) and in vitro experiments in Section 3. The model is further
validated by, and applied to, in vivo experiments in Section 4, which also shows a universal relation between the normalized tem-
perature and flow velocity.
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Fig. 2. Schematic diagram of the analytical model.
2. An analytical model for flow sensing
2.1. Model

Flaps or organs consist of tissues and biofluids (mainly blood), treated in the following as a composite (of tissue and blood). This
composite (~ 80 mm) is much larger than the flow sensing probe (~ 2 mm), such that the model can assume infinite extent, symmetric
on both sides of the probe. Due to symmetry, only one side (lower half) of the composite (tissue and blood) is considered, as illustrated
in Fig. 2. The heater is modeled as heat flux q over a circle of radius R on the surface. Other details of the flow probe, including the
heater, will be accounted for in Section 3. In the tissue, blood flows inside capillaries with an average speed u, and the composite has a
uniform (environmental) temperature before the heater is activated.’

The temperature measured by the device at surface is affected by both heat conduction (heat dissipation in tissue and blood) and
heat convection (heat carried away by blood flow). Therefore, the heat flux q can be split into two parts (Fig. 2):

qnR* = q,n'R2 + ¢ Scapittaries v

where ¢’ (to be determined) is the effective heat flux for heat conduction into the composite (of tissue and blood), g Scapillaries iS the heat
carried away by blood flow, ¢” (to be determined) is the corresponding heat flux, which decreases with the flow velocity and vanishes
for stationary fluid (zero flow velocity), and the net area of capillaries Scapiliaries under the heater is related to blood content s (volume
fraction of blood in the tissue) by Scapiliaries = szR2. Eq. (1) then becomes ¢ = ¢ + sq”. This mechanism accounts for both heat con-
duction and heat convection. The analytical model below will give ¢” analytically in terms of the flow velocity, therefore relate the flow
velocity to the measured temperature.

The characteristic time for blood flow, and therefore heat convection, is D/u, which is ~ 1 s for the heater diameter D = 1.5 mm
used in experiments and the flow velocity u ~ 2 mm/s (Fung, 2013) in capillaries. The characteristic time for heat conduction is Dz/a,
which is ~ 20 s for an effective diffusivity a ~ 1 x 107 m?%/s (El-Brawany et al., 2009). Since the time scale for blood flow (heat
convection) is much shorter, the steady-state solution (introduced below) for convection equation can be used to estimate the heat flux
reduction g — ¢ = sq". The heating time in in vitro or in vivo experiments is at least 3 min (Lu et al., 2022), which is much longer than
the time scale ~ 20 s for heat conduction such that the analysis for heat conduction is also steady state.

2.2. Heat conduction

Without blood flow, heat transfer would be only through heat conduction with the reduced heat flux ¢ = q — sq” over the circle of
radius R on the surface. Setting the origin of axisymmetric coordinates (r, 2) at the center of the circle of heat flux, the steady-state heat
transfer equation is (Carslaw and Jaeger, 1959)

T 10T T
et @

where T is temperature. The boundary condition on the surface is

1 Metabolic heat is neglected in the model because its heat power [~200W/m?® (Mitchell et al., 1970)] is ~3 orders smaller than power of the
heater in the experiments (~1MW/m?).

2 Here the adiabatic boundary condition is imposed outside the heater. This is accurate when the flow probe is inside the tissue/organ, but is
approximate when the flow probe is on the surface as in in vitro experiments. Finite element analysis shows that its difference with the air convection
boundary condition outside the heater (air convection coefficient 10 Wm™K™) is only ~ 2.8 % for the sensor temperature, therefore the adiabatic
condition is a good approximation for in vitro experiments.
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where the effective thermal conductivity k of the composite is related to the thermal conductivities of its constituents kyjssue and kpjood

via the Behrens model (Progelhof et al., 1976), k = kmm% and p = kplood/ktissue; @and k equals kiissye and kpjooq for s = 0 and s

=1, respectively. The environmental temperature is imposed at the remote boundary. In the following let T denote the temperature
difference from the environmental temperature such that T approaches zero at infinity. For the surface heat flux ¢, T has the solution
(Carslaw and Jaeger, 1959)

qR

. di
T = T e—/lUJ() (ﬁr)Jl (ﬂR) 7, (4)

St~

where Jy and J; are Bessel functions of the first kind for integer orders of 0 and 1, respectively. The surface temperature (z = 0) is given
by

R [ /1
Tsurtace = qT /JO /1" Jl AR (5)
0

Its average over the heater area is

R

/ T2nrdr

= 8¢ R
U s S
Tsurface - IR2 3k . (6)

2.3. Heat convection

The heat flux carried away by blood flow is q”. Let x be the local direction of blood flow in each capillary (Fig. 2). The steady-state
heat convection equation is (Nield and Bejan, 2006)

uoT a 62T+62—T+62—T )
ax fluid a ) ayz 622 9

where T is the temperature change from the uniform value in remote field, agyq is the thermal diffusivity of blood, z is normal to the
surface and y is normal to both z and x (flow) directions as shown in Fig. 2. The heater on tissue surface, together with blood flow,
create a rapid temperature change right below the heater from the surface to inside the tissue, i.e., a thermal boundary layer (Bergman
et al., 2011). Outside the heater the temperature changes slowly, i.e., no boundary layer. The temperature gradient along the layer

thickness direction z dominates, i.e., jz > overwhelms 2 ()x2 and <2, (}yz’ within the boundary layer, therefore the steady-state heat convection
equation can be simplified to

or T
Ma = aﬂuidﬁ‘ (€))

It has the solution (Nield and Bejan, 2006)

T= Tsurface |:1 —erf (i = >:| ; (9)
2V apuiax

where Tqyace is the average change of surface temperature (at z = 0), and erf is the error function. The thickness of boundary layer,

determined by the temperature change reaching 1% of Tgyace (Nield and Bejan, 2006), i.e.,T = 0.01Tgyrface, is determined from the

error function as 3.6, /%%, The local heat flux into the boundary layer, in order to sustain the surface temperature change Tourfaces iS

L
0.56, /ﬁ}cﬁmmce (Nield and Bejan, 2006). The average heat flux over a representative length L, i.e., / 0.56,/ a kATboundarydx/L
- fluid X
0

u — u —
" =11 kTsur ace — 0.90 kTsur ace * 10
1 VL ™" VanaR " (10)

gives
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Fig. 3. Exploded view for the flow probe.

For the circular heater of radius R, the length L of capillaries ranges from 0 to 2R, and its average is L = tR/2. As blood flow in all
capillaries has the same effect to reduce the heat flux into the composite, Eq. (10) holds approximately with L = nR/2.

2.4. Analytical relation between surface temperature and flow velocity

The reduced effective heat flux q/, sq" and Tyyface are solved from Egs. (1), (6) and (10) as

g=—" an
14 0.76s, /#ﬁd
sq
sq = ————— 12
ST m (12
= 8R
Turtace = (1 3)

q
37k 1 40,765, [

For s = 0 (no blood) or u = 0 (no blood flow), sq” is zero and q is simply the total heat flux q. As the flow velocity u increases, sq” also
increases (more heat taken away by blood flow) and approaches the total heat flux q for very large u. For representative parameters in
experiments (Lu et al., 2022), the heat carried away by blood flow is a non-negligible portion of the total heat from the heater; the ratio

% is ~ 10% for in vitro experiments and ~ 40% for in vivo experiments (Lu et al., 2022), which shows the importance of accounting for

the heat carried away by blood flow.
The temperature distribution on tissue surface in Eq. (5) is then given by

qR/k F(1)7 14

Toutace = ——————F— R
14 0.76s, /ﬁ

o0

where F (1%) = / Jo(Ar)J1(AR) % For the limits of no blood (s = 0) or no blood flow (u = 0), the above equation degenerates to the
0

classic heat conduction solution in Eq. (5) with ¢ replaced by q. For non-zero u, the above equation determines the flow velocity u from

the measured Ty face, if the blood content s is known in the experiments.

3. Specimen calibrations and experimental validations
3.1. Detailed structures of the flow probe (Lu et al., 2022)

The flow probe consists of 7 layers from bottom (contacting with tissue) to top (free surface) as shown in Fig. 3. The first, fourth and
seventh layers are polyimide (PI) films with same thickness of 75 pm. A heater, which has a box size (0.6 x 0.32x0.4 mm?) is in one
end of the second layer (thickness 0.4 mm). A circular gold film (diameter 1.5 mm, thickness 25 pm) is around the heater and its top
surface is in the same level as heater’s top surface. The rest of the second layer is filled with epoxy. Inert, biocompatible traces of noble



S. Li et al. Journal of the Mechanics and Physics of Solids 170 (2023) 105119

Without
encapsulation
] 90|
Sensor e Without encap.

Au/Pt [
- 5 60 Analytical model
~
With - o With smaller encap.
encapsulation 30 o nd
o _e---® e With encap.
- -
- e
0k==— v y
0 10 20 30
P (W)

c
-8
9 L7
o’
—~ 6l o
o 6 Y 2
*é /.,0 e With encap.
R
3t
0 1 I 1
0 2 4 6
1/k (W 'mK)

Fig. 4. (a) Sectional view of FEA models for the flow probe without and with the encapsulation layers; (b) sensor a temperature versus heat power
with/ without encapsulation; (c) sensor a temperature versus the reciprocal of composite conductivity with encapsulation.

metals (Au/Pt, 50/300 nm) are in the third and fifth layers (thickness 350 nm) to form interconnects to the heater in the second layer
and sensors in the sixth layer, respectively. Several surface-mount negative temperature coefficient (NTC) sensors, a-c, which have the
same sizes as the heater, are at different positions along the length of the probe in the sixth layer (thickness 0.4 mm), which is also filled
with epoxy. Sensor a is right above the heater, and sensors b and ¢ have the distance 0.75 mm and 8 mm to sensor a, respectively. The
cross section of the probe is 2 mm wide.

Compared to the experimental setup, the analytical model in the previous section has not accounted for some details:

1) Vertically (z direction), the model neglects the encapsulation layers (PI/metal/epoxy films) above the tissue, nor the box shape of
the heater and sensors, therefore heat conduction through encapsulation layers is not accounted for;

2) Horizontally (x-y plane), the encapsulation layers (PI/metal/epoxy films) extend far beyond the circle (radius R) of heat flux
used to model the heater, and these encapsulation layers also contain metal interconnects, which further dissipate heat outside the
circle therefore reduce the heat flux into the tissue.

Based on the finite element analysis (FEA) and the in vitro experiments without blood flow (u = 0), the analytical model is modified
in this section to account for the details of experiments discussed above.

3.2. Finite element analysis

FEA is used to account for the above detailed structures of the flow probe neglected in the analytical model in Section 2. It focuses
on the steady-state heat conduction in the tissue without blood flow. A volume heat power P is imposed to the heater, and its baseline
value is P = 10 mW. Eight-node linear heat transfer elements (DC3D8) in the commercial software ABAQUS are used, with refined
mesh near the heater (total ~ 600,000 elements) to ensure convergence. The heat conductivities are kp; = 0.12 Wm'K~! for PI (value
supplied by the manufacturer), ka, = 310 Wm K ! for gold, kp; = 78 Wm K ! for platinum and kepoxy = 0.2 Wm K ! for epoxy
(Shimamura et al., 2020), and the baseline value of the effective conductivity k = 0.27 Wm 'K ! for the composite of tissue and blood.

Fig. 4a shows the schematic diagrams of the heater on the tissue, without (top figure) and with (bottom figure) the encapsulation
layers. Fig. 4b shows the linearly proportional relation between the sensor a temperature Tgepsor and the heat power P for the heater
without and with the encapsulation. (For the case without the encapsulation, Tsepsor is defined by the temperature right below the
heater, i.e., consistent with the analytical model in Section 2.) Without the encapsulation, the top curve in Fig. 4b obtained by FEA
agrees perfectly well with the analytical model without any parameter fitting, which provide validations of both FEA and the analytical
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Fig. 5. (a) Calibration for the analytical model by experimental data (sensor a) with different composite conductivities; (b) the calibrated analytical
model and the experimental data for sensors b and c.

model. Here the heat flux g in the analytical model is the heat power divided by the cross-sectional area of the heater, ¢ =
P /(0.6 x0.32mm?), and its radius R is obtained from equivalence of the cross-sectional area as 7R?> = 0.6 * 0.32mm?.

Fig. 4b also shows the linearly proportional relation between Tgensor and P for the heater with the encapsulation. The bottom line
corresponds to the encapsulation in experiments, which is lower than the top line (i.e., without the encapsulation) because of the
reduced heat flux into the tissue due to heat dissipation in the encapsulation. This is further illustrated by the middle line in Fig. 4b,
which corresponds to the same heater but with a smaller encapsulation (radius of 1 mm); it is lower than the top line (no encapsu-
lation), but higher than the bottom line (larger encapsulation). Therefore, the total heat flux q in Eq. (14) must be replaced by
CealibratedP/ (7R?) to reflect the reduced effective heat flux into the tissue, i.e.,

Cealibraed P/ (TRk r
Tourface = L/() F(—>7
1+4+0.76s, /ﬁ

R
where the non-dimensional coefficient Ccaibrated is less than 1 to reflect the heat flux reduction.

Without the encapsulation, Eq. (15) suggests that the surface temperature is linearly proportional to 1/k, therefore approaches zero
in the limit k — co. This limit is correct as k — oo, together with the remote boundary condition T = 0, yield zero temperature
everywhere. With the encapsulation, however, Fig. 4c shows that the relation between the sensor a temperature Tsepsor and reciprocal
of the effective conductivity 1/k, obtained by FEA, is linear but not linearly proportional (a straight line above the origin in Fig. 4c).
This is because (1) the encapsulation layers have an effective conductivity kjayer (to be determined), which dissipate heat away from the
tissue, and (2) the sensor is inside the encapsulation (therefore above the tissue surface) such that its temperature is not zero even for
the limit of k — co. The linear relation and the positive intercept with the vertical axis in Fig. 4c suggest that the sensor temperature is
linearly proportional to 1 /k + 1 /kjayer Such that the temperature in Eq. (15) is modified to give the sensor temperature as

calibrate P R 1 1
Teensor = M ( + >F(l) (16)

140765, /2 \k - hiager/ " AR

for the flow probe on the surface of the composite (of tissue and blood), where r is the projected distance in the x-y plane between the
sensor and heater, and Cecaliprated and kiayer are to be calibrated from experiments.

(15)

For the flow probe implanted in the composite (of tissue and blood), heat transfers to both sides of the flow probe such that Eq. (16)
becomes

Ccai rate P R 1 1
T, — CotmeaP/ (7R) (_ N ) F(£>7 an
140765, /28 \2Kk  Kiyer/ \R

Afluid

i.e., kin Eq. (16) is replaced by 2k.

3.3. Calibrations and validations

Calibration of Ccalibrated and kiayer involves the flow probe described in Section 3.1 applied to three materials at zero flow velocity u
=0,
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1) flow probe on surface of a PDMS microvascular model (Lu et al., 2022) embedded with microchannels (~ 100 pm diameter,
channel volume percentage s ~ 2.5%) of random orientations [thermal conductivity k = 0.27 Wm 'K~ (value supplied by the
manufacturer)];

2) flow probe immersed in stationary water (thermal conductivity k = 0.6 Wm 1K ! (Blumm and Lindemann, 2003)); and

3) flow probe immersed in stationary 70 wt% isopropanol (thermal conductivity k = 0.28 Wm K ! (Lu et al., 2022)).

For sensor a, at which F= 1.0 for r = 0, Eq. (16) becomes Tsepsor = % (% +ﬁ> for the PDMS microvascular model (flow probe

on the surface) and Tsengor = % <217< +ﬁ) for water and 70 wt% isopropanol (flow probe immersed in fluid). For the heat power P
ayer

=15mW, Fig. 5a shows the measured temperature of sensor a versus 1/k for the flow probe on the surface, or versus 1/(2k) for the flow

probe immersed in fluid, such that the above two relations become the same straight line y = C“““j;;g‘edp (x +ﬁ) in Fig. 5a. The best fit of
ayer

the experimental data to this straight line gives Ccaibrated = 0.60 (i.e., 40% of heat is dissipated in the encapsulation) and kjayer = 1.8
Wm KL, Here it is reasonable that kjayer is between the conductivities of its constituents (kp; = 0.12 Wm’lK’l, kau =310 wm™IK™h.
The effective radius R is taken as the spreader radius 0.75 mm because the spreader, having high conductivity, spreads the heat
effectively over its area.

Fig. 5b shows the measured temperature of sensor b [at distance r = 0.75 mm, yielding F(§) = 0.64] and sensor ¢ [at distance r = 8
mm, yielding F(Rf) = 0.047], versus 1/k for the flow probe on the surface [or 1/(2k) for the flow probe immersed in fluid]. It is clear
that Eqs. (16) and (17), using the Cealibrated = 0.60 and kjayer = 1.8 Wm K ! calibrated from Fi g. 5a, agree perfectly with experimental
results without any parameter fitting, therefore validate the analytical model.

Fig. 6a shows the measured temperature of sensors a-c versus the heat power P up to 25 mW. Without any parameter fitting they
agree very well with the analytical model with Ccajibrated = 0.60 and kjayer = 1.8 Wm 'K ! calibrated from Fig. 5a. Fig. 6b shows the
temperature distribution from Eq. (16) for the PDMS microvascular model (Lu et al., 2022) at the heat power P = 15 mW, which
decreases rapidly away from the heater then gradually approaches to zero. Once again it agrees well with the sensor temperature
without any parameter fitting, therefore validates function F(£).

The PDMS microvascular model (Lu et al., 2022) with microchannels (s ~ 2.5%) also provides validation of the analytical model
accounting for the effect of fluid flow. For water (aqyiq = 0.14 mm?/s (Blumm and Lindemann, 2003)) flowing in the microchannels
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with the controlled flow velocity up to ~ 6 mm/s, which covers the range of blood flow velocity 0.5-4 mm/s (Ivanov et al., 1981;

Fung, 2013) in the capillaries, Fig. 7 shows that the temperature decreases as the flow velocity u increases. Once again, the analytical
model agrees very well with the measured temperature of sensors a-c without any parameter fitting.

4. In vivo experiments and discussions

Rearrangement of Eq. (17) gives the following equation to determine the flow velocity u from the sensor temperature Tsensor,

s*uR CeaibracaP/(ZR) (1 1 r ? Tiensor_0 :
-17 calibrate = F(—) 1 —17 sensor0._ ¢ . 18
Afuid |: Tsensnr <2k + klayer) R :| ( Tsensnr ) / ( )
where
Ccalibraledp 1 1 r
Tensor-0 =——— | 57 F(f) 19
-0 7R <2k * k,ayc,> R (19)

is the temperature of the same sensor (i.e., at same location r) at zero flow velocity u = 0. Eq. (18) provides a universal relation between
the normalized flow velocity f;—”’: and normalized sensor temperature m The flow velocity u and blood content s (volume fraction
of blood in the tissue) always appear together via s%u. Therefore, the blood content s must be known in order to determine the flow
velocity u by this method.

Fig. 8 shows the universal relation between the normalized flow velocity and sensor temperature in Eq. (18) by the straight line
with the slope 1.7. The experimental data from Fig. 7 for the PDMS microvascular model (Lu et al., 2022) are also shown. It is clear
that, for sensor a (r = 0), the measured data agree perfectly well with universal relation in Eq. (18) (i.e., the straight line in Fig. 8)
without any parameter fitting; the agreement is reasonable for sensors b (r = 0.75 mm), but not well at all for sensor c (r = 8 mm). This
is because, as indicated in Fig. 6b, the temperature decreases very fast as the distance r increases such that the relative error is large for
sensors far away from the heater. Sensor a, which is closest to the heater, gives the most reliable temperature measurement.

It should be pointed out that the thermal conductivity k of the composite (of tissue and blood) may not be known for in vivo ex-
periments. For a calibrated flow probe (with known Cealibrated and kiayer) and a given heat power P, Eq. (19) provides an effective way to
determines k from Tsensor_0, Where Tgensor_o is measured by clamping artery or vein(s) to realize zero flow velocity.

The probe is implanted into a porcine muscle flap and kidney for in vivo experiments (Lu et al., 2022). The temperatures are
monitored for three states: 1) without clamping artery and vein(s) (“released”, R), 2) only clamping artery (“ischemia”, I) and 3) only
clamping vein(s) (“congested”, C). The released state corresponds to the normal blood flow, while the ischemia and congested states
correspond to arterial and venous thrombosis and immediately threaten the flap or organ viability. The purpose of the flow probe is to
distinguish between the “released” state and “ischemia” or “congested” states.

The stable temperature values are collected after 15 min maintaining at each state in in vivo experiments (Lu et al., 2022), which
give the normalized sensor temperature Tsensor/ Tsensor 0 = 0.93, 0.98 and 0.99 for “released”, “ischemia” and “congested” states in the
flap, and 0.66, 0.99 and 0.99 in the kidney, respectively. Fig. 9 shows these values by the vertical dashed lines as well as the universal
relation in Eq. (18) but in log scales. It is clear that the lines for the “released” state are much separated from the lines for “ischemia”
and “congested” states.

With R = 0.75 mm and agyq = 0.14 mm?/s, the experimental values of Tsensor/ Tsensor 0, together with Eq. (18) [or equivalently the
straight lines in Fig. 8 (normal scale) or Fig. 9 (log scale)], predict the combinations of s?u as 1.6 um/s for the flap and 93 pm/s for the
kidney at the “released” state. These values do fall into the ranges from the literature, namely 0.45-10 pm/s for the flap and 31-440
pm/s for the kidney, respectively. These large ranges result from the variations in capillary flow velocity u = 0.5-4 mm/s (Ivanov et al.,
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Fig. 9. The universal relation between the normalized sensor temperature and flow velocity for the analytical model (with logarithmic scale) and in
vivo experimental data for three states [Released (R), Ischemia (I), Congested (C)] in a porcine (a) flap and (b) kidney.

1981; Fung, 2013) and blood content s = 4% + 1% for flaps and 29% =+ 4% for kidneys (Linderkamp et al., 1980). For the “ischemia”
state, experimental values predict the combinations of s>u as 0.083 pm/s for the flap and 0.010 pm/s for the kidney, which are ~ 20
and ~ 9300 times smaller than the corresponding values for the “released” state, respectively. Similarly, for the “congested” state,
experimental values predict s?u as 0.010 pm/s for the flap and 0.074 pm/s for the kidney, which are also several orders of magnitude
smaller than the corresponding values for the “released” state, respectively. Therefore, the value of s>u (or equivalently the normalized
sensor temperature Tsensor/ Tsensor 0) falling out of the reasonable range may indicate thrombosis.

In summary, an analytical model is established to determine the blood flow velocity in flaps and organ grafts from temperatures
measured using implanted flow probes. The analytical model, accounting for the effects of both heat conduction (in the tissue and
blood) and convection (due to blood flow), has been validated by in vitro experiments without and with blood flow. Together with
experiments, it can predict a combination s?u of the flow velocity u and blood content s, and may provide a good indicator for
thrombosis, which enables reliable and accurate flow sensing in free flap transfer and solid organ allotransplantation.
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