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ABSTRACT

Accurate measurement of biofluid flow rate is critical for clinical diagnostics and physiological monitoring, such as in cerebrospinal

fluid shunt assessment and vascular blood flow evaluation. Thermal flow sensors, particularly hot-film and calorimetric types, are
widely used in biomedical settings due to their broad dynamic range and long-term stability. However, their performance declines
at high flow rates. To overcome this drawback, we propose a transient heating method that applies a short-duration thermal pulse

and tracks the peak temperature response. This method, validated by experiments using artificial blood and vessels, significantly

improves sensitivity to the flow rate change at high flow rates and reduces energy consumption. There exists an optimal heating

time to maximize sensitivity to the flow rate. A contour plot of flow rate sensitivity vs. the heating time and flow rate is obtained

to guide the selection of optimal heating time for different flow conditions.

1 | Introduction

Accurate measurement of biofluid flow rates is essential for
clinical diagnostics and physiological monitoring. For example,
assessing cerebrospinal fluid flow rate is a key indicator of shunt
patency in the management of hydrocephalus [1-4]. Quantifying
sweat rate provides valuable insights into thermoregulatory dys-
function and heat-related illnesses [5]. Blood flow monitoring,
meanwhile, plays a critical role in evaluating both microvascular
and macrovascular health in clinical and research settings [6-8].

Various techniques have been developed for flow rate measure-
ment, including ultrasound [9], cantilever-based sensors [10],

piezoelectric sensors [11], and magnetic devices [12]. Among
these, thermal flow sensors have emerged as a preferred choice
in biomedical applications due to their distinct advantages. First,
microheaters and thermal sensors can be easily fabricated using
micromachining technology, simplifying the overall manufac-
turing process. Second, the absence of moving parts ensures
high stability and ease of operation. Third, thermal flow sensors
feature low power consumption and high sensitivity at low
flow rates, making them particularly suitable for miniaturized
systems [13, 14]. These characteristics make thermal flow sensors
particularly well-suited for monitoring in physiological environ-
ments, where mechanical durability and operational safety are
critical.
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Among thermal flow sensing techniques, hot-film and calorimet-
ric methods are the most widely employed due to their versatility
and reliable performance [13, 15, 16]. The hot-film method utilizes
a single integrated heater-sensor element, offering a compact and
straightforward design. In contrast, the calorimetric method uti-
lizes a central heater accompanied by upstream and downstream
temperature sensors, enabling the detection of flow-induced ther-
mal asymmetry. Both methods have been successfully adapted for
a variety of biomedical applications [1, 2, 5, 6, 17, 18].

The main drawback of both methods lies in their reduced sensitiv-
ity at high flow rates (e.g., >0.05m/s) [16, 19], where the measured
temperature change tends to saturate. While increasing the
heating power could enhance sensitivity, biomedical applications
are constrained by a maximum permissible temperature, which
limits the allowable heating power. Additionally, since tempera-
ture is measured at the steady state, reaching this condition can be
time-consuming, especially in larger systems [19, 20], resulting in
operational delays. Moreover, energy continues to be consumed
even after the steady state is reached, leading to inefficiencies in
energy usage [16].

To address these limitations, we propose a transient heating
method that applies a short-duration heating pulse and monitors
the resulting peak temperature response of the system. This
method offers two key advantages. First, the use of short heating
durations allows for the application of higher heating power
without exceeding safety limits, significantly enhancing temper-
ature sensitivity to the flow rate change, especially at high flow
rates. Second, by predetermining the heating time, the method
eliminates the need to wait for the system to reach the steady state,
significantly shortening the experimental wait time while also
reducing energy consumption and improving overall efficiency.

In this study, we apply the transient heating method to blood
vessels with high blood flow rates (above 0.05 m/s), and optimize
the heating power and heating time to significantly improve flow
rate sensitivity over the existing methods [16, 19]. The proposed
transient heating method is validated by our benchtop exper-
iments using a silicone tube and blood-mimicking fluid (40%
glycerol solution) as an artificial vessel and blood substitutes,
respectively. A contour is presented to guide the selection of
optimal heating time under various flow rates. This method
enables precise and rapid measurements across a wide range of
physiological conditions, making it highly practical for diverse
biomedical applications.

2 | Theory for Flow Rate Measurement

Figure 1A shows a vessel containing blood. The vessel is idealized
as an infinitely long cylinder oriented along the z-axis, with the
inner and outer radii r; and r,, respectively. A thin, rectangular
heat patch (2r,A68 times w), which can be modeled as a surface
heating source, is wrapped to the external surface of the vessel,
with the coordinates r =r,, — A8 <0 < A8 and —w/2 <z <w/2
in the cylindrical coordinate system (r, 6, 2).

The temperature rise in the vessel, after the heat patch is turned
on, depends on the blood flow rate [7, 13, 14, 16, 19]. The
established relation between the flow rate and the temperature

rise at the sensor on the outer wall of the vessel forms the basis for
determining the flow rate [1, 7, 19]. In existing methods [1, 7, 19],
the heat patch remains on continuously, and the temperature is
measured only after the system reaches a steady state. In contrast,
we propose a new transient heating method in which the heat
patch is turned off at a predetermined time 7 (Figure 1B), and the
peak temperature rise is recorded.

2.1 | Flow Velocity in the Vessel

Flow within the vessel is assumed to be fully developed, laminar,
and Newtonian (Note S1 and Figure S1). The local velocity u(r) at
a radial position r is described by the Poiseuille solution for flow

[21, 22]:
u(r)=2ﬂ<1—é> o
ri

where # is the flow rate, i.e., the mean flow velocity of the fluid
within the tube, and it is smaller than 1 m/s for blood flow [19,
23, 24]. Given that the dynamic viscosity of blood typically ranges
from 3 to 6 mPa-s [25, 26], the corresponding maximum Reynolds
number remains below 2300 [27] such that the assumption of
laminar flow is valid throughout the analysis.

2.2 | Heat Equation in the Vessel and Blood

Heat transfer within the vessel is described by the heat conduc-
tion equation:

oT
— -a,V’T =0 2
o @

where T is the temperature, and o, denotes the thermal diffusivity
of the vessel. Heat transfer within the blood is governed by [28]:

oT oT _—
§+u£—afVT—0 3)

where «; is the thermal diffusivity of the fluid (blood), and the
velocity u is given in Equation (1). The initial temperature (at time
t = 0) throughout both the vessel wall and the blood is set to the
ambient environmental temperature T},.

On the external surface of the vessel, heat exchange with the
environment occurs through natural convection. Simultaneously,
a heat patch is applied to this surface to deliver thermal energy.
The boundary condition at the outer radius r =r, is:

Ly
$3r Ir=ro

k =q(t)—h(T-T,) C))

where k, denotes the thermal conductivity of the vessel, h is the
heat transfer coefficient between the vessel and the environment,
and q(¢) is the heat flux delivered to the vessel by the heat patch,
which is a non-zero constant g, only within the patch — A6 < 6 <
AB, —w/2 < z <w/2 and for the duration 0 < t < 7 (r is the heating
time, Figure 1B).
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FIGURE 1 | (A)Schematic of the heat patch and thermal sensors (red dots) mounted on the external surface of the cylindrical vessel containing

blood. The heat patch geometry is defined by its axial width w and angular span Af. (B) Comparison between the existing constant heating method,

which applies constant power continuously, and the proposed transient heating method, where heating stops at a predetermined heating time 7.

At the interface between the vessel and the blood, both tempera-
ture and heat flux are continuous:

oT oT

where k; denotes the thermal conductivity of the blood.

2.3 | Scaling Law

Given the governing equations along with the boundary and
interface conditions, the temperature rise AT = T — T, has the
following dimensionless form, i.e., a scaling law:

where f; is a non-dimensional function. With blood flow, the
maximum temperature rise in the vessel is always smaller than
that without blood flow, as the moving blood carries away some
heat. Without blood flow, the maximum temperature rise occurs
at the center of the heat patch (r =r,,6 = 0,z = 0) at the end
of heating t = 7,i.e.

o rf A8
i L

®
The maximum allowed temperature rise AT, depends on
biomedical applications, for example, approximately 2 K for brain
tissue [29, 30] and around 10 K for skin [31-33]. For a given
maximum temperature rise AT,,,., Equation (8) determines the
maximum heat flux g, from the heat patch. This maximum g,
increases as the heating time 7 decreases (Figure 2E), enabling the
use of much larger heat power over a short heating time, thereby
enhancing the temperature change in the system and increasing
the sensitivity of temperature response to the flow rate.

Yo hri
2, o ket ke

,0,0, —, =,
qoT; ;

kAT pqx <afr ¥y a, kg 1
L "o L2
r;

Two commonly used methods for determining flow rate based
on temperature measurements are the hot-film and calorimetric
methods [13-15]. In the hot-film method [19, 34|, the sensor
measures the steady-state temperature, averaged over the heat
patch, at a given flow rate & and constant heating. We propose to

use the hot-film method with transient heating (Figure 1B), and
measure the peak temperature rise (with respect to time) averaged
over the heat patch, denoted as AT,,qx ot — fitm OF AT pegic -

In the calorimetric method [5, 35, 36], the steady-state temper-
ature difference between upstream and downstream sensors—
placed symmetrically around the heat patch (Figure 1A)—is
measured at a given flow rate # and constant heating. We
propose to use the calorimetric method with transient heating
and measure the peak temperature difference (with respect to
time)’ denoted as ATpeak,calorimetric or ATpeak,c'

These measured temperatures satisfy the following scaling law:

%z J(ﬁ&iﬂr_oﬂ i E,A9> )
0% i

By _po((& ks o b &7 w yg) o)
AT, ox 20y

where the subscript j is either “hot-film” or “calorimetric”, and
both f; and f;" are non-dimensional functions.

3 | Results and Discussion

The baseline geometries and material properties are fixed as
[19] r, = 2.975 mm, r, = 3.325 mm, a, = 0.126 mm?/s and
ky = 0.46 W/(m K) for the vessel; oy = 0.137 mm?/s and ky =
0.52 W/(m K) for the blood; and w = 60 mm and angular width
of 7.5 mm (corresponding to A8 = 64.6°) for the heat patch. The
heat transfer coefficient is h = 10 W/(m?K) [37]. The upstream
and downstream sensors are positioned 2 mm [1, 6] away from the
edges of the heat patch on either side. We focus on the effects of
heating time 7 and high flow rate @ (> 0.05 m/s), and optimize the
heating time to increase the flow rate sensitivity to AT g ;/AT gy

3.1 | Transient Heating Method

Figure 2A shows the temperature distributions in the vessel and
blood, obtained by COMSOL Multiphysics 6.2 for the flow rate
% = 0.2 m/s. For the constant heating method (Figure 2B), the
temperature rise is low because the heating power is low in order
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FIGURE 2 | (A) Temperature distributions at ¢ = 5 s for transient heating with heating time 7 = 5 s and at steady state for constant heating, both
at the flow rate @ = 0.2 m/s. (B) Evolution of sensor temperature rise (temperature rise averaged over the heat patch) at flow rate @ = 0.05, 0.2, and 1

m/s. (C, D) The peak temperature rise (AT, in C and AT, in D) vs. the flow rate @ for heating time 7 = 5, 10, and 50 s, and constant heating. (E)

do’i

k/' max

Normalized heat flux delivered to the vessel

heating time 7.

not to exceed the maximum allowed temperature rise, yielding
low sensitivity at high flow rates. On the contrary, for transient
heating with heating time v = 5 s (Figure 2A), the temperature
rise is significantly higher, especially around the heat patch.
This is because transient heating allows the use of significantly
higher heat power without exceeding the maximum allowed
temperature rise, leading to much improved sensitivity.

Figure 2B depicts the temperature rise of the sensor (i.e., averaged
over the heat patch in the hot-film method) vs. time. It reaches
the peak at the end of heating t = 7. This peak is shown vs. the
flow rate @ in Figure 2C for the heating time 7 = 5, 10, and 50 s
and constant heating, providing the basis for determining the flow
rate from the measured peak temperature rise. For a short heating
time 7, AT, /AT e, approaches 1 as most of the heat remains
localized near the heat patch. As the heating time 7 increases,
thermal diffusion spreads the heat into the surrounding vessel
and blood, thereby reducing AT /AT gy

The slope of AT, , With respect to flow rate gives the sensitivity.
At the high flow rate &4 =1 m/s, the slopes for 7=5and 10 s are ~10

, and total energy delivered to the vessel per heating cycle (normalized by AT},,,) as a function of

times larger than the slope for the constant heating method. For
a representative thermistor used in bioflow sensing, the reported
temperature resolution is between 0.01 and 0.07 K [6, 7, 35]. For
AT,,.. = 2 K as for brain tissue [29, 30] and temperature sensing
resolution of 0.04 K, the transient heating method can detect a
30% change in blood flow rate around @ = 1 m/s. In contrast,
the constant heating method would require a 290% change in
flow rate to be detectable. For temperature sensing resolution of
0.01 K, the transient heating and constant heating methods can
detect 7.5% and 72% change in flow rate, respectively. As an
example, the proposed transient heating method enables sensitive
detection of flow velocity changes within the clinically relevant
ICA/CCA (internal carotid artery/ common carotid artery) PSV
(peak systolic velocity) ratio range (>2.0) [38]. This range cor-
responds to >50% stenosis, and it is difficult to detect using the
constant heating method. Although Doppler ultrasound remains
the gold standard, it is primarily a snapshot-based modality that
requires professional operation and bulky instrumentation. In
contrast, our transient heating method provides a complemen-
tary, long-term monitoring framework. It is specifically designed
to detect the same velocity-based criteria defined by clinical
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standards, but with the added benefits of autonomous operation,
ultra-low cost, and a flexible form factor suitable for continuous
wearable or implantable use.

Similarly, for the calorimetric method, the sensitivity for t=5sis
also significantly higher than that of the constant heating method
(Figure 2D).

Figure 2E gives the total energy consumed during a heating cycle,
2wryAbq,t, normalized by AT, vs. the heating time 7. The
energy consumption for the proposed transient heating (e.g., T =
55s) is only 1/7 of that for constant heating (e.g., 7= 400 s in prior
experiments [19]), i.e., energy efficient.

In addition, with various vessel diameters (Figure S2) and heat
transfer coefficients (Figure S3), the proposed transient heating
method maintains superior sensitivity compared with the
constant heating approach. This method also exhibits stronger
robustness against temperature fluctuations (Note S2 and
Figure S4).

3.2 | Flow Rate Sensitivity

We studied heating times ranging from 1 to 130 s (additional
results are provided in Figure S5). Based on the contour plots
Of ATpaupn/AT gy  and ATpepy /AT e, vs. the flow rate and
heating time in Figure 3A,B, we obtain the flow rate sensitivity
in Figure 3C,D for the hot-film and calorimetric methods,
respectively, where the flow rate sensitivity S; is defined as:

S = d (ATpeak,j/ATmax) (11)
! dIn (ar,/a;)

to quantify how AT, /AT, changes with respect to the
normalized flow rate, @r;/a;. For each given flow rate, the
sensitivity reaches a maximum at an optimal heating time given
in Figure 3E. The sensitivity at this optimal heating time is
given in Figure 3F, which clearly shows that the optimized
transient heating method gives much higher sensitivity than the
constant heating method. For example, a typical physiological
flow rate of 800 mL/min [19] corresponds to a dimensionless
value of iir; / &y = 1.0 x 10*, where a heating time of 4.9 s yields a
sensitivity that is 5 times greater than that of the constant heating
method.

The optimal heating time depends on the vessel radius (Figure
S6) and the heat-transfer coefficient (Figure S7); however, the
transient heating method consistently achieves higher sensitivity
than the constant heating method under all examined conditions.

3.3 | Experimental Validation

To evaluate the physiological relevance of the proposed transient
heating method, we established a bio-mimetic experimental
setup utilizing viscosity-matched blood-mimicking fluid (a 40%
glycerol solution) [39, 40] and a soft silicone tube to replicate the
rheological and mechanical properties of the human cardiovascu-
lar environment (Figure 4A). Furthermore, while the peristaltic
pump utilized in our experiments introduces inherent flow

pulsatility, paralleling physiological hemodynamics, we observed
that the peak temperature response remains highly robust against
these temporal oscillations. The material properties are ; = 0.106
mm?/s and k; = 0.15 W/(m K) for the silicone rubber tube [41]; a;
=0.124 mm?/sand k;=0.45W/(m K) for the 40% glycerol solution
[42]. Slightly different from the baseline values, the inner and
outer diameters of the tube are r; 4.76 mm (3/16”) and r, 6.35 mm
(1/4"), and the heat patch has width w = 60 mm and angular width
7.5 mm. In order to maintain a representative value AT, = 5
K for the maximum allowed temperature rise at zero flow rate,
the total heat power of the heat patch for the constant heating
method is 0.117 W, while that for the transient heating method
with heating time 7 = 20 s is substantially higher, 0.407 W. Here,
the heat power is the product of the heat flux g, and the area of
the heat patch.

A negative-temperature-coefficient (NTC) thermistor is attached
to the center of the heater to record the local temperature. Addi-
tional NTC thermistors are attached upstream and downstream
of the heater, positioned 2 mm from the heater edge, and are
used as sensors for the calorimetric method. Similar to prior
measurements [43, 44], the encapsulation of the NTC thermistor
induces thermal resistance at its interface with the tube, which
is determined as 0.01 m?K/W by fitting the steady temperature
of experiments for constant heating and 0.05 m/s flow rate
(Figure 4B). This thermal resistance 0.01 m*K/W, which is on
the same order of magnitude as the literature values [19], also
yields good agreements with the constant heating experiments
at other flow rates (Figure 4B), as well as with the transient
heating experiments with heating time 7 = 20 s (Figure 4C)
without any additional fitting. Then, fitting the time evolution
of the temperature at 20 s gives the heat transfer coefficient h =
25 W/(m?*K).

The significant performance enhancement of the transient heat-
ing method over the conventional constant heating method is
validated in Figure 4D,E. The experimental data exhibit excellent
agreement with numerical simulations. Specifically, for the hot-
film configuration, the transient method yields a temperature
response of 0.47 K across the range of high flow rate (0.05-
1 m/s), a threefold increase compared to the 0.16 K observed
under constant heating. Similarly, for the calorimetric method,
the temperature differential AT, . within the same high-flow
range shows a comparable threefold enhancement over the
constant heating baseline. These results collectively verify that
the proposed transient heating method significantly extends the
dynamic range of thermal sensors, enabling precise measurement
at high flow rates that were previously challenging to resolve.

A cooling period is required to restore the baseline temperature
between heating pulses. Simulations show that a10 s cooling time
is sufficient for heating durations of 1-130 s, with less than 2%
variation in peak temperature after five consecutive cycles (Figure
S8). Thus, the method enables stable repeated measurements,
with a representative sampling frequency of about 0.05 Hz for
a 10 s heating time. This cooling period was further validated
experimentally: using a 10 s cooling interval followed by a 50
s heating duration for five consecutive cycles, both the hot-
film and calorimetric methods demonstrated peak temperature
consistency with a deviation of less than 2.5% across cycles
(Figure 4F).
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FIGURE 3 | Contour plots of the (A) normalized peak temperature rise averaged over the heat patch, ATpeqi /AT ey, (B) normalized peak
temperature difference between upstream and downstream sensors, AT peqx. /AT pax, (C) sensitivity Sy, for the hot-film method, (D) sensitivity S, for
the calorimetric method, vs. the heating time and flow rate. (E) Optimal heating time to maximize sensitivity vs. the flow rate. (F) Comparison of

sensitivity between the constant and optimized transient heating methods.

Furthermore, the long-term operational stability of the device
was evaluated over a 5-day continuous testing period. The peak
temperature response remained remarkably consistent, with a
total variation of less than 0.1K throughout the 5-day duration
(Figure 4G). This high degree of repeatability, combined with
the absence of significant signal drift, confirms the robustness
of the transient heating sensing platform and its suitability for
sustained, long-term flow monitoring applications.

Besides the current experimental setup, the proposed transient
heating strategy can be readily integrated into existing biocompat-
ible implantable sensor systems by simply modifying the heating
protocol, without altering the material composition or device
structure.

4 | Conclusions
We apply transient heating to the hot-film and calorimetric

methods in this paper in order to measure high blood flow
rates in vessels, with potential applicability to a broad range

of biofluid flow sensing. Unlike conventional constant heating,
our method turns off the heat patch at a predetermined heating
time and captures the peak temperature response, allowing for
maximizing sensitivity tailored to different flow rates. It achieves
significantly improved sensitivity—particularly at high flow rates
where the existing methods often struggle—because the heating
power can be substantially increased without exceeding thermal
safety limits. Additionally, it reduces energy consumption sub-
stantially, making the method more efficient and potentially more
suitable for integration into wearable or implantable medical
devices. Overall, the proposed strategy offers a promising pathway
for high-resolution, low-power flow sensing in both clinical
diagnostics and physiological monitoring.

5 | Experimental Section/Methods

5.1 | Fabrication of Electronics

To enhance sensing accuracy through efficient thermal trans-
fer and ensure conformal contact with the curvilinear surface
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FIGURE 4 | (A)Experimental setup. (B) Evolution of sensor temperature rise using the constant heating method (Solid lines represent simulation
results, while dashed lines represent experimental results). (C) Evolution of sensor temperature rise using the transient heating method (z = 20 s). (D)
Comparison of peak temperature rise of the sensor vs. the flow rate for the transient heating method with heating time 7 = 20 s, and constant heating
methods, validating the sensitivity enhancement in the hot-film method. (E) Sensitivity comparison for the calorimetric method. (F) Experimental
validation of ATp.q; invariance across five consecutive heating-cooling cycles. (G) Stability of the device over 5 days, showing consistent peak
temperature response for both hot-film and calorimetric methods across two flow rates.
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of the tube, a flexible printed circuit board (fPCB) is fab-
ricated using a thin copper/polyimide (PI)/copper laminate
(AP8535R, Pyralux, DuPont) with respective thicknesses of 18,
75, and 18 um. A UV laser cutter (ProtoLaser U4, LPKF) is
employed to ablate the copper layers and define the conduc-
tive traces and bond pads. For component assembly, solder
paste (TS391LT, Chip Quik) is applied, and reflow soldering
is performed using a heat gun (AOYUE Int866). For temper-
ature measurement, the circuit was configured as a Wheat-
stone bridge [45], with NTC thermistors (NCPO3XH103F05RL,
Murata Electronics) positioned at the center of the heater and
along the flow direction, and an additional reference NTC
thermistor placed at a location isolated from the fluid flow
to capture environmental temperature variations. The differ-
ential signals from the bridge were amplified using instru-
mentation amplifiers (INA333AIDRGR, Texas Instruments) to
suppress common-mode environmental temperature variations
and improve measurement accuracy. The amplified signals were
acquired using an external data acquisition system (Arduino
Mega 2560, Arduino).

5.2 | Fabrication of Heater

A 12,5 ym-thick PI film is attached onto a glass slide coated
with polydimethylsiloxane. A metal microheater is formed onto
the PI film by depositing a layer of Cr/Au metal using an e-
beam evaporator, followed by a process of photolithography and
wet etching to create a 200 pm-wide serpentine metal pattern.
The patterned metal layer is encapsulated by spin-coating a PI
precursor at 3000 rpm, then baked at 150°C for 10 min and
at 265°C in a vacuum oven to form a 1.5 pm-thick PI layer.
A copper mask is aligned on top of the heater for contact
pad patterning, followed by photolithography and wet etching
to make the contact pads. After removing the Cu mask layer
using wet etching, the UV laser cutter is used for the border
outline.

5.3 | Benchtop Study

Flow-controlled experiments are conducted at flow rates of 0,
0.05, 0.1, 0.2, 0.5, and 1 m/s, using a peristaltic pump (GP
1000, Fisher Scientific). Both the NTC thermistor and the
heater are mounted on the top surface of a soft silicone tube
(5296N13, McMaster-Carr, inner diameter of 4.76 mm (3/16")
and outer diameter of 6.35 mm (1/4")) using double-sided
medical silicone tape (2477P, 3 M) to ensure stable contact.
The working fluid was a 40% glycerol solution (G5516, Sigma-
Aldrich) to mimic the viscosity of blood. Furthermore, to
minimize convective heat loss and ensure thermal insulation,
the NTC thermistor is encapsulated using an acrylic foam
insulation tape (4950 VHB, 3 M). Electrical power is supplied
to the heater using a low-noise precision AC/DC current source
(Keithley 6221). For the hot-film method, an NTC thermis-
tor was placed at the center of the heater, while for the
calorimetric method, NTC thermistors were positioned 2 mm
upstream and 2 mm downstream from the heater along the flow
direction.
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