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An Occlusion Detection System
for Intravenous Infusion
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Abstract—Infusion pumps play a pivotal role in the med-
ical field, ensuring the continuous and precisely controlled
delivery of medications or nutrients. However, occlusions in
the intravenous lines (IV lines) pose significant hurdles for
infusion pump employment, which impact treatment effec-
tiveness and even endanger patients’ lives. The conventional
methods for detecting occlusions in IV lines do not simul-
taneously meet the requirements for noninvasiveness, high
accuracy, and high consistency. Here, we report a design for
a pressure waveform sensor (PWS) with a waveform-based
recognition method to detect IV lines occlusions. To over-
come the technical challenges, several attempts including the double-clamped beam structure and the waveform
template matching algorithm (WTMA) are exploited in this work. The mechanical and electrical characteristics of the PWS
are verified by theoretical analysis, numerical analysis, and experiments. Finally, the PWS with the WTMA is validated in
commercial electrical infusion pumps, demonstrating no false positive alarms (FPAs) observed among a total injection
volume of 80 000 mL across ten infusion pumps with 50 infusion bags. The result underscores the tremendous potential
of the system for IV lines occlusion detection.

Index Terms— High consistency, infusion pumps, intravenous lines (IV lines) occlusions, pressure sensors, waveform-
based recognition method.
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I. INTRODUCTION

INFUSION pumps, which generate flow by deforming a
specific soft catheter in a manner, have been widely applied

in the medical field because of the precise dose controlled,
long-term infusion, and lower contamination degree for the
isolation between the fluid and mechanical parts of the pump
[1]. An estimated 90% of hospital patients [2] receives nutri-
ents or medications via infusion pumps in nearly all types
of surgery and treatment [3], [4], [5], [6], [7], [8], [9], [10],
[11], [12], [13], [14], [15]: hormones like insulin in diabetes
treatment [5], antibiotics in colon resection and peripheral
vascular reconstruction [4], chemotherapy drugs in cancer
[6] and blood disorders [9], and pain relievers in the spine
and other complex orthopedic. Due to a variety of reasons
including a protein deposition at the end of a needle tip, a filter
clogging, a folded or compressed infusion catheter section, or a
pinch clamp malfunction, the occlusion occurs in relatively
high frequency among all infusion pump alarms [16]. In most
medical applications, unnoticed occlusion will reduce clinical
outcomes for insufficient drug delivery and risk patients’ life
for the bolus injected under the dangerous pressure buildup
in the catheter [17], [18], [19]. Therefore, it is extremely
significant to detect occlusion during the long-term infusion
process.
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The optimal occlusion detection system faces several
requirements/challenges.

1) Noninvasiveness: Any contact between the fluid and
sensing element will increase the risk of contamination.

2) Accuracy and Consistency: The occlusion detection
system needs to accurately identify the unobstructed
and occluded conditions within the intravenous lines
(IV lines), while minimizing the influence of manufac-
turing, assembly errors, or mechanical motion.

3) Low Alarm Delay: The occlusion detection system needs
to raise an alarm as quickly as possible after occlusion
occurs.

4) Low Power Consumption: Portable infusion pumps typ-
ically operate for several days, necessitating the sensing
and data processing components with minimal power
consumption.

5) Low Cost and Ease of Installation: The occlusion detec-
tion sensor needs to be reusable and feature easily
installable components to reduce costs and alleviate the
burden on the medical staff.

According to the requirements mentioned above, several strate-
gies for occlusion detection in clinics have certain limitations.
For example, thermal flow sensors [20] have high power
consumption, flow sensors with deflecting structures [21] are
invasive in essence, and ultrasonic transit time flow sensors
[22], [23] have complex processing circuitry and high cost.
Therefore, hydraulic pressure sensors [24], [25], [26], [27],
[28], [29], [30], [31] with a priority of noninvasiveness,
lower power consumption, and lower cost have a promising
future in IV lines occlusion detection. The majority of these
hydraulic pressure sensors detect pressure changes directly by
utilizing an ultrathin diaphragm integrated with the catheter
[24], [30]. However, the ultrathin diaphragm asks for a careful
installment of the catheter, which increases the complication of
the installation. In addition to utilizing the ultrathin diaphragm,
it is feasible to measure the hydraulic pressure changes within
IV lines by monitoring the expansion of a catheter section wall.
Based on the variations in hydraulic pressure, an algorithm
known as the pressure threshold algorithm (PTA) is utilized
to differentiate the occlusion condition of IV lines. Nonethe-
less, the measurement of the hydraulic pressure changes also
relies on the elastic modulus and geometry parameters of the
catheter, as well as the preload applied during installation.
Thus, the discrepancies in these parameters, caused by the
process of manufacturing and assembly, result in the elevation
of false alarm rates. In conclusion, finding a practical and suit-
able solution for occlusion detection within IV lines remains
challenging.

In this work, we report a pressure waveform sensor (PWS)
with a waveform-based recognition method, which satis-
fies the above four requirements simultaneously and can
be integrated into commercial infusion pumps for detecting
occlusions online. The PWS consists of a housing, deformation
substrate, and strain gauge to detect pressure change. To over-
come the technical challenges and satisfy the requirements
in applications, noninvasive design, normalization operation,
and waveform template matching algorithm (WTMA) are

exploited in this work. The mechanical and electrical char-
acteristics of the PWS are verified by theoretical analysis,
numerical analysis, and experiments. Furthermore, the PWS
with the WTMA is incorporated into commercial electrical
infusion pumps to verify its effectiveness on IV lines occlusion
detection. The results indicate that the PWS exhibits no false
positive alarms (FPAs) even when the total infusion volume
reaches 80 000 mL. This outcome suggests the potential of the
system to effectively detect occlusions within IV lines.

II. SENSING PRINCIPLE

A. Display and Mechanism of the Infusion
Pump and the PWS

Fig. 1(a) shows the usage scenario of the electrical infusion
pumps in the intravenous transfusion. The infusion pumps
usually consist of three parts: an infusion bag, a control circuit,
and a drive module. The inset exhibits one kind of infusion
procedure [32]. In the beginning, the left slider and middle
slider compress the tube. When the middle slider moves down
to create a low-pressure area, the fluid is sucked in from the
inlet driven by the pressure difference. Then, the right slider
moves up and compresses the catheter to prevent fluid reflux.
As the middle slider moves up and the left slider moves down,
the fluid extrudes out of the outlet driven by the pressure
difference. Repeating the above steps, the fluid will flow out
continuously. However, in certain scenarios, such as protein
deposition [see Fig. 1(b)], the injection channel occludes,
which will affect the treatment effect and endanger patients’
life. Thus, it is necessary to detect the occlusion accurately and
alarms as soon as possible. During a single infusion cycle, the
hydraulic pressure within the catheter changes corresponding
to the movement of the sliders in the infusion pump. If the
IV line nonoccludes, the liquid will flow out quickly, which
induces small pressure changes [see Fig. 1(c)]. On the other
hand, if the IV line occludes, the liquid will accumulate
within the catheter resulting in higher pressure levels and
fluctuations [see Fig. 1(d)]. To obtain the hydraulic pressure
changes within the catheter, a PWS is supposed to install
along the tube. Fig. 1(e) shows three major parts of the PWS:
a housing for clamping the catheter, a deformation substrate
with a double-clamped beam structure to convert the pressure
to the deformation, and a strain gauge to measure the strain
of the substrate. To preserve the performance of the PWS in
the complex environments, a protective encapsulation layer is
applied to safeguard the strain gauge. When the catheter is
occluded, the hydraulic pressure drives the expansion of the
catheter wall, leading to the deformation of the substrate. Then,
the strain gauge bonded to the lower surface of the substrate
deforms, resulting in resistance changes. Fig. 1(f) shows the
pressure sensor and the deformation substrate.

B. Design, Mechanical, and Electrical Characterization
of the PWS

The sensing element design dominates the performance of
the PWS. Here, a double-clamped beam structure with a bulge
is adopted to convert the hydraulic pressure within the catheter
to the deformation of the sensing element [details shown in
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Fig. 1. Schematic illustrations for the application, operation principle of infusion pumps, the dynamic fluctuations of hydraulic pressure within the
catheter, and images of a PWS. (a) Application of an electrical infusion pump for nutrients or medication delivery (inset: component of the infusion
pump and the illustration of the sliders’ movement within a single infusion cycle). (b) Intravenous therapy model (inset: enlarged view of the needle
tip with and without the protein deposition). (c) and (d) Dynamic fluctuations of hydraulic pressure observed within IV lines under the conditions of
nonocclusion and occlusion. (e) Exploded view of a designed PWS. (f) Optical image of a fabricated PWS.

Fig. 2(a)]. The inner radius of the catheter is denoted as ri

and the outer radius is denoted as ro. The thickness of the
beam t and the width of the bulge w impact the bending
stiffness and strain distribution of the sensing element. The
finite element analysis (FEA) result exhibits a higher strain
on the both side of the bulge, while a lower strain at the
bottom of the bulge (the hydraulic pressure is set to 0.15 MPa,
about 1100 mmHg). Fig. 2(b) shows the relationship between
the average strain ε̄x in the bonding section of the strain
gauge and the radio of width to thickness w/t . As w/t
increases, the average strain ε̄x increases for the decrease in
bending stiffness. When w/t exceeds 1.6, the average strain
ε̄x starts to decrease due to the lower contact area with the
catheter. Therefore, the substrate with w/t = 1.6 is employed.
To obtain an analytical solution relating the electrical output
of the PWS to the hydraulic pressure within the catheter, it is
necessary to investigate the mechanical characteristics of the
substrate. Due to the complexity of the substrate structure, the
FEA is applied. Fig. 2(c) illustrates the relationship between
the applied pressure and the average strain ε̄x , as well as the
relationship between the applied pressure and the substrate
displacement u y . Based on the results, the stiffness coefficient
of the substrate is determined as k = 3.097 × 104 (MPa/mm),
and the pressure-strain coefficient is determined as s =

1.9 × 10−3 (MPa−1). Considering the geometric character and
the small deformation hypothesis, the deformation process

is simplified as plane strain model [32]. In the quasi-static
process, the analytical relationship between the hydraulic
pressure within the expansion section of the catheter and the
pressure applied on the substrate is derived as (details shown
in the text in the Supporting Information)

po

pi
=

[
(1 − ν∗)r2

i − (1 + ν∗)riro
]

E∗(ro+ri )

2k −
[
(1 + ν∗)riro − (1 − ν∗)r2

o

] (1)

where po is the contact pressure caused by the housing
and sensing element, pi is the hydraulic pressure within the
catheter, ri is the inner radius, ro is the outer radius, k is the
stiffness coefficient of the substrate, E∗

= E/(1 − ν2), and
ν∗

= ν/(1 − ν), where E is Young’s modulus of the catheter
and ν is Poisson’s ratio. Based on the principle of the strain
gauge resistance variation, the relative resistance change is
expressed as 1R/R0 = K · s · po, where K is the gauge factor
of the strain gauge and s is the pressure-strain coefficient.
Fig. 2(d) depicts the analytical and experimental results on
the relationship between the relative resistance change 1R/R0
and the applied hydraulic pressure within the catheter. Further
details can be found in Fig. S1a and Section III. In the pressure
range of 0–0.15 MPa, the relationship demonstrates a satisfied
linearity with the goodness-of-fit R2

= 0.99. Here, R0 and 1R
represent the original resistance of the PWS and its increment
due to the applied hydraulic pressure, respectively. Because of
the rapid completion of a single infusion cycle within a few
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Fig. 2. Design, mechanical, and electrical characterization of the PWS. (a) Mechanical model of the PWS. The geometry parameters of the
catheter and the sensing element (left). The 3-D model of the PWS (middle). FEA results of the strain εx distribution (right). (b) Curve of the average
strain ε̄x under different w/t values. Inset: strain distribution εx when w/t = 1.6. (c) Average strain ε̄x and displacement response of the substrate.
(d) Relative resistance changes of the PWS versus the hydraulic pressure in the catheter. (e) Relative resistance changes for step loads from 0 MPa
to 0.035, 0.115, and 0.220 MPa. Inset: response time about 0.4 s. (f) Effect of the water and alcohol immersion on the relative resistance changes
of the PWS versus the hydraulic pressure. (g) Relative resistance changes under repeated loading and unloading of hydraulic pressure about
0.06 MPa for 5000 cycles.

seconds, it is crucial for the PWS to exhibit a robust dynamic
response to detect pressure variations accurately. Fig. 2(e)
illustrates the results of a step load test conducted on the
PWS. As the step load increases from 0 MPa to 0.035 and
0.115 MPa, the output increases sharply at first and then
remains. For instance, the output stabilizes within 0.4 s when
the step load is 0.035 MPa. To assess the output stability
in severe environments, the PWS is immersed in water and
alcohol for 24 h, substances commonly used in the medical
field (details shown in Fig. S2). The gauge factor of the
PWS exhibits minimal variation before and after immersion,
as depicted in Fig. 2(f). The result indicates that the PWS is
well-suited for operation in the medical environment. Further-
more, stability is also very important for practical applications
of the PWS. As demonstrated in Fig. 2(g), the performances,
including applied hydraulic pressure range (0–0.06 MPa),
repeatability, and linearity, remain over a span of 5000 loading
and unloading cycles.

C. Mechanism of IV Lines Occlusion Detection
To quantitatively investigate the relationship between

hydraulic pressure fluctuations induced by the infusion process
and the output of the PWS, a simple yet effective theoretical
model is established. The catheter and PWS are simplified as
the model shown in Fig. 3(a). Here, the catheter is consisted
of two parts: the one in higher Young’s modulus exposed out

of the PWS and the other one in lower Young’s modulus con-
nected with the PWS directedly and denoted as the expansion
section. The controllable clamp is used to exert compression
on the end of the catheter to simulate the occlusion section. qi

represents the volume flow rate in the inlet, pi represents the
hydraulic pressure in the expansion section of the catheter, P0
represents the atmospheric pressure, V represents the infusion
volume per cycle, and r1, r2, r3, and r4 represent the inner
radius of the catheter in the inlet section, expansion section,
outlet section, and occlusion section, respectively. The liquid,
like medicine or nutrients, driven by the infusion pump, flows
through the inlet into the soft catheter and then flows out
through the outlet. As the clamp compresses the catheter, the
liquid accumulates, resulting in the wall expansion. During
the infusion process, the substrate undergoes deformation as a
result of hydraulic pressure transmitted through the catheter
wall. Due to the complexity of the multiphysical couple
in directly analyzing the substrate deformation, an indirect
analysis model [see Fig. 3(b)] is introduced here according
to the lumped parametric model [33], [34], [35], [36], [37],
[38], [39], [40], [41]. For a catheter in which the laminar
flow of an incompressible fluid develops, the fluid resistance
caused by the viscous forces can be given in theoretical as
R = 8µl/πr4, where µ is the fluid viscosity coefficient, l is the
length, and r is the inner radius. An approximate expression
for the capacitance in a fluid system caused by the elasticity
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Fig. 3. Mechanism of IV lines occlusion detection. (a) Illustration of the equivalent simplified model for the catheter, PWS, and occlusion.
(b) Lumped parametric model of the infusion process. Curves of the relative resistance change within a single infusion cycle under three different
conditions: (c) V = 0.05 mL, r̄2 = 0, and r̄4 = 0.025, 0.05, and 1; (d) r̄4 = 0.025, r̄2 = 0, and V = 0.05, 0.03, and 0 mL; and (e) r̄4 = 0.025,
V = 0.05 mL, and r̄2 = 0.17, 0.08, and 0. Curves of the normalized signal within a single infusion cycle under three different conditions:
(f) V = 0.05 mL, r̄2 = 0, and r̄4 = 0.025, 0.05, and 1; (g) r̄4 = 0.025, r̄2 = 0, and V = 0.05, 0.03, and 0 mL; and (h) r̄4 = 0.025, V = 0.05 mL, and
r̄2 = 0.17, 0.08, and 0. (i) Comparison of the normalized signal obtained from the numerical model and experimental results in continuous infusion
cycles.

of the thick wall catheter can be given as

C = 2πlr2
i r2

o

{[
(1 − ν∗)r2

i /r2
o −

(
1 + ν∗

)]
+ 2ν∗ po/pi

}/[
E∗

(
r2

o − r2
i

)]
the details are shown in the text in the Supporting Infor-
mation. Furthermore, the inertia effect in the short catheter
is so smaller than the resistance and capacitance that can
be neglected in later analysis. As the Young modulus of
the catheter is higher in the inlet and outlet than in the
expansion section, the capacitance in the inlet and outlet can
be disregarded for simplify. The phenomenon of reflux occurs
when the hydraulic pressure within the catheter exceeds the
driving pressure exerted by the infusion pump. Therefore, the
infusion pump is modeled as a nonideal current source, which
is consisted of an ideal current source and an inside resistance
in parallel connection. According to Kirchhoff’s laws, the
analytical relationship between the volume flow rate qi and
the hydraulic pressure within the expansion section can be

obtained using the lumped parametric model as follows:

Ii = qi , Ii = I4 + I1, I1 = I2C + I3 (2)(
R1 +

R2

2

)
d
dt

(I1) +
I2C

C2
− R4

d
dt

(I4) = 0(
R2

2
+ R3

)
d
dt

(I3) −
I2C

C2
= 0 (3)

where Ii represents the volume flow generated by the infu-
sion pump; I1, I3, I2C , and I4 represent the volume flow
going through the inlet, outlet, expansion section, and inside
resistance, respectively; R1, R2, and R3 are the resistances
of the inlet, expansion, and outlet section, respectively; R4
is the inside resistance of the infusion pump; C2 is the fluid
capacitance of the catheter expansion section. Based on the
initial condition I1 = I3 = I4 = 0, the voltage in the
capacitance can be calculated as UC =

∫
I2C/C2dt , which is

equivalent to the hydraulic pressure pi in the expansion section
(details shown in the text in the Supporting Information).
By combining (1) with (2) and (3), the relationship between
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the relative resistance change 1R/R0 of the PWS and the
volume flow rate qi can be established. The numerical analysis
results are illustrated as follows.

The electrical response varies according to different param-
eters of the infusion system, including the infusion volume
per cycle, and the inner radius of the expansion section and
occlusion section, which reflects the assembly errors and
occlusion degree, respectively. With the constant V = 0.05 mL
and r̄2 = 1 − r2/r1 = 0, Fig. 3(c) shows the numerical result
of the relative resistance change 1R/R0 with the decrease of
r̄4 = r4/r1 within a single infusion cycle. Here, r̄2 represents
the assembly errors and r̄4 represents the openness of the
catheter. When the outlet is totally unobstructed (r̄4 = 1), the
hydraulic pressure within the catheter is insufficient to cause
the wall deformation, resulting in a relatively stable output
signal. However, as the openness decreases to 0.025, the output
signal increases initially, reaching its peak, and then gradually
decreases to zero. For different r̄4 values, the peak value
and decay time of the output signal vary. With the constant
r̄4 = 0.025 and r̄2 = 0, Fig. 3(d) shows the variation of
the relative resistance change 1R/R0 with different infusion
volumes per cycle V . As V increases, the residual fluid volume
within the catheter also increases, resulting in greater catheter
wall deformation and higher output signal. For example, the
peak value under the condition of V = 0.05 mL is around three
times as large as that under the condition of V = 0.01 mL.
With the constant V = 0.05 mL and r̄4 = 0.025, the peak
value of the relative resistance change 1R/R0 increases with
the increment of r̄2 due to the less fluid volume storage in
the expansion section [details shown in Fig. 3(e)]. Therefore,
relying solely on the peak value of the output signal for
discerning the occlusion condition (like PTA) is unreliable.
To address this technical challenge, a normalized operation is
implemented during the data processing phase [as depicted in
Fig. 3(f)–(h)]. Following the normalization process, the output
signals in different occlusion conditions still exhibit a sharp
increase to the peak, but their subsequent decrease occurs
at varying rates, resulting in distinct pressure waveforms.
For different infusion volumes per cycle V and assembly
errors r̄2, the output signals demonstrate great consistency.
Consequently, it is more reliable and accurate to differentiate
the occlusion condition based on the normalized pressure
waveform. What is more, the infusion speed is determined by
both the infusion volume per cycle and the time gap between
infusion cycles. Because the time gap between infusion cycles
will not impact the pressure changes within a single infusion
cycle, the infusion speed does not affect the performance of
the occlusion detection system. Finally, the numerical analysis
results are validated by the experimental results (after normal-
ization) under the conditions of nearly occlusion degree and
infusion volume per cycle [see Fig. 3(i)]. Both sets of results
demonstrate similar increasing/decreasing rates and exhibit
comparable signal waveforms.

III. EXPERIMENT METHOD

A. Fabrication Process of the PWS
As shown in Fig. S5, the fabrication processes of the PWS

were conducted as follows. Step 1: the displacement-restricted
housing and substrate were fabricated using 3-D printing

technology (Mohou, China). Step 2: a strain gauge (Xing
DongFang, China) was bonded to the lower surface of the
substrate with an adhesive (ergo 5800, Switzerland). Step 3:
silicone rubber glue (Kafuter silicon glue, K-705, China) was
used to encapsulate the strain gauge. Step 4: the substrate
was inserted into the housing with the adhesive (ergo 5800,
Switzerland). When the PWS was installed in the infusion
pump, it was supposed to replace the housing with the infusion
pump case.

B. Characterization of the PWS
Static and dynamic loading tests of the PWS were car-

ried out by the programmable tensile testing machine (MTS
C42.503, Holland), and the detailed description was shown in
Fig. S1b. The loading and unloading cycle tests were carried
out by the programmable tensile testing machine (ZQ-990A,
ZHIQU, China). The hydraulic pressure in the catheter was
measured by a water pressure gauge (HC-Y810, China). The
resistance and voltage signals of the sensors were measured
by a data acquisition system (Keysight DAQ970A, America).
The gauge factor of the strain gauge is adopted as K = 1.8.

C. FEAs of the Substrate Deformation
The FEA was performed employing the commercial

software ABAQUS (SIMULIA, France) to analyze the per-
formance of two kinds of models of the substrate. The
displacement-restricted block and the substrate bonded a gauge
strain with the boundary conditions of zero displacements
imposed in all directions, and an elastic catheter with a
pressure of 0.18 MPa applied in the inner wall was calculated
in the FEA model. The polymer of the deformation substrate
was treated as a linear elastic material, with Young’s modulus
of 2.7 GPa and Poisson’s ratio of 0.4. PI was treated as a
linear elastic material, with Young’s modulus of 2.5 GPa and
Poisson’s ratio of 0.35. The elastic rubber of the catheter was
treated as a linear elastic material, with Young’s modulus
of 2.6 MPa and Poisson’s ratio of 0.5. All of the materials
adopted the hexahedron element C3D8R.

D. Numerical Analyses of the Lumped Parametric Model
in the Infusion Process

MATLAB/Simulink (MathWorks, America) analysis was
performed to calculate the hydraulic pressure changes in
the infusion process. The lumped parametric model exhib-
ited in Fig. S6, where the fluid resistance caused by the
viscous forces was equivalent to an electrical resistance,
the elasticity of the thick wall catheter was equivalent to
an electrical capacitance, the occlusion was equivalent to
an electrical resistance, and the infusion pump was equiv-
alent to an ideal current source parallel connected with an
inside resistance. To simplify the input condition, the infu-
sion flow was modeled as a sinusoidal fluctuation V (t) =

πV0/2T · sin(π t/T ) under the total infusion volume consis-
tency condition. Other parameters in the model are outlined
as follows: the fluid mass density ρ = 1 × 103 kg/m3;
the fluid viscosity coefficient µ = 1 × 10−3 Pa·s, infusion
volume per cycle V = 0.05 mL, Young’s moduli of the
catheter are 24.21 and 1.56 MPa for the hard section and
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Fig. 4. Occlusion detection algorithm design and validation. (a) Image of the infusion pump incorporated with a PWS, medical catheter, and clamp.
The placement of the sensing element (left inset). The placement of the housing corresponding to the sensing element (right inset). (b) Relative
resistance changes of the PWS in infusion process under complete occlusion. Inset: enlarged view of the relative resistance changes within a single
infusion cycle. (c) Component of the PWS measurement circuit. (d) Operating procedures of the WTMA. (e) Comparison of the normalized output
signal under nonocclusion condition and occlusion condition when the sample point is 11. (f) Curves of measured waveforms and the template
waveform under occlusion condition. (g) Comparison of the output signal changes of PWSs utilized in different infusion pumps under complete
occlusion. (h) Comparison of the normalized output signal of PWSs utilized in different infusion pumps under complete occlusion. (i) Comparison
of the normalized output signal of the PWS when the occlusion occurs in the proximal, middle, and distal sections of IV lines, respectively. (j) FPA
under tradition PTA and WTMA.

soft section, respectively, Poisson’s ratio of the catheter is
0.5, the inner radius ri = 1 mm, and the outer radius
ro = 1.9 mm.

IV. RESULTS AND DISCUSSION

To exhibit great potential of the occlusion detection system
in IV lines, the PWS is integrated with a commercial infusion
pump, as shown in Fig. 4(a). Here, a clamp is assigned to
simulate the occlusion condition. By connecting the leads
of the PWS to an ohmmeter, the relative resistance change
1R/R0 varied during the infusion process is recorded in
Fig. 4(b). When the outlet is unobstructed, no significant
hydraulic pressure and fluctuations are detected. Once the

clamp in the outlet closes, the hydraulic pressure increases
to a high level with periodic fluctuations. In the consecutive
infusion process, the waveform of the output remains, which
is the basic prerequisite to distinguish the occlusion condition.
If the occlusion is not severe, the hydraulic pressure can still
reach a balanced state after several infusion processes (details
shown in Fig. S3). To detect the occlusion condition online,
a pressure measurement circuit is introduced, which consists
of three constant resistances composed of a Wheatstone bridge
with the PWS, an HX711 module for converting the ana-
log signal to the digital signal, and a microcontroller unit
(MCU) for data manipulation [details shown in Figs. 4(c) and
S4]. In addition, a discriminating algorithm WTMA with the
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evaluate criteria named diversity distance, based on waveform
matching operation, is introduced. The basic operating proce-
dures of the WTMA within a single infusion cycle is shown in
Fig. 4(d).

1) To obtain the template waveform, the pressure changes
under the occlusion condition are recorded by the PWS,
denoted as the occluded pressure signal sequence y.
A set of characteristic pressure signal sequences are
obtained by repeating the step using infusion pumps
from different production batches.

2) Then, the normalized template signal sequence Y can be
calculated using the least squares method based on the
characteristic pressure signal sequences.

3) At the time to detect IV lines occlusion condition, the
pressure signal sequence x is recorded within a single
infusion cycle. The normalized pressure signal sequence
is denoted as X .

4) To discriminate the pressure signal sequence obtained in
occlusion condition, the diversity distance is defined as
D =

∑
(Yi − X i )

2, where the subscript i is the serial
number of the sample sequence.

When the diversity distance is below a threshold (D < k),
it is claimed that the current pressure waveform is similar
to the template waveform, which also means the catheter
is under occlusion condition. Here, the threshold is selected
elaborately by amounts of experimental data to achieve the
better distinguish effect. Furthermore, only a characteristic
waveform fragment of the output signal is used to distinguish
the occlusion condition to reduce the computing load of the
MCU. The pressure signal waveforms under occlusion and
nonocclusion conditions with the sample points of 11 are
presented in Fig. 4(e). Under the occlusion condition, the
normalized signal increases to a platform at first, then climbs
to the highest point, and decreases finally, which corresponds
to the movement of the slider in the infusion pump. While
under the nonocclusion condition, the hydraulic pressure in
the catheter is so small to deform the substrate in the
PWS. The normalized signal consists of irregular electrical
noise or mechanical vibration noise. These huge difference in
waveforms under the two conditions become the fundament
of the discrimination. Fig. 4(f) illustrates the curves of the
template waveform and the current pressure waveforms under
occlusion conditions, with the template waveform obtained
using the least squares method. As analyzed in Section III-C,
the output signal of the PWS is susceptible to manufacturing
and assembly errors. Fig. 4(g) demonstrates the diverse signal
changes of PWSs utilized in different infusion pumps under
complete occlusion. The magnitude of signal changes exhibits
significant variation, highlighting the high false alarm rates
associated with the conventional PTA. For instance, if the
alarm pressure threshold is determined based on the signal
change observed in pump 2, it is likely to result in a failure to
trigger an alarm in pump 3. In other words, it is challenging to
establish a consistent alarm pressure threshold due to potential
manufacturing or assembly errors. However, despite these
variations, the normalized signal change waveforms display
a remarkable degree of consistency, as depicted in Fig. 4(h).

Generally, the further location of the occlusion along the
catheter results in lower pressure changes. However, after nor-
malization, the waveforms exhibit a high degree of consistency
regardless of whether the occlusion occurs in the proximal,
middle, or distal section of IV lines, as shown in Fig. 4(i).
This conformity in waveform patterns allows for the identi-
fication of a template waveform that represents the typical
characteristics. To assess the effectiveness of the WTMA, four
commercial infusion pumps were tested, with two employing
the PTA and the other two employing the WTMA. Fig. 4(j)
shows the false positive rate (FPR) under different processing
algorithms. After the infusion volume reaching to 10 000 mL,
the pumps with the PTA exhibit 31 FPAs with the FPR of
3.1‰ mL−1, while the pumps with the WTMA show no
FPAs, which indicates the great advantage of the WTMA.
What is more, we shake and inverse the infusion pump to
simulate the daily movements that might occur, and no FPAs
are observed. Finally, a total of ten commercial infusion pumps
with the WTMA are tested to evaluate the consistency across
different production batches. Through the process of changing
50 infusion bags and infusing a total volume of 80 000 mL,
no instances of FPAs are observed. Furthermore, the pumps
with the WTMA demonstrate a rapid alarm trigger speed
during subsequent infusion cycles following the total occlusion
within the catheter, which is in accordance with the periodic
fluctuations observed in Fig. 4(b).

V. CONCLUSION

In summary, a PWS with the WTMA for detecting the
occlusion condition in real time is proposed. After the elab-
orated design, the PWS exhibits proper tolerance to water or
alcohol immersion conditions and fatigue life. Then, a simple
yet effective theoretical model is established to quantitatively
investigate the relationship between hydraulic pressure fluc-
tuations induced by the infusion process and the output of
the PWS. To overcome technique challenges, key designs
developed in this work include: 1) the nonintrusive construc-
tion to rule out the possibility of additional contamination;
2) the WTMA to eliminate pressure value discrepancies caused
by different single injection volumes or manufacture errors
and discriminate the pressure waveform under nonocclusion
or occlusion condition; and 3) sample points reduction to
lower the power consumption. The mechanical and electrical
characteristics of the PWS are also verified by numerical
analysis and experiments. Finally, the PWSs with the WTMA
are incorporated into commercial electrical infusion pumps,
which show no FPA among the total injection volume of
80 000 mL in ten infusion pumps with 50 infusion bags.
The collective results demonstrate that the proposed PWS has
promising applications in medical infusion pumps to detect
occlusion conditions. In addition, based on the design principle
of the PWS, it is potential for the redesign and adaptation of
this sensor to address occlusion detection requirements in other
applications characterized by pulsatile infusion patterns.

APPENDIX

Supporting Information is available from the IEEE SEN-
SORS JOURNAL or from the author.
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