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Abstract – Transit time is the propagation time of a 
pressure wave travelling between two sites in a 
medium. Such parameter is mainly implied in the 
biomedical field as a surrogate for the estimation of 
important markers of the cardiovascular system (e.g. 
blood pressure and arterial stiffness). The non-invasive 
transit time measurement is commonly used in clinical 
practice because it allows the continuous recording and 
monitoring of blood pressure. The development of an 
in vitro system able to reproduce the main 
cardiovascular characteristics is of primary 
importance for further investigations of the 
relationship between transit time and the arterial 
stiffness in order to predict the cardiovascular risk 
factors. The present work focuses on the development 
of a LVDT-based experimental set-up able to simulate 
transit time variations due to transmural pressure 
changes on an elastic tube. As validated in in vivo 
measurements, transit time and maximum radial tube 
displacement increment decrease with decreasing 
transmural pressure. 

 I. INTRODUCTION 
Transit time is defined as the time delay pressure wave 

takes to propagate between two different sites of a 
homogeneous elastic tube [1]. Such parameter has been 
mainly studied and applied in the clinical practice and in 
the biomedical field [1-2] since it is a physical quantity 
generally used to derive systolic and diastolic blood 
pressure as well as vessels stiffness. After some recent 
studies have shown a good correlation between invasive 
and non-invasive transit time measurements [3], the latter 
have been mostly used to estimate two novel indicators for 
blood pressure (BP) and arterial stiffness (AS) [4-5]. In 
fact, in recent years the interest around new indicators for 
BP and AS estimation has grown as a consequence of the 
increasing incidence of cardiovascular diseases worldwide 
[6]. The non-invasive assessment of such parameters plays 
a key role for the choice of measurement protocol and 
clinical instrumentation. Some authors suggested that one 
of the advantages of transit time measurement is the 
absence of cuffs in BP monitoring therefore bypassing 
both discrete measurements with continuous pressure 

monitoring and the use of inflatable cuffs avoiding vessel 
occlusion discomfort for patients [1,7-8]. Nowadays, 
different protocols can be found in literature that allow 
pulse transit time measurements in vivo [9-11]. Moreover, 
with the aim to investigate on the topic, devices that 
simulate the arterial behavior in vitro have been proposed 
in literature [12-16]: such systems are usually embedded 
with elastic tubes and sensors to provide measurements 
and indices related to BP or AS. Nevertheless, despite the 
scientific community interest on this topic, it is difficult to 
retrieve quantitative studies on transit time measurement 
in arterial simulators by mean of Linear Variable 
Differential Transformer (LVDT) sensors, as well as 
experimental studies on the transmural pressure effect on 
transit time for elastic tubes immersed in water. Since 
LVDT measurement setups are usually suitable for a huge 
number of applications in many fields [17-28], it’s worth 
an in-depth investigation. 

Therefore, the focus of this work is the estimation and 
monitoring of transit time of a pressure wave through an 
elastic tube equipped with two LVDTs, to establish its 
relationship with transmural pressure when inner and outer 
pressure conditions vary. The pressure wave traveling 
inside the tube, due to the action of a pressure generator, is 
the direct cause of its radial displacement variation. This 
cause-effect relation allows to determine, from the total 
radial displacement waveforms, the transit time between 
two different tube sites. In this work, such waveforms have 
been acquired through the implementation of a LVDT 
sensors-based experimental set-up, since LVDTs convert 
a displacement in a voltage signal. Therefore, a 
mathematical model is needed to describe all the 
parameters involved in the measurement protocol: the 
relationship between transmural pressure variation and the 
static radial displacement can be retrieved by mean of the 
theory of elasticity [29-30]. 

 II. MATEMATICAL MODEL 
By considering that the elastic component, used in this 

work, is an elastic tube with wall thickness h much smaller 
than its outer radius re, put under inner pressure pi and 
outer pressure pe, the most suitable mathematical model 
for the prediction of its elastic behaviour is related to solids 
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geometrically axial-symmetric of cylindrical shape. The 
problem can be afforded with cylindrical coordinates r,  
and l as in the reference system (fig. 1A). A simplifying 
hypothesis is to consider the problem as flat since in this 
work the condition of very thin elements is truly verified 
(low ratio h/re). The elastic problem is defined on the basis 
of its main parameters such as r and   i.e. the normal 
tensions acting in the radial and circumferential (or 
tangential) directions (fig. 1B) through which the static 
radial displacement u can be derived according to [29-30]. 
The final expression of u, can be written as follows:  
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where pt = pi – pe is the transmural pressure,  = ri / re, with 
0    1,  = r / re, with      1,  is the Poisson’s ratio 
and E is the Young Modulus. From the above relationship, 
the elastic tube stiffness K can be related also to its 
transmural pressure [31] since K = W/u = A pt/u, where W 
is the load applied and A the tube cross-section. 

 

 

 

(A) (B) (C) 
Fig. 1. (A) Cylindrical coordinates system; (B) 
Equilibrium of the element of volume in the plane r-θ; (C) 
Static radial displacements u. 

When a peristaltic pump is connected in series with the 
elastic tube, a pressure variation pi is induced so that a 
further time-varying contribution u(t) to the static radial 
displacement u is caused: 

( ) ( )U t u u t                               (2) 

The waveform described in (2) is the one recorded from 
the LVDT sensors: u represents an offset due to the 
equilibrium between inner and outer pressures, while u is 
related to the pressure variation. The maximum radial 
displacement increment umax can be retrieved from the 
LVDT mean voltage peaks Vp by mean of its sensitivity S 
through the relationship: 

p
max

V
u

S
                                 (3) 

Therefore, the radial displacement variation is directly 
proportional to the LVDT output voltage, which is in turn 
related to the transmural pressure. 

 III. MATERIALS AND METHODS 
The experimental set-up designed and realized in the 

present work is constituted by the following components: 
 an elastic tube in silicone material with inner diameter of 
25 mm and wall thickness of 1.5 mm, an approximated 
length of 50 cm. The tube is immersed in distilled water 
within a water tank; 
 a water tank, equipped with a graduated scale to measure 
the distilled water height respect to the elastic tube above 
mentioned; 
 an analog pressure gage, being able to measure the 
pressure pi inside the tube; 
 a peristaltic pump to cause the time-varying radial 
displacement. Its pumping frequency has been set at fpump 
= 3.7 Hz, to stabilize the whole system by avoiding its 
resonance; 
 a manual pump to maintain the circuit pressurized; 
 two LVDT sensors, supported by holders, and proper 
conditioning modules, able to measure the radial 
displacement variations in two different distant points of 
the tube; 
 a bulb thermometer to control temperature variations that 
could influence the silicon hose Young Modulus. 
Tests have been conducted on two different inner 

pressure values (30 kPa and 50 kPa above the atmospheric 
pressure), at different water heights starting from 10.0 cm 
above the tube with seven steps of 2.5 cm each in order to 
simulate a variation of the elastic tube stiffness. The 
voltage signals acquired from LVDT sensors have been 
recorded through a National Instruments acquisition DAQ 
system (model USB-6251) and properly stored through an 
in-house LabVIEW VI. The sensors used in this work are 
two different models of general purpose LVDTs, i.e. 
HR500 and HR2000 of Measurements SpecialtiesTM, and 
have different sensitivity. The acquisition sampling 
frequency fs has been set at 10 kHz and the acquisition 
protocol has been designed to guarantee d = 20 s signal 
duration. 

 

Fig. 2. Differences between the peak time instants of the 
two LVDT waveforms for inner pressure pi = 50 kPa. 
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The signals post-processing has been carried out through 
an in-house software in MATLAB environment. Firstly, 
the offset has been removed, afterwards a Butterworth 
low-pass filtering to neglect all the unwanted high 
frequency components. A threshold algorithm has been 
applied to 70% of the maximum recorded value to detect 
the peaks of each signal. Once the maximum peaks have 
been found, the transit time  has been estimated as the 
mean value of the differences i (i = 1, 2, …, n with n = 
74) between the peak time instants of the two LVDT 
waveforms (fig. 2): 
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           (4) 

where Np is the number of peaks detected on the two LVDT 
waveforms lasting d and defined as: 

p pumpN f d                                (5) 

 IV. RESULTS AND DISCUSSION 
Transit time variation with increasing water height at 

two different inner pressures and room temperature  
(T = 19  2°C) are reported in table 1 and shown in fig. 3. 
The results are expressed as mean value and standard 
deviation (SD) due to the repeatability of the measurement 
method. Each standard uncertainty corresponds to the 
dispersion of the adjacent peak distances  measured 
from the LVDTs waveforms. 

Table 1. Transit time results from acquisition protocol at 
constant temperature. 

Water height  
(cm) 

Outer pressure 
pe (kPa) 

 (ms) 

pi = 30 kPa pi = 50 kPa 

10.0  0.1 0.98  0.10 48.6  2.1 42.2  1.8 

12.5  0.1 1.23  0.10 43.4  2.4 40.4  2.9 

15.0  0.1 1.47  0.10 40.5  2.6 35.6  2.9 

17.5  0.1 1.72  0.10 41.4  2.2 31.2  2.5 

20.0  0.1 1.96  0.10 41.0  2.0 30.4  2.0 

22.5  0.1 2.21  0.10 40.9  2.4 29.5  2.1 

25.0  0.1 2.45  0.10 39.6  1.8 27.2  2.0 

Water height is reported as height above the tube. Data have been 
reported as mean  SD. Inner pressures uncertainties have been estimated 
as 5% of the nominal value, resulting in pi = 30 2 kPa and pi = 50 3 kPa. 

As shown in table 1, transit time values tend to decrease 
with increasing water height (i.e. increasing outer pressure 
pe) and the standard deviation values have not a significant 
excursion, suggesting a systematic behavior. A least 
squares regression has been applied to compute the angular 
coefficient A and the intercept B of the best straight line 
that approximates the relationship between the outer 
pressure pe and the transit time . In fig. 5 the straight 

lines for both 30 kPa and 50 kPa inner pressures are 
represented. The results show negative angular 
coefficients (A30 = 0.5 and A50 = 1.0), therefore 
suggesting a decreasing trend for transit time  
(R2 = 0.63 and R2 = 0.94 respectively).  

 

Fig. 3. Transit time and water height relationship with 
error bars due to standard uncertainties. 

The estimated trends, for both 30 kPa and 50 kPa, agree 
with the experimental data available in the current 
literature [4,11], therefore suggesting the goodness of the 
achieved results. 

 

Fig. 4. Least squares method applied to the mean transit 
time values for increasing outer pressure. 

On the other hand, the stiffness increase due to the outer 
pressure variation, causes a lowering of umax that is 
transduced in a lower LVDT output voltage, as physically 
expected. With the aim to confirm it, the maximum radial 
displacement increment umax has been estimated, at a 
constant inner pressure pi = 50 kPa, from the LVDT 
HR500 output voltage through eq. (3), assuming constant 
the sensitivity S over the measurement range (table 2). In 
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common clinical practice, there is experimental evidence 
that umax is in the order of about 10% with respect to the 
aortic radius (~12.5 mm), therefore resulting in about 1 
mm of displacement for healthy subjects [32,33]. The 
order of magnitude of the results obtained in this work for 

umax is coherent with the experimental data retrieved from 
literature, and differences may be attributed to the 
following factors: 

o a higher Young Modulus E for silicone material 
with respect to the aortic tissue; 

o the tube movement limitation caused by the LVDT 
core weight, resulting in the lowering of each peak 
voltage amplitude; 

o signal filtering in the post-processing phase for low 
frequency trend removal (related to low frequency 
oscillations of the elastic tube). 

On the other hand, umax decreases as a consequence of 
the increased pe as expected. In fact, the elastic tube is 
limited in the radial movement because of the increasing 
water weight. 

Table 2. Variation of umax for decreasing transmural 
pressure pt values. 

Outer 
pressure pe 

(kPa) 

Transmural 
pressure pt 

(kPa) 

Mean LVDT 
voltage peak 

(mV) 

Maximum radial 
displacement 

increment umax 
(mm) 

0.98  0.10 49.0  2.9 32.2  0.7 0.28  0.04 

1.23  0.10 48.8  2.9 31.2  1.0 0.27  0.04 

1.47  0.10 48.5  2.9 30.3  0.9 0.26  0.04 

1.72  0.10 48.3  2.9 29.9  1.0 0.25  0.04 

1.96  0.10 48.0  2.9 29.7  0.8 0.25  0.04 

2.21  0.10 47.8  2.9 28.6  0.6 0.24  0.04 

2.45  0.10 47.5  2.9 27.2  0.6 0.23  0.04 

The transmural pressure pt has been evaluated at 50 kPa inner pressure pi. 
The uncertainty of the maximum radial displacemnet increment umax has 
been estimated from the LVDT data sheet, as the typical instrumental. 
The sensitivity S for the LVDT considered is retrieved from the data sheet 
and equal to 27.6 mV/V/mm. 

The results shown in table 1 and 2 are affected by some 
limitations of the experimental set-up. In particular, LVDT 
sensors affect both transit time and radial displacement 
measurements because of the inertial effect caused by their 
core weight. In fact, the latter does not allow an 
instantaneous tracking of the elastic tube movement, then 
resulting in a lack of displacement measurement accuracy. 
It has been observed that at the end of the descending 
phase, the core hits the tube causing a spurious pressure 
wave that travels (backwards and forwards) along the tube 
and acts as an artefact by interfering with the pressure 
wave of interest. Depending on the interference type 
(constructive or destructive), the waveform shape changes 
therefore causing a possible mismatch in the peak 
detection, affecting the transit time estimation. Despite all 
the disadvantages, the trends found for both transit time  

and radial displacement increment umax (fig. 4 and fig. 5)  
are promising. Therefore, further studies on the topic are 
planned with a proper upgrade of the experimental set-up. 

 V. CONCLUSIONS 
In the present work, a LVDT-based experimental set-up 

to simulate variations of transit time through an elastic tube 
under different transmural pressure conditions, has been 
developed and tested. Firstly, the mathematical model 
related to the main system parameters has been illustrated 
to explicit the relationship between the total radial 
displacement and the transmural pressure. After that the 
above mentioned set-up has been used and equipped with 
two LVDT sensors to acquire radial displacement 
waveforms and measure transit time between two different 
recording sites on the elastic tube. The results achieved are 
coherent with literature and suggest that such experimental 
set-up can reproduce the physical behavior of the transit 
time variation with increasing stiffness of the elastic tube: 
in fact, as confirmed in current literature, the transit time 
and maximum radial tube displacement have been found 
to decrease with decreasing transmural pressure despite 
the limitations encountered for LVDT technology. To 
overcome such limitations a new experimental set-up is 
going to be arranged with different measurement 
instruments based on non-contact techniques such as laser 
Doppler vibrometry or laser interferometry, for carrying 
out further in-depth studies on the topic. 
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