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Abstract—In supporting healthcare, modeling the human vessels
is becoming particularly important due to the potential use of
nanosensors in the blood flow. It results in especially important
the modeling of pressure and flows along vessels to later predict
the dynamic of flowing nanosensors. Supporting this intention,
we conceive a digital simulator of the human arteries in this
work. Extending widely accepted designs with analog circuits, we
provide a low complex design in Simulink/Matlab and suitable to
implement in field programmable gate array (FPGA) technology.
The findings exhibit a good correspondence of the digital to the
original analog design, and the resulted pressure curves behave
accordingly to the human standard behavior.

Index Terms—human vessels, arteries, analog circuit, digital
design, FPGA

I. INTRODUCTION

Following the paradigm “the body is the network” [1], the
human circulatory system (HCS) naturally provides a network
connecting through the vessels the various body parts. It is
used par excellence to dispense drugs and treat diseases in the
body. Advancing this standard procedure, tiny nanosensors are
envisioned to travel with the blood flow carrying drugs and
targeting diseases at specific regions in the human body [2].
In this area of endeavor, simulators result in handy tools to
research the affordability of new conceptions and prototypes.
Simulators overcome the natural impediments to conducting
experiments in the human vessels on the one hand; on the other
hand, they shortcut the cumbersome mathematical models of
vessels [3].

Accounting for fluid-dynamics effects in vessels, like laminar
flow or turbulences, 3-D models are reported using nanonetwork
simulators [4], or numerically evaluating the Navier-Stokes
equations for fluids [5], [6]. On the other side, the 0-D models,
conceived through electric circuits [6], [7], provide the average
flow and pressure (over the geometric coordinates of vessels)
while significantly reducing computational resources. The time
variable evolution of pressure and flow per vessel segment is
directly given as voltages and currents in the electric circuit
domain, respectively.

The various reported electric models for the HCS primarily
focus on the heart, where only one network models the systemic
circulation, or on the arteries as a cascade connection of L
and II two ports networks [6]-[9]. Less research is conducted
on the complete body accounting for capillaries and veins.
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Fig. 1: Digital-circuit model to represent segments of the human
arteries.

Mostly, since Rideout [10], just a few works like [11] model
the HCS as comprised of a more complete connection of
arteries, capillaries, and veins.

In this work, we focus on the electric design for the arteries,
given their extended study in the literature detailing the various
vessel segments. This paper enhances these previously reported
solutions by designing a digital circuit model instead of the
typical analog one. In particular, we build upon the work
by Noordergraaf et al. [9]. Extending our previous work
in [12], we provide a digital design,' resulting in an equivalent
representation of the vessel segments, as represented in Fig. 1.

When attempting to implement the model as a practical
testbed, the digital design introduces numerous advantages
in contrast to the analog one using resistors, inductors, and
capacitors (as those proposed by Noordergraaf et al. [9] and
Rideout [10]). The digital design diminishes the impact of
noise in electric circuit implementation, provided it performs
just mathematical operations, like adding, multiplying, and
delaying. Besides, it typically results in difficulty finding the
components for the specific model values when implementing

Ithe digital design is publicly accessible at [13]



the analog design in practice. In the digital circuit, the
component values are just stored as arrays with an arbitrary
accuracy of representation (given by the word and fraction
bit length). Furthermore, digital circuits account for flexible
designs, where values can be adjusted on the fly. This results
particularly advantageous to modeling the live evolution of
pressure in vessels with dynamic activities. For instance, that
is, from running to walking, and vice versa.

We design the equivalent circuit in the digital domain
using blocks for FPGA technology. Departing from the analog
electric-circuit design, we apply the bilinear transform to devise
the equivalent digital circuit [14],2. The implementation is
conceived in Simulink/Matlab as detailed in the next two
Sections II and III. The resulting design exhibits a good
correspondence with the analog one from Noordergraaf et al.
[9]. As presented in Section IV, the curves for pressure in the
blood vessels also provide a good correspondence with the
expected results along the arteries.

II. ANALOG REPRESENTATION OF THE HUMAN ARTERIES

According to the electric circuit models for the human
arteries, the vessel can be prototyped in segments where each
segment is composed of a connection of resistors, inductors,
and capacitors. Fig. 2 illustrates an example in the center body
region from the left ventricle in the heart, through the Arcus
Aorta down to the Thorax. Each segment implements equal
blocks using the L-topology with the resistor and inductor in
series (modeling the resistance and the inertia of the blood) and
the capacitor as a shunt connection (modeling the compliance
of vessels). This diagram was implemented in Simulink/Matlab
and is publicly accessible at the repository in [15].

Analytically, the transfer function models this diagram for
the analog circuit as
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in the complex frequency (s) domain [16]. This transfer
function not only includes the circuit elements of the given
vessel segments (as R;, L;, C;), but also the loading effect
from the next blocks, here denoted as Zp, ;. As depicted in
Fig. 3, the load impedance will be in parallel to the shunt
capacitor at block ¢, denoted as the || operator. Besides, the load
encompasses one of the following arrangement (c.f. Fig. 2):
i) a termination resistance (e.g., R_64);
ii) the input impedance of a single circuit block k, Zi, i,
modeling a different vessel segment, or
iii) the equivalent impedance of the parallel connection of
several blocks k1, ..., ky, i, Zing1ll .- || Zin k-
The Eq. (1) fully describes the input-output voltage relation,
yielding the following third-order system after evaluating the
equivalent parallel impedance

bias boa.s
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2the analog design and digital designs are publicly accessible at [15] and
[13], respectively.

where the coefficients based on the nature of the load. In case
the load presents an inductive reactance as 2y, ; = Ry, ;+sLr, 4,
the coefficients are

biai = L,
boa,; = Ry,
asa; = CiLiLy, 4, 3)

asa,; = CiLi Ry, ; + Ci Ly i Ry,
aia; =L; + Ly; +C; R Ry 4,
apa,; = R + Ry ;,

in the case the load is
Z1,i = Ry + sz, then

a capacitive reactance as

SCLJ;
bia,i = CLiRL,
bOA,i = 1a
aza; = C;CL LRy, 4, 4

agn; = CiLi + Cr Ly + C;Cy, i Ri Ry, 4,
a1a,; =Ci Ry + Cr; Ry + CL; Rk 4,

apa,; = 1.

Finally, in the case the load is only resistive as 71, ; = Ry, ;,
then

blA,i = 07
boa,; = Ru;
aza,; = 0, ©)

aga,; = CiLiRy, 4,
a1a;; = Li + C; R; Ry, 4,
aoa,i = Ry + Ry, ;.
The input impedance Z;,, ; for each different block is derived

based on the transmission matrix representation of the analog
RLC circuit as [17]

T, = | TGkt TR e
jw C‘z 1

from which we can obtain the input impedance as

Ti(1,2) + Ty(1,2) Zus

Zini =
’ Ti(2,2) + T(2,1) Zy,

)

where w = 27 f is the angular frequency, f is the linear
frequency, and j is the imaginary unit.

The relation in Eq. (7) allows the evaluation of all the
input impedance’s from each block recursively. Starting at the
terminators, for instance, the Gastrica Sinistra block in Fig. 2
(block RLC_66), where the output impedance is given as the
resistor Rgg, we obtain its input impedance directly using
Eq. (7). In the same way, we compute the input impedance
for the blocks RLC_64 and RLC_65. Then, after combining
the input impedance of the three blocks RLC_64, RLC_65
and RLC_66 (in parallel), we get the output impedance of the
Aorta Coelica block (RLC_63). This will provide the value to
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Fig. 3: Output interface in the circuit diagram.

use again the Eq. (7) and evaluate its input impedance. In this
way, we gradually compute all the input impedance’s block,>.

III. DIGITAL REPRESENTATION OF THE HUMAN ARTERIES

Given the analytic representation of the electric circuit as
the transfer function in Eq. (1), it directly prototypes as the
equivalent digital circuit depicted in Fig. 4 b). The elements
in the digital circuit are adders, multipliers, and delay blocks
instead of inductors, resistor, and capacitor, where the specific
values of the analog parts are mapped as coefficients in the
digital circuit. These coefficients (b;, a;), used as weights on
each branch (as multipliers), are the ones ultimately defining
the transfer function in the digital domain.

3the code to evaluate the input impedances is publicly accessible at [13].
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Fig. 4: a) Two-steps methodology to provide the discrete
representation of the analog circuits. The implementation is
conceived using the direct form II block diagrams in b).

To derive the value of those coefficients, we use the bilinear
transformation according to the two-steps methodology, as



depicted in Fig. 4 a) [14]. We depart from the transfer function
in the analog domain for each particular vessel segment, as
given by Hi(a)(s) in Eq. (1). Then for a sampling period 7%,
the bilinear transformation is applied upon the substitution

§= 1=z yielding

T, 1+2—1
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as the transfer function in the digital domain. The coefficients
are given by

boi =T2 (2b1a + T boa)

bii =2T2 (2b1a + Tsboa) — T2 (2b1a — Tsboa)

bo; =T2 (2b1a + Tsboa) — 272 (2bya — Ts boa)

b, =— T3 (2b1a — Tsboa) )
a0, =aoa T2 +2a1A T2 + 4 agp Ts + 8 aza,

ar; =3aoa T2 +2a10 T? — 4dagp Ts — 24 aza,

az,; =3 apga TS?’ —2a1a Tf —4dagp Ts + 24 aza,

3 2
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Here we omitted the subscripts (i) for the analog circuit
coefficients (bya, axa) for the brevity of notation. Using these
coefficients, we directly conceive the direct Form II structure as
depicted in Fig. 4 b). In this sixth-order structure, the b;’s are
used in the forward branches, while the a;’s in the backward
loops, those implicitly mapping the specific values for resistors,
inductors and capacitors from the analog circuit.

Although the digital circuit representation results accurate
for a given frequency (in this case 60 Hz from the heart), it does
not evaluate the direct component. We remark that the heart’s
pressure signal also comprises a direct component typically
around 60 mmHg, as the pressure typically oscillates in the
range 0-120 mmHg.

The digital circuit filters the direct component of the
signal because the impedance of inductors and capacitors
from the loads are only evaluated for the heart frequency
fheart = 60mHg. Specifically, Eq. (7) evaluates only the
specific frequency fieart Where the dependency of frequency
is explicit in the term w. Accounting for the direct current
component of the heart’s signal, we evaluate the circuit response
analytically due to its simplicity. For direct components, the
circuit behaves only resistive, i.e., all the inductors behave as
short-circuits and the capacitor as open-circuits. Therefore, we
can use voltage division to evaluate the output voltage from
each block based on the direct component of the input as

Ry,

Vour = b
¢ R; + RLJ

Vin, (10)
where Ry, ; is the equivalent load resistance from the next
blocks connected at the output. The input resistance of the
block ¢ can be simply obtained as

R = R+ Ry ;. (1m)

Starting at the heart, we use Equations (10) and (11) recursively
to gradually provide the direct component at the output of each
block,*.

IV. RESULTS

To compare and provide results, we use the analog, and
digital implementation designs of the human vessels in [13],
[15]. The analog design directly follows the research in [9],
where the values for resistors, inductors, and capacitors are
summarized in Tables I to III. For the equivalent digital design,
we evaluated the coefficients using the methodology in Fig. 4,
where the sampling frequency used is 10 times larger than the
frequency of the Heart as 60 Hz.

For both designs, we emulate the signal from the heart
as a sine wave of frequency 60 Hz in the amplitude range 0—
120 mHg. As a future outlook, we will consider a more accurate
model. Still, the sine wave representation allows analyzing the
two more relevant parameters (pressure and frequency) along
the vessels, and conveniently let’s examine the circuit from a
fasorial representation.

Confirming the equivalence of the digital design, Fig. 5
depicts the transfer function in the Aorta segment as defined
by the RLC_1 block. According to this figure, the two circuits
match except for the frequencies above the 100 Hz. Although
not illustrated here, the other circuit blocks provide the same
behavior. In this frequency range, the digital representation of
the analog circuit equivalently evaluates the pressure signal
from the heart along with the vessel segments.

Regarding the digital circuit, increasing the sampling rate
beyond 10 times the frequency of the heart provides a more
accurate design. Still, the results illustrate the feasibility of this
design in the frequency range below 100 Hz, where the signal
coming from the heart is typically located for a person at rest.
Designs to account for sports activities, where the frequency
of the heart is typically larger than 100 Hz, must provide a
more extensive sampling rate.

“the matlab code to compute the direct current components is also publicly
available at [13]
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Fig. 5: Frequency response block RLC_disc_1 (Arcus Aorta).
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Fig. 6: Resulting blood pressure.

To evaluate the resulting pressure on the vessel segments,
Figures 6a and 6b display curves in the arms as well as in
the center body and the legs. As expected, the amplitude of
elongation is reduced with the increasing distance from the
heart, but the average value becomes larger than in the heart
(60mm Hg) for some segments. The increased average will
eventually let to expected higher peak amplitudes when using
a more accurate model of the heart [18].

V. CONCLUSION

This paper introduces a digital design for the human arteries,
publicly accessible, and accounts for the pressure values
along with the vessel segments. The design prototypes digital
components for FPGA technology, providing a framework for
the further modeling of vessels. Advantageously, this model
allows analyzing pressure behavior flexibly as long as its
parameters can be dynamically reconfigured. We will conduct
future research to provide a similar model for the heart, i.e.,
departing from the reported models with electric circuits, we
will prototype the equivalent digital model.
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TABLE I: Parameters for the analog design of the human
arteries (Head and Arms) [9].

Body Artery RLC R[Q] L[H]10~3 C[F]10~?
Region block
67 225 13 8,1
68 225 13 8.1 TABLE II: Parameters for the analog design of the human
arteries (Center Body) [9].
69 225 13 8,1
. Body Artery RLC R[Q] L [H]10=3  C[F]10—°
Head Carotis 70 11,8 6,85 4,26 Region block
Communis
103 225 13 81 1 00415 033 519
Ascend
104 22,5 13 81 scendens 2 00415 033 519
105 225 13 81 30,096 0,49 332
A
St 189 6.21 5.8 reus 4 0,185 0,96 64.4
ubclavia
72 17,6 12,4 11,6 5 05 1.83 58.5
73 407 18 5,95 Thoracali 6 0,5 1,83 58,5
Axillaris oracalis
74 374 16,5 5,46 7 0,5 1,83 58,5
75 105 29 3,61 091 248 432
76 105 29 3,61 Center  Abdominalis 9 0,91 2,48 432
. 10 0,91 2,48 432
Brachialis 77 105 29 361 Body
Coelica 63 3,82 2,21 1,37
78 765 21,2 2,64
Gastrica 66 625 75,3 1,45
79 373 55,9 1,87 .
Sinistra
80 373 55,9 1,87 L
i Linealis 65 105 29 3,61
A Ulnaris 81 373 559 1,87 ‘
m Hepatica 64 201 41,2 2,58
82 205 30,8 1,03 )
Renalis 60 63,9 16,2 1,62
83 625 74,6 1,46 .
Vertebrali Messentirica 61 154 10,8 10,1
ertebralis
84 678 80,8 1,58 Superior
85 976 94,1 1,13 Messentirica 62 687 66,3 0,792
86 976 94,1 1,13 Inferior
Radialis 87 976 94,1 1,13
88 308 29,2 0,349
89 4340 218 0,488
Interossea

Volaris 90 2360 119 0,266




TABLE III: Parameters for the analog design of the human
arteries (Lower Body) [9].

Body Artery RLC R[] LI[H]10™3 C[F]10~?
Region block
Tliaca 11 7,06 7,23 15,6
Communis
. 12 18,2 11,5 8,92
Iliaca
Externa 13 7,83 5 3,86
27 82 25 4,13
Profundis 28 82 25 4,13
Femoris
29 24,7 7,75 1,24
14 40,7 18 5,95
15 40,7 18 5,95
. 16 40,7 18 5,95
Femoralis
17 40,7 18 5,95
18 47,5 20,9 6,92
19 88,7 26,7 3,99
Lower
Body Poplitea 20 88,7 26,7 3,99
21 88,7 26,7 3,99
22 373 55,9 1,87
23 373 55,9 1,87
Tibialis 24 373 55,9 1,87
Posterior
25 373 55,9 1,87
26 294 442 1,48
30 2350 149 0,715
31 2350 149 0,715
Tibialis 32 2350 149 0,715
Anterior
33 2350 149 0,715
34 1350 85 0,41

Anonyma 35 2,05 2,98 13,6
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