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Abstract. Heart diseases are often associated with abnormal flow in arteries. One of the most common is that known as
atherosclerosis. In this, the deposition of fatty material in the blood vessels may cause their hardening and thickening,
mostly in regions of low wall shear stress. Usually, a reduction of the vessel (stenosis) is the immediate effect.
Subsequent developments (plaque rupture and platelet adhesion) can result in artery occlusion and may lead to serious
cardiovascular failures such as thrombosis. Atherosclerosis is a dow, complex disease that typically starts in
childhood and often progresses when people grow older. Atherosclerosis is the primary cause of morbidity and
mortality in every industrialized nation. It is well-known that the important manifestation of a functioning
cardiovascular system deals with its pulsatile blood flow in the arteries. The pulsatile blood flow has mainly three
important characteristics, namely: flow velocity; pulse waveform; and velocity of pulse propagation. Heart rate is
designated in beats per minute (bpm) with normal adult resting rates ranging from 60 to 100 bpm and a tremendous
reserve capacity to more than triple these rates during challenge. Blood flow in arteries is unsteady due to the cyclic
nature of the heart pump creates pulsatile conditions in all arteries. The blood is pumped out of the heart during
systole. The heart rests during diastole, and no blood is gected. The shape of the arterial pressure wave depends on
several factors. The arterial pressure wave can be considered as being the summation of an incident and a reflected
wave, and it is generally agreed that wave reflection and the physical properties of the arterial wall are significant
factors responsible for propagating arterial pressure pulse changes. In order to develop a comprehensive
understanding of the phenomena, various techniques have been deployed. One key aspect is the in vitro
experimentation of blood flow under controlled conditions, using techniques not suitable to live specimens. Laboratory
experiments enable the detailed characterization of the fluid flow in complex geometries, those most often linked with
circulatory malfunctions. Thus, the devel opment of suitably realistic experiments is of paramount relevance. This paper
reports upon the design and development of a mechanism to replicate the blood flow in arteries. The systemis able to
duplicate the flow during the cardiac cycle by the use of specially designed form-closed cam-follower mechanism
together with a hydraulic close-control device that actuates double effect rams. Further, the follower is rigidly
attached to a hydraulic cylinder, which performs and controls the blood flow. In addition, a multi-port data acquisition
together with appropriated computer software controls the reverse weeblood flow. The capability of the designed
mechanism presented in this paper is a trade-off between natural idea of the blood flow and technical feasibility.
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1. INTRODUCTION

Heart diseases are often associated with abnolmalifi arteries. Heart disease is one of the leqdiauses of
death in the USA. One of the most common is thawknas atherosclerosis (Antti, 2006, Chapman, 20@bJusztina,
2006). In this, the deposition of fatty materialtive blood vessels may cause their hardening ackketing, mostly in
regions of low wall shear stress (Gibson, 1993 adnakis, 2004). Usually, a reduction of the ve¢stenosis) is the
immediate effect. Subsequent developments (plagpeine and platelet adhesion) can result in antectusion and
may lead to serious cardiovascular failures sughrasnbosis (David and David, 1999 and Fragonetal, 2006).

Atherosclerosis is a slow, complex disease thdat#yly starts in childhood and often progressesmwpeople grow
older. In some people, it progresses rapidly, enetheir third decade. Causes of damage to theiarigall include
elevated levels of cholesterol and triglyceridettie blood, high blood pressure, tobacco smoke,etiash just to
mention few. Atherosclerosis is the primary causmorbidity and mortality in every industrialize@dtion (Reddy and
Yusuf, 1998).

In order to develop a comprehensive understandinigeophenomena, various techniques have beenyhl®©ne
key aspect is the in vitro experimentation of bldlmv under controlled conditions, using techniquies suitable to
live specimens. Laboratory experiments enable ttaileéd characterization of the fluid flow in coraplgeometries,
those most often linked with circulatory malfunciso
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Thus, the development of suitably realistic expeniis is of paramount relevance. For such purpbegeeffect of
fluid viscosity and arterial wall properties willsa be considered in the blood flow simulation.sThaper reports upon
the design and development of a mechanism to egplitie blood flow in arteries. The system is ablduplicate the
flow during the cardiac cycle by the use of spégidesigned form-closed cam-follower mechanism togewith an
hydraulic close-control device that actuates doelfilect rams. Further, the follower is rigidly atteed to an hydraulic
cylinder, which performs and controls the bloodwfloln addition, a multi-port data acquisition tdget with
appropriated computer software controls the revielsed flow. The capability of the designed meckanpresented in
this paper is a trade-off between natural idedettiood flow and technical feasibility.

The remainder of the paper is organized as followssection two the cardiac cycle is briefly revesivand
presented. The blood flow rate and the accumuldliad volume in the inferior aorta are also presérin this section.
A short description of the overall mechanical systiesigned to replicate the blood flow in arteigegiven in section
three. Section four presents the process usedrforpethe synthesis of the cam-follower mechanigmthe process,
the type of cam and follower types selected areudised, as well as the methodology used to oldtaicam profile.
Some results for the main kinematic parametersiveebin the mechanism motion are presented ancusksd in
section five. Finally, in the section six the maonclusions from this study are presented and ¢hgpectives for future
research are outlined.

2. CARDIAC CYCLE

It is well-known that the important manifestatioh a functioning cardiovascular system deals withgulsatile
blood flow in the arteries. The pulsatile bloodwlthas mainly three important characteristics, ngmigdw velocity;
pulse waveform; and velocity of pulse propagatldeart rate is designated in beats per minute (bgithynormal adult
resting rates ranging from 60 to 100 bpm and a érefaus reserve capacity to more than triple theses rduring
challenge (Schneck and Bronzino, 2003).

Blood flow in arteries is unsteady due to the ayclature of the heart pump creates pulsatile comditin all
arteries. The blood is pumped out of the heartndusystole. The heart rests during diastole, antlood is ejected.
The shape of the arterial pressure wave dependsweral factors. The arterial pressure wave canobsidered as
being the summation of an incident and a refleetade, and it is generally agreed that wave refbeacéind the physical
properties of the arterial wall are significantttas responsible for propagating arterial presputee changes.

The arterial pressure wave has an initial rapidyng phase followed by an early systolic peak knoas the
percussion wave, followed by a second late sysp@ik or bulge (the tidal wave). Following this@at peak, there is
a notch corresponding to aortic valve closure. Dydiastole, there is a gradual decrease of pressurunoff proceeds
to the peripheral circulation. There may be a thied/e known as the diastolic or dicrotic wave (Satknand Bronzino,
2003).

Velocity varies across the vessel due to viscousiaertial effects. Velocity profiles are complegdause the flow
is pulsatile and vessels are elastic, curved, apdréd. Backflow occurs during diastole, and peefeire flattened even
during peak systolic flow.

The blood dynamics of a model of abdominal aorta slaeady simulated numerically by various auttibee and
Chen, 2003, Wang and Parker, 2004 and Younis angeBe2004). Recently, (Taylat al., 2004) has quantified the
blood flow in supra-renal and infrarenal aortaresting and exercise conditions. Figure 1 showstbed flow rate in
the infrarenal aorta for a complete cardiac cyeteich is based on the work developed by Tagtal (2004).
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Figure 1. Blood flow rate in the infrarenal aortdfipted from Taylogt al (2004)}.
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Figure 2 presents the accumulated blood volumeiridafrom the integration, in time, of the blood\il rate
depicted in Fig.1. From Fig.2, three different preasan be distinguished, namely:

(1) Heart blood pumped, which corresponds to theetinterval from 0.1375s to 0.3875s. During thisgsh the
blood is pumped by the heart to the arteries;

(2) Reverse or backflow blood, which correspondshi time interval from 0.3875s to 0.8000s. Thisag#his
characterized by the negative flow, that is, thaoblflows in the reverse way in the arteries;

(3) Stationary phase, which starts at 0.8000s amshes when the heart blood is pumped again (84)37This
phase closes the cardiac cycle.

These three phases are very important concernitigtié definition of the follower displacement dia, which is
obtained from this information.
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Figure 2. Accumulated blood volume in the infraleaata.
3. MECHANICAL SYSTEM DESCRIPTION

The main purpose of the present work is to desigh @nstruct an experimental apparatus that wilablke to
reproduce the blood flow in arteries. Figure 3 di&pan overall representation of the developedesyst
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Figure 3. Schematic representation of the mechbsyséem.

Figure 3 shows, schematically, a representatiothefoverall mechanical system, which includes thloWing
components: ground (1), hydraulic cylinder (2),irg€r rod (3), rigid joint (4), linear bearing (5pller follower (6),
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form-closed cam (7), cam-shaft connection (8), naltbearing (9), flexible union (10), shaft (11)ptor (12), valve
(13), pump (14) and tank (15).

4. CAM-FOLLOWER MECHANISM SYNTHESIS

The accumulated blood volume in the infrarenaladttat represents the cardiac cycle, is supplednbhydraulic
cylinder as illustrated in Fig. 3. The volume ofstleylinder is known. In turn, the cylinder is aated by the use of
specially designed form-closed cam-follower mecsimiThis type of cam-follower mechanism was setedige to its
capability and versatility to ensure the complextioro profile due to the cardiac cycle. Thus, frame taccumulated
blood volume in the infrarenal aorta representefign2, the follower displacement was calculateidgishe relation

s=f(V.9 )

wheresis follower displacemeny represents the accumulated blood volume @istthe cylinder diameter.

In the present study, the period of the cardiadecigcconsidered to be equal to 1 second, whichesponds to 60
bpm. Thus, the follower displacement diagram, whictudes the three different blood flow phases, loa represented
as itis illustrated in Fig. 4.
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Figure 4. Follower diagram obtained from the acclated blood volume.

The sequence of the follower motion is described lbige, followed by two falls. The rise is rela&tito the cylinder
rod return forced by the follower, and the twodalre associated with the advance of the cylinolérin the beginning
of the return phase the cylinder is full of bloaatahis blood if totally supplied to the artery. @e other hand, the
advance phase of the cylinder is filled with bldomim artery (first fall) and from the tank (secofadl). In the second
fall new blood is supplied to the system.

The rise, which corresponds to the heart blood mthtp the system, is represented by the intervabaf angle
rotation from 0 to 90°, and the maximum followespglacement is equal to 28.52mm. The first fall espnts the
reverse blood flow, which starts at 90° with 14&86amplitude. The second fall corresponds to #@ration of new
blood from the tank. This phase has amplitude eguaP1.5° that corresponds to the end of the cetamlam rotation.

The mathematical equations for the first two follwwmotion phases were obtained by the use of paoljaio
functions that approximate the discrete data tatisoaus functions. This purpose was reached thrahghuse of
advanced mathematical tools, namely the softwar® M (acronym for Multi Processing Algebra Data Tjodthis
process has been facilitated by this computati€awility, which provides some important advantagd®&n compared
to graphical design, such as more precision andracg. The last follower motion, which correspomndghe second
fall, is of cicloidal type.

The cam profile was obtained based on the theomnetlopes. In a similar way to the traditional rygeh, the
desired positions of the follower are determineddo inversion of the cam-follower system in whible cam is held
stationary. The cam that will produce the desireatiom is then obtained by fitting a tangent cureethe follower
positions. Unlike, the graphical approach, howekieranalytical approach can consider a virtuallynited number of
continuous follower positions as opposed to adimtumber of discrete positions in a graphical lay®dlorton, 2002,
Chen, 1982 and Shigley and Uicker, 1981).

In what follows, the main characteristics of thencprofile are presented. In the present work aatathm and a
translational follower roller are used. The famolycircle curves describes the roller follower igem by,



Proceedings of COBEM 2011 21st Brazilian Congress of Mechanical Engineering

Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil
F(xy,0)=(x=% ) +(y-¥. )’ -R{ @)
whereRf is the roller radius andd,yc) are the coordinates of the center roller, whigh be determined as follows,
X = (R, +R; )[send —slsend 3

=(R, +R, )[cosé +slcosé 4)

whereR; is the cam radius base, aflik the parameter of the family circles.
Differentiating Eq. (2) yields,

oF _ dy,
X = -2Ay-vy.)=2E = (5)

o = 2x- %) S -2y -y ) e
and from Egs. (3) and (4) results,
o _ =R, +R, )cosd - seosd -2 seng (6)
dée dée
dye _ ds

~«(R, +R, )send - sBend + > cosd (7)
do dée

whereds/d@represents the follower velocity.
Solving Egs. (2) and (5) simultaneously gives therdinates of the cam profile,

X=X £R, [%){[%f {dvﬂ : ®
dég dég dé
de Y (o), (dve ) |2 9
vevom (9% 4% ®

Note the plus and minus signs in Egs. (8) and&gct the fact that they are two envelopes, agripmofile and an
outer profile, as it is illustrated in Figure 5, iafn represents the cam profile obtained in thegrework.

Follower roller

Phase 1 — Heart blood pumped Outer cam profile

Phase 3 — Stationary phase

Phase 2 — Reverse blood

Inner cam profile

’/

Figure 5. Closed-form cam profile obtained with theee main phases.

am base radius

5. KINEMATIC ANALYSIS

In the section, the main kinematic parameters &stsot with the follower motion are analyzed. Thdofwer
displacement was already presented and discuss#tk isection before. Since the mathematical equatfor the
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different follower phases are know, the other kiaémcharacteristics (velocity, acceleration anmtt/j;mpluse) of the
follower motion are obtained by successive difféistions of the respective displacement equations.

Figures 6, 7 and 8 depict the follower velocityldaer acceleration and follower jerk. It should hated that with
the objectives of the present work, there is caiitynin the follower velocity and acceleration diam, which was
ensured in the numerical process. Furthermorejefie curve, besides presents three discontinues; Halues are
finites and, consequently, ensure a soft motiowbeh the cam and follower.
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Figure 6. Follower velocity for a complete cam timta.
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Figure 7. Follower acceleration for a complete catation.
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Figure 8. Follower jerk for a complete cam rotation

With the main purpose of validating the profile @ibed for the cam a numeric analysis was perforosidg an
advanced mathematical tool, namely the softwarekitigrModel.
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For that, initially the closed-form cam was dravtarng from the theoretical profile obtained pasly, as well
as the follower and the guide, being made aftersvétrd export for the numeric simulation softwarerkify Model, as
shown in the Figure 9.

Figure 9. Working Model simulation of the closed#focam.

Figure 10 presents the follower displacement resafl numeric simulation. It can be concluded thatprofile of
the closed-form cam it was well done, because timenmical follower displacement results are veryselof the values
required to simulate adequately the period of #reliac cycle, that were previously presented irfithee 4.

Figure 10.Numerical follower displacement of theseld-form cam.
6. CONCLUSIONS AND FUTURE WORK

The kinematic synthesis of a cam-follower mecharaére to replicate the transient blood flow in B&® has been
presented and discussed throughout this work. Basegkperimental data, relative to the infrarer@tablood flow,
were used to obtain the follower displacement. Thha cam profile was determined by the use ofttie®ry of
envelopes. In the process, the kinematic analydtsedfollower motion was performed.

This work reports on an initial phase that corresjsoto the design and construction of an experiatemparatus,
which will be allow to test and validate numerisahulations of the blood flow in arteries.
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