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ABSTRACT
A comparison of the cardiac non return valves to the check valves developed by man and now days used in

engines.
1. Bio-valves

The cardiac mitral valve is one of four non-return valves in the human heart. Its active part is a pair of counter-
facing flaps (or leaflets) which allow flow in one direction if there is pressure gradient, but check the backflow.
It appears that Nature is happy with this design of non-return cardiac valve, since in principle it has not
changed it over 100 million years, (Fig.1), (Long, 2016%; 20162), despite the changes in the heart itself from 2
to 3 to 4 chambers, up the evolution ladder. (Fig.2)

2. Man-made valves

In sapiens technology, the equivalent non-return valve is what can be generically termed reed-valve or flap-
valve, which is used to restrict the flow of fluids to a single direction of flow. Other manmade valve types eg.
poppet, slide, spool, rotary, require separate activation, have no direct biological equivalent and are not
considered here..

A moving flap (probably leather), covering an opening, is among the earliest forms devised for flow control of
fluids and gases, used for thousands of years in irrigation pumps and other applications. When the Babylonian
metalsmiths realized that they needed hotter flames in their kilns for melting copper and tin into bronze, their
first solution was to have slaves blowing into clay tubes onto the charcoal. Then they devised a leather bladder
with an opening forming a non-return valve, (Carr, 2017) which with deft manipulation by hands or feet of
said slaves, would pump more air into the kiln efficiently, using fewer slaves (Fig.3).

The design was soon copied by Assyrians, Hittites, Egyptians, so that all in the region could make better

arrowtips to fight one another.

3. Present-day applications

In modern technology reed-valves are used in several areas of air-flow control in engines. A typical reed-valve
body with the frame and leaflets or blades, is shown in Fig. 4.

Reed-valves are used in most high performance two-stroke gasoline engines up to 300HP for outboard use in
boats, but also in motorcycles, carts, chainsaws and other garden equipment. Usually, an array of reed-valves
is placed upstream of the intake ports. The blades (or reeds) can be metallic —out of steel - or in some high
performance applications out of glass or carbon fiber epoxy mat. Performance in reed-valves is based on the
ability to open quickly and close while sealing effectively. The carbon fiber blades have lower inertia, hence
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faster opening at high operational speeds. Another issue with high cycle speed applications is the possibility
of deformation of the blade due to resonance at some cyclic operating frequencies. Then the blade may distort
in relation to its seat, leading to poor sealing.

The largest marine engines up to 130,000HP, for propelling ships, are 2-stroke units due to the weight and
power advantage. In such engines a multi-flap array is used to separate the main airflow path from the auxiliary
airflow in the scavenging space. (Fig.5)

When the engine is operating at low speeds, the exhaust gas enthalpy is inadequate for driving the
turbocharger. At that point, the auxiliary electric-driven blowers are switched on and the flap array ensures
that the airflow is in the proper direction for the engine breathing (Livanos et al, 2013).

In aero-propulsion engines, non-return valves are used at the inlet of the pulse-jet type of machines. Fuel is
introduced in the air within the combustion chamber and the mixture is initially ignited with a spark plug. The
conflagration sends a pressure wave down the tuned exhaust pipe, whilst the array of reed-valves at the inlet
closes and prevents the flow reversing upstream. As the conflagration expands, the pressure in the
combustion space falls below atmospheric and the valve array opens admitting some fresh air, to which fuel
is injected. When the pressure pulse reaches the tailpipe exit, some of it is reflected as compression pulse
backwards, compressing the mixture, which will self-ignite from some remaining exhaust-gases. The cycle then
repeats. The most famous example of pulse-jet engine was the one propelling the notorious V1 German flying
bomb in World War Il (Fig.6).

The clicking sound at about 50Hz of the opening-closing valves and its abrupt stop, signifying that the engine
was cutting out and the bomb was coming down, became the scourge of the Londoners during the late Blitz
(Diedrich, 1948)

4. Observable anatomy

In ancient times, observation of animal and human intestines was possible under controlled conditions mainly
during ritual sacrifices, with priests being closer to the action. The Egyptians had also additional opportunities,
with all their mummy making activity. The “Edwin Smith” surgical papyrus text from 1600 BC, is a treatise on
trauma surgery. Each case is laid out using a carefully prescribed formula: a description of the injury; diagnosis;
prognosis; treatment. It shows that Egyptians had a scientific understanding of traumatic injuries based on
observable anatomy, rather than relying on magic (Smith, 1600BC).

In classical times the Hippocratic corpus “On the heart”, of 350 BC, also marks the desire to observe and
categorize. This practice continued in Hellenistic, Roman and Medieval times (Savona and Grech, 1999)Around
1500 AC, Leonardo da Vinci made several detailed anatomical drawings, depicting the human form and organs.
The heart and mitral valve was also depicted (Fig.7).

Around the same period, at the other side of the globe, Hernan Cortés and his cousin Francisco Pizzaro, were
involved in the conquest of the Aztecs, Mayans and Incas. The Aztecs and Mayans and most of the their
neighbors in Mexico, were at the time routinely involved in ritual human sacrifices, following a Three-thousand
year tradition of the various cultures in the Mesoamerican region. These formalized sacrifices were to honor
the gods, since in the legends the gods sacrificed themselves so that mankind and the Universe could go on
living. Blood held a central place in Mesoamerican cultures and Human sacrifice routinely involved
ceremonious mutilation and extraction of the heart. (Fig.8).

There appears to be little knowledge benefit for the Aztec society, either curative or plain inquisitive, from
such practices in organ extraction, apart from some inevitable surgical dexterity of the priests, which could
then be used for improving the spectacle. The Conquistadores and the monks accompanying them, tried to
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persuade the Aztecs to stop this “savage” practice on penalty of death. Failing to persuade them, they killed
quite a few of the Indians.

5. Comparison

Comparing the manmade reed-valves and the biological cardiac valves, despite the functional affinity, a
structural difference can be observed. In the former, the valve consists of one flap mounted on a subframe. In
the latter, two or more counter-facing leaflets work in co-agency. The man-made valve is built-up piece by
piece, whilst the development of the structural features of the biological valve is inside-out (Schleich et al,
2013; Moorman et al, 2003).

The relationship between function and form of the heart during cardiac morphogenesis is of great significance
(Bartman and Hove, 2005). Differential topology mathematical techniques have long been used to depict the
foldings and wedgings involved in this morphogenesis. As stated in one classic source (Thom, 1975) “cardiac
tissue is genetically characterized by a variable attractor, whose universal unfolding is a contracting cylinder”.

The opposing leaflets make for a more compact valve design and their inherent pliability, ensures proper
sealing under different flow conditions. The design of the supporting tendons, with multiple branching,
apparently provides, apart from restrain, also some lateral support and some damping of oscillatory
tendencies in fluid-structure interaction.

Elastic restraint and damping arrangements in man-made reed-valves are far more rudimentary and involve
retaining springs and leaflet material compositions.

It must be noted that although the total working cycles per year of the two categories of valves is surprisingly
similar (~41 Mio for a biological valve in continuous operation and ~37 Mio for a man-made reed valve in
typical outboard engine holiday duty), the biological valve cannot be expected to work at 5000 bpm, nor the
man-made valve to last 70 odd years.

6. Malfunctions

Long term operation of mechanical reed- valves will unavoidably lead to some fatigue crack initiation, since
the limits on the Wohler curve may be reached soon for high speed engine operation, despite the cyclic stress
level being low. Partial or total failure of a leaflet will lead to improper sealing, backflow and some
performance penalty. However, since the valve array usually contains several units, these effects are small. In
the V1 flying bomb, the expected lifetime of the Argus engine was about half-hour, just to cross the Channel,
so a failure of several of the 250 valves in the intake array was acceptable. For the reed-valve array of an
internal combustion reciprocating engine, in the rare event of a complete failure with leaflet detachment, the
debris of a blade made of carbon fibre, has lower chance to mess up the downstream engine rotating parts,
as compared to a metal blade. The flapper valves in large ship engines are quite rudimentary and robust and
hardly ever fail, but their movement may be restricted or completely hindered by accumulation of dirt, despite
the flowing air being filtered, bearing in the mind that such an engine processes about 6 million cubic meters
of air per day. Inspection during routine maintenance is the usual malfunction identification procedure. Since
reed valves are mass produced industrial items and the spare part cost is low, repair by replacement is straight
forward.

Malfunctions in cardiac valves can be rectified by replacement with artificial valves or repair —valvuloplasty-
whenever possible. In case of breakage of tendons, these can also be replaced by artificial cords.



7. Some prospects

Understanding better the operations and flow regimes of cardiac valve leaflets, through work in computational
and experimental biosolid and biofluid mechanical aspects (Sacks et al, 2009) may lead to attempting not only
valve repair during surgical intervention, but also functional optimization. Here, the work of Gharib (Gharib,
2017) examining the firefly adapting individually its 3 anal leaflets so as to allow efficient breathing and jet
propelled locomotion with minimum thrust loss, is of interest.

Biological valves have an inherent self-healing potential. It is possible that in the future, with the taming of
cell-growth mechanisms, permitting better control of cell behavior (MacGrogan et al, 2014), such self-healing
may be enhanced.
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Fig.1 Rhacolepis fish 119 Million year old fossil, imaged by synchrotron tomography showing heart (left) and a
cross section through the heart showing valves (right, white arrows), (Weaver, 2015)

Fig.2 Evolutionary progression of the heart in animals. Fish: one atrium, one ventricle simple circulation.
Reptile/Amphibian: two atria, one ventricle, double circulation. Mammal: two atria, two ventricles, double
circulation (Weaver, 2015)

Fig.3 Foot operated bellows for smelting ore. From tomb of Rekhine, Egypt, ca. 1450 BC (Carr, 2017)



Fig. 4 Reed valve, showing reed leaflets, stopper and base frame (Reed-valve, Wikipedia)
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Fig.5 Scavenging and exhaust flow in large marine two stroke engine. Detail of scavenge air receiver and flap
valves (MAN B&W, 2013)
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Fig.6 Cutaway of V1 flying bomb of WWII, showing navigation components, explosives, fuel tanks, Argus engine
(V-1 flying bomb, Wikipedia)



Fig. 8 Aztec priests performing human sacrifice with heart extraction (Fraccaro, 2017)
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Fig.9 Model for valve leaflet development during valve morphogenesis (Wu et al, 2011)



Fig. 10 Heart cross section, showing mitral valve, leaflets and chordae tendinae, detail showing mitral valve
prolapse (Lim and Zadrozny; Lome, 2017])
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