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Abstract To understand the hemodynamics of the microcirculation, we compared the resistance of vessels that either had 

an enlarged cross-sectional area in the midsection (denoted vessel 1) or had a uniform diameter (denoted vessel 2). The 

length of the two vessels and the pressure difference between the ends were equal. The two vessels were filled with water, 

and the volume of water flowing through the two vessels per second was measured. The volume of water flowing through 

vessel 1 was 4.05 ml/sec, and the volume of water flowing through vessel 2 was 4.37 ml/sec. Vessel 1 had a higher resis-

tance, and water drained more slowly than from vessel 2. These results demonstrate that vessels with a greater cross-

sectional area in the midsection have a lower flow than vessels with a constant cross-section, even though resistance in the 

midsection is lower when the cross-sectional area is greater.  
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INTRODUCTION  

Blood vessels consist of a closed system of tubes that 
transport blood to all parts of the body [1]. Of the blood ves-
sels, the arteries carry blood away from the heart, and the 
main arterial vessel repeatedly branches into smaller vessels. 
The diameters of blood vessels strongly decrease from the 
order of 25 mm in the aorta to only 5-30 μm in the capillar-
ies. According to Poiseuille’s law, small changes in the ves-
sel radius will result in large changes in the resistance. Capil-
laries are the smallest blood vessels, and red blood cells with 
diameters of 7 m must deform to pass through them [2]. In 
the past, a capillary bed consisting of many individual capil-
lary vessels in parallel has been widely accepted to have a 
very low overall resistance to flow, even though the resis-
tance of a single capillary is relatively high. Connecting arte-
rioles and venules, capillaries form extensive branching net-
works; therefore, the total cross-sectional area of the capil-
lary bed is clearly greater than that of the capillary entrance. 
Many previous studies have concluded that the increase in 
the total cross-sectional area of the capillary bed leads to a 
low overall resistance to flow. However, this theory has been 
disputed because a great reduction in the blood velocity oc-
curs at the transition from arterioles to capillaries [3]. To 
obtain a better understanding of the physical phenomenon, 
we studied the in vitro flow of blood in tubes with a simple 
geometry. In this study, we proposed a simple tubing system 
to mimic the capillaries. This simple tubing system was in 
serial connection with a wide midsection. In this way, it was 
possible to evaluate whether an enlargement of the cross-
sectional area in the midsection could lead to a low overall 
resistance to flow. 
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MATERIALS AND METHODS 

Materials  

For this project, the following were used: cylindrical ves-
sels, flasks, connecting pipes, cylindrical containers, and a 
stopwatch. 

A schematic diagram of the equipment is shown in  
(Fig. 1). In vessel 1, there were three parts (A, B, and C). 
The length of each part was 15 cm. Parts A, B, and C were in 
a series. Parts A and C were cylindrical vessels with equal 
dimensions (lumen diameter, 3 mm). Part B was a cylindri-
cal vessel (lumen diameter, 6 cm) with one hole (lumen di-
ameter, 3 mm) at each end. Vessel 1 was wide in the midsec-
tion and narrow at each end (inlet and outlet). Vessel 2 was a 
cylindrical vessel with a constant dimension (lumen diame-
ter, 3 mm). The length of vessel 2 was 45 cm, which was the 
same length as vessel 1. The same two cylindrical containers 
were placed vertically. There was a hole (lumen diameter, 3 
mm) on the side of each cylindrical container. The vessels 
were separately connected with the cylindrical container. 
The experimental devices were filled with water. The height 
between the water level and the inlet of each vessel was 40 
cm in both. According to Pascal's law, hydrostatic pressures 
at the inlets of each vessel were equal. Additionally, because 
the outlets of both vessels were exposed to the atmosphere, 
the pressure drop across both vessels was equal. When the 
water level dropped 10 cm, 250 ml of water flowed through 
each vessel. Using a stopwatch to record the time for the 
water level to drop to 10 cm, the volume of water flowing 
through the two vessels per second could be calculated. 

Results  

The test was repeated 10 times, and the possible differ-
ences in the flow rate between the two vessels were com-
pared using an analysis of variance (ANOVA). The flow 
rates were significantly different at p<0.05. For vessel 1, 250 
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ml of water flowed through the vessel in 61.7 seconds, at a 
rate of 4.05 ml/sec. For vessel 2, the same volume of water 
flowed through the vessel in 57.1 seconds, at a rate of 4.37 
ml/sec. The water in vessel 1 drained more slowly than the 
water in vessel 2. According to the basic flow equation 
Q= P/R, vessel 1 had a higher resistance than vessel 2. 

 

 

Fig. (1). Schematic diagram. 

 

DISCUSSION 

Network of Vessels with Unequal Cross-Sectional Areas 

Of all of the factors that affect resistance, the radius of 

the vessel is the most important. Poiseuille’s law states that 
resistance varies inversely with the fourth power of the ves-

sel radius. For example, if the vessel radius is reduced to 

half, the resistance will increase 16-fold, illustrating how 
small changes in the vessel radius result in large changes in 

resistance. In this study, the pressure drop of both test ves-

sels was equal. In vessel 1, the lumen diameter of part B was 
much greater than parts A and C, and according to 

Poiseuille’s law, the resistance of part B should be much 

lower than parts A and C. According to the formula of over-
all resistance in a series (Rs = R1 + R2 +...... Rn), the overall 

resistance of vessel 1 should be approximately 66% that of 

vessel 2 [4, 5]. In contrast, the water in vessel 1 drained 
more slowly than in vessel 2. 

Is a network of vessels with unequal cross-sectional areas 
a special case? Vessel 1 was a network of vessels with three 
parts that had unequal cross-sectional areas. The radius of 
part B was significantly greater than those of parts A and C. 
Separately, the resistance of part B should be much lower 
than those of parts A and C. However, when parts A, B, and 
C were connected, the conditions changed. Because the 
cross-sectional areas of the three parts and, the velocities of 
flow in the three parts differed. The law of conservation of 
matter states that mass or energy can neither be created nor 
destroyed [6]. For a network of vessels, the flow rate through 
any cross-section must be the same, and the velocity of flow 
of any part in the network of vessels is inversely proportional 
to the cross-sectional area. Because there was a large change 
in the cross-sectional areas between parts A and B, the veloc-
ity of flow in part B should be much lower than those in 
parts A and C, and there should be a large change in velocity 
between parts A and B. Although there was deceleration, 

there was also reacceleration between parts B and C. The 
water flow in vessel 1 could not maintain a laminar state, 
meaning there was excessive friction in vessel 1. If the resis-
tance to the flow was caused by friction between the moving 
water and the wall of the vessel [7], the resistance to flow in 
vessel 1 should have been greater than that in vessel 2. 
Poiseuille’s law should be valid in a circulatory system only 
when the fluid flow is laminar and non-pulsating in horizon-
tal cylindrical vessels of constant dimensions. In contrast to 
Poiseuille’s conditions, the blood flow in the human circula-
tion is pulsating and occasionally turbulent, and the blood 
vessels are not horizontally located, cylindrical, or inflexible. 
The blood viscosity is not constant or independent of the 
vessel diameter and flow.  

Parallel Network Resistance 

When several tubes with individual resistances of R1, 
R2…Rn are brought together to form a parallel network of 

vessels, the overall resistance for the parallel network (Rp) is 

reflected by the formula: 1/Rp = 1/R1 + 1/R2 +...... 1/Rn [4]. 
This formula has been used to determine the resistance of 

capillary beds. According to this formula, the total resistance 

is less than that of any individual resistance, and if the num-
ber of vessels in parallel increases, the total resistance should 

decrease [8]. However, with the increase in the vessels in 

parallel, the total cross-sectional area should be greater than 
that of the inlet and outlet. The connecting vessels change 

into a network of vessels with a wide midsection and with 

narrow inlets and outlets. The characteristics of this network 
were similar to those of vessel 1, which contains an unequal 

cross-sectional area. In practice, when a uniform vessel 

opens several new branches in the midsection, if the cross-
sectional area of the inlet and outlet remains constant, the 

total resistance of this network should increase instead of 

decrease, as shown in (Fig. 2). 

 

 

Fig. (2). The total resistance of vessel 1 is greater than vessel 2.  

 

Hydraulic Analogy to Ohm's Law 

The basic flow equation (Q= P/R, blood flow = pres-
sure/resistance) summarizes the relationship between the 

pressure difference, blood flow, and vascular resistance. This 

equation is based on a fundamental law of physics, namely 
Ohm's law, which states that the current (I) equals the volt-

age difference ( V) divided by the resistance (R). In electri-

cal circuits, Ohm's law is used mathematically. The hydrau-
lic analogy to Ohm's Law has been used to approximate 

blood flow through the circulatory system. However, the 
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water analogy can create misconceptions, and awareness that 

electricity and water behave very differently is important [9]. 

Resistance to Capillary Bed Blood Flow 

The blood pressure is known to drop most rapidly along 

small arteries and arterioles and to continue to decrease as 
the blood moves through the capillaries. Approximately 70% 

of the pressure drop occurs between the small arteries and 

capillaries, and the pressure drop in the arterioles is consid-
ered to be the product of resistance. However, there is a great 

change in the velocity of blood flow that occurs at the transi-

tion from the arterioles to the capillaries. The total collective 
cross-sectional areas of all of the capillaries in the systemic 

organs is more than 1,000 times that of the aortic root, and 

the total cross-sectional area of the capillaries is greater than 
that of the arterioles. As a result, when blood flows from the 

arterioles to the capillaries, the velocity will drop from ap-

proximately 5 cm/sec to 1 mm/sec. Newton's First Law states 
that every body persists in its state of being at rest or in mo-

tion and continues in that state unless compelled by forces to 

change. When blood moves though the capillaries, its veloc-
ity decreases rapidly, and greater friction should exist be-

tween the blood and the capillary wall. 

Therefore, when the radius of a tube is smaller, the resis-

tance to fluid flow is larger. Compared with other smaller 

vessels in the body, capillaries have a much smaller diameter 
(5-10 m), which is barely sufficient for erythrocytes to pass 

through [10]. The friction between blood cells and the vascu-

lar wall will be greater.  

In the body, most blood vessels are elastic tubular chan-

nels. Because the capillary beds are complex networks, they 

cannot be regarded as a rigid tube. When the heart beats the 
capillary beds will act as an elastic reservoir because of the 

distensibility of the tube and will store part of the left ven-

tricular stroke volume. Thus, the blood pressure in the capil-
laries should be less relative to that of the arterioles, and the 

pressure drop between the arterioles and capillaries would 

appear relatively high. Acting as an elastic buffering cham-
ber, the capillary beds store some of the blood in the cardiac 

systole, but the blood will flow more slowly through the cap-

illary beds.  

Capillary beds have multiple branches and parallel ele-

ments, with an unequal cross-sectional area. Friction be-
tween the moving blood and the walls of the capillary beds 

must be unevenly distributed, and thus it is doubtful that the 

arterioles are major contributors to the total peripheral vascu-
lar resistance. 

Hypertension 

If we support the idea that capillary beds are the major 
contributors to the total peripheral vascular resistance, the 
question of why the relaxation of vascular smooth muscles 
lowers the blood pressure must be answered. Capillaries lack 
vascular smooth muscle but are instead composed of a single 
layer of endothelial cells. There is no neural or local meta-
bolic control of the capillary vessels, whereas the arterioles 
have much thicker walls with smooth muscles [11]. How-
ever, if most blood flowed directly from the arterioles to the 

venules and bypassed the capillary beds, the body’s blood 
pressure would likely remain very low.  

In fact, not all blood flows through the microvascular bed 
in systole. A large part of the blood flow through the mi-

crovascular bed occurs in diastole. For hypertensive patients, 

the blood perfusion in diastole is substantially different from 
that in normal patients. This difference in perfusion could be 

detected by photoplethysmography. Furthermore, the relaxa-

tion of vascular smooth muscles could influence blood per-
fusion in diastole of hypertensive patients. A study on blood 

perfusion changes in diastole of hypertensive patients may 

help understand why the relaxation of vascular smooth mus-
cles should lower the blood pressure. In summary, because 

direct microvascular observations in vivo are not possible, in 

vitro analyses employing the principles of physics would be 
helpful in understanding the microvascular flow of blood.  

CONCLUSIONS  

For a network of vessels with a wide midsection and a 

narrow inlet and outlet, the overall resistance to flow should 
be great, even though the resistance of the midsection is 

lower than that of the other sections. Vascular resistance is a 

measure of how difficult it is to allow a fluid to flow through 
the entire tube. For a capillary bed, the presence of many 

branches does not indicate a low overall resistance.  

Highlight 

• An increase in the cross-sectional area in the midsection 
did not lead to a low overall resistance. 

• For a capillary bed, the presence of many branches does 
not indicate a low overall resistance. 

• A physics analysis in vitro will be helpful for understand-
ing the microvascular behavior.  
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