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ABSTRACT

Background: To develop knowledge of mechanical control of 
bleeding in first aid, a laboratory model was set up to simu-
late flow through a blood vessel. A collapsible tube was used 
to mimic an artery in two experiments to determine (1) the 
extent of volumetric flow reduction caused by increases in 
the degree of compression of the vessel and (2) the extent of 
flow reduction caused by increases in the length of compres-
sion. Methods: Water was used in vertical tubing. Gravity ap-
plied a pressure gradient of about 100mmHg to cause flow. 
A silicone tube (10mm-diameter lumen [the inner opening], 
1mm-thick wall, 150mm length) was used. Tests of no com-
pression of the external wall constituted the control group for 
both experiments. For all groups, flow volume was sampled 
over a period of time, and six samples were averaged. In both 
experiments, the study group consisted of tests with compres-
sion that was measured as the reduced area of the luminal cross 
section. In the first experiment, six groups with luminal area 
reductions of 0% (control), 74%, 81%, 91%, 94%, and 97% 
were tested. In the second experiment at 74% luminal area re-
duction, the three lengths of compression were 5mm, 20mm, 
and 70mm. The measured data were compared with calculated 
data by applying established mathematical equations. Results: 
In the first experiment, flow decreased with decreasing area 
due to luminal compression, but the association was a para-
bolic curve such that 94% or greater reduction in luminal area 
was required to reduce flow by greater than 50%. A reduction 
in luminal area of 97% reduced flow by 95%. In the second 
experiment, mean flow rates were not significantly different 
among the three lengths of compression. Measured data and 
calculated data were in good agreement. Conclusions: Com-
pared with an uncompressed vessel, volumetric flow of water 
through a single, unsupported collapsible tube in steady, non-
pulsatile conditions with compression applied to its external 
wall to produce a reduction in luminal area of 97% reduced 
flow by 95%. Flow was affected by the degree of compression 
but not by the length of compression.

Keywords: first aid/therapy, tourniquet; hemorrhage, preven-
tion and control, bleeding control; biomechanics, collapsible 

tubes, steady flow, rheology, pressure, biomedical engineer-
ing; models, theoretical

Introduction

Limb-wound bleeding is often controllable in caregiving 
through the compression of blood vessels above the wound.1 
For example, a limb tourniquet can compress the underlying 
skin and the arteries. Tubular vessels such as arteries generally 
run longitudinally in the limbs, and a circumferential tourni-
quet reliably compresses them.2 Collapsible tubes have consis-
tent mechanical traits, and their study has become a maturing 
field of biomechanical engineering called collapsible tube sci-
ence.3 In this science, if the internal opening of a tube, such as 
the lumen of an artery, is caused to become small enough, fluid 
flow—that is, blood flow—through the obstructed area can be 
reduced or stopped.4

Although collapsible tube science is advancing, its application 
to control bleeding in first aid is not one of its developed top-
ics. Furthermore, such science is infrequently applied to clini-
cal medicine because it is a specialized field of engineering and 
thus is neither routinely applied to medicine nor commonly 
present in medical books.5,6 This awareness gap presents an 
opportunity for both developing knowledge and improving 
awareness of hemorrhage control. It is hoped that a developed 
line of research will eventually improve understanding of how 
to optimally stop the bleeding. In this respect, the first attempt 
we made was at simple interventions suitable for use by per-
sons without training in first aid to compress large arteries. 
The purpose of the present study is to determine the reduction 
in flow caused by increasing degrees of compression on the 
lumen and by increasing lengths of compression.

Methods

This study was conducted according to the guidelines of a proto-
col that involved experimentation that compared interventions 
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intended for out-of-hospital control of bleeding. The design 
consisted of a pair of related experiments using water as simu-
lated blood flow through a tube. The control group was com-
posed of tests with freely flowing water without compression, 
and this control group was used for both experiments. Data 
were collected in March and April 2016.

Experiment 1 Setup:  
Flow Changes by Degrees of Compression

The model setup included a water tank, a line of tubes, and 
a basin to collect the water (Figure 1). The tank was atop the 
setup and connected to a line through which the water flowed; 
a section of the line contained the collapsible tube, at which 
point testing was done. The tank allowed a 1.37m vertical col-
umn of water to flow via gravity. The head of static pressure 
was calculated to be 100mmHg, a realistic mean arterial pres-
sure, driving a steady volumetric flow through the tube.

The collapsible tube was designed to mechanically mimic an 
arterial wall. The tube (Remedy Simulation Group; www 
.remedysim.com) was made of silicone. The silicone was soft, 
and reinforcement was added during fabrication to lessen the 
risk of tears and to simulate the properties of an artery. Such 
a cylindrical tube (150mm length, 1mm wall thickness, 10mm 
lumen [inner opening] diameter) allows fluid flow to be radi-
ally symmetric about the center axis. The wall was mechani-
cally unsupported by external structures. The collapsible tube 
was laid horizontally to keep the pressure head constant over 
the length of the tube. The rest of the setup was vertical.

The flow volume was sampled as collected in each test over 
a time period. The flow rate was calculated in units of mL/s 
[Equation (1)]. Mean values were also expressed as a percent-
age of control mean values.

Flow Rate =
Volume Sampled

(1)
Sampling Time

Normal Flow: Constitution of the  
Control Group With No Compression of the Tube
Control group data were gathered in a state of no external 
compression of the wall to represent normal flow. Time was 
measured with use of a stopwatch, and volume was measured 
by using a 1000mL beaker marked in 50mL increments. The 
flow rate was averaged from six samples timed to collect water 
volumes at the 750mL mark.

Measuring the Cross-sectional Area of a Lumen in a Tube
Before the collapsible tube was inserted into the line of tubing, 
each area of lumen was measured. The cross-sectional area of 
the lumen of the tube was calculated optically by using soft-
ware (ImageJ; https://imagej.nih.gov/ij/) for both processing of 
the digital images and analysis of the measurement data. For 
example, the tube with no compression had an end-on view of 
the tube showing the circular lumen in cross section (Figure 2). 
A wall outline was digitally overlaid on the image of the lumen 
and luminal area was then measured with use of the software. 
Ten measurements of area were averaged for each cross section. 
Again, in the example of the control group, the cross section 
was a circle with a radius (r) of 5mm and an area of 79mm2 by 
both measurement and geometric calculations (π × r2).

Constitution of the Study Group in Experiment 1  
With Degrees of Compression of the Tube
For the first experiment, methods were similar to those used 
for the control group, but the study group was tested with 
compression. The study group was a set of six tests made at 
each of six degrees of compression applied compared to the 
control group with no compression.

FIGURE 1  Experimental setup.

FIGURE 2  Collapsible tube compressed between two pipes.

The water tank is at the top, and a line of tubing goes down from the 
tank to a collapsible tube at the bottom, where it is laid flat over a 
black box. The tank has a valve with a handle, which is used to open 
and close the tubing to allow and stop flow via gravity. The black tube is shown end-on in outline of its cross section in the 

center of the diagram to represent an artery wall that is compressed 
from above and below. The gray pipes are also seen end-on in circular 
cross sections above and below the tube. The shape of the tube lumen 
is similar to that produced in compression by a uniform gradient of 
transmural pressure such as by a circumferentially applied tourniquet 
or blood pressure cuff.
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Measurements of luminal areas were expressed as a per cent-
age—the luminal area for a test divided by the luminal area of 
the control group. The control group had an area of 100%. 
Tests with compression had reduced areas, which were a sur-
rogate of the degree of compression. Area reductions were 0% 
(control), 74%, 81%, 91%, 94%, and 97%; the lumen was 
0% closed in the control group in that normal flow had a fully 
open vessel with no compression and no area reduction.

Statistical Analysis of Experiment 1:  
Effect of Degree of Compression on Flow Rate.
To associate flow rate by compression, a one-way analysis of 
variance (ANOVA; Minitab 17.2.1; https://www.minitab.com/
en-us/products/minitab/) was used. Tukey’s method was used 
to determine whether differences were statistically significant. 
Significance for results was set at a value of p < .05.

Results of Experiment 1
In experiment 1, mean flow rate was measured as a function 
of the mean area reduction (Table 1). The greater the area was 
reduced, the greater the flow was reduced. However, the as-
sociation was parabolic and not linear. The curved association 
between area reduction and flow rate began without area re-
duction (no compression in that the lumen is fully open) and 
moved to an area reduction of 75% (compressed to become 
75% closed), as flow rate decreased steadily but not steeply. 
Thereafter, with further reductions in area, flow rate decreased 
more steeply to become nearly straight down near 95% (Fig-
ure 3). For this one vessel as tested, when flow was reduced 
by 59% and 95%, the lumen was closed 94% and 97%, re-
spectively. Only large (>50%) reductions in area led to large 
(>50%) reductions in flow; smaller reductions in area led to 
smaller reductions in flow. Flow nearly stopped only when the 
vessel was almost fully closed.

TABLE 1  Resulting Changes in Flow Rate by Changes in Area

Number 
of Flow 
Tests

Mean Flow 
Rate (mL/s, 
mean ± SE)

Mean  
Flow Rate 

(%)

Reduction 
in Mean 

Flow Rate 
(%)

Area Reduction 
of Lumen 

Compared With 
No Compression 

(%)

6 63 ± 1 100 0 0

6 48 ± 1 76 24 68

6 46 ± 1 73 27 74

6 38 ± 0.3 60 40 81

6 37 ± 0.2 59 41 85

6 26 ± 0.2 41 59 94

6 3 ± 0.04 5 95 97

SE is the standard error, a calculated measure of variability. Area re-
duction is an effect caused by compression of the artery lumen.

By design, the wall was buckled inward where compression 
was applied. However, during each test, that degree of buck-
ling also continued downstream in the tube despite there being 
no downstream compression. Buckling ended where the tube 
connected to the rigid drainage tubing (Figure 4).

Experiment 2:  
Flow Changes by Changes in Length of Compression
In experiment 2, the setup differed in two ways. The lengths 
of compression varied but the luminal area was constant at 
26% (the lumen was 26% open compared with the area in the 
control group; that is, there was a 74% area reduction). The 
lengths of compression used were 5mm, 20mm, and 70mm 

(Figure 5), representing a range of values for first-aid interven-
tions to control bleeding.

Mean flow rate was associated by length in a one-way ANOVA 
which was used both among the three lengths and also among 
the control group with the three lengths. Tukey’s method was 
used to determine if differences were significant.

The mean flow rate for the compressed lumens significantly 
decreased by 32% compared with the uncompressed con-
trol group (p < .05). For the three lengths of compression, 

FIGURE 3  Flow rate results as a function of area reduction of the lumen.

The experimental data points (gray circles with black outlines) have 
a best-fit line (dashed curve). Two data points overlap partly. For this 
one vessel as tested, for flow to be more than halved (>50% reduced), 
the luminal area had to be reduced by 94% or greater. Of note, a lu-
men closed by 97% reduced flow by 95%.

FIGURE 4  Collapsible tube.

The collapsible tube (red tube at top) was buckled under the com-
pressing pipes (at far left top, a yellow pipe opening is seen clamped 
between two gray metal presses), but that degree of buckling contin-
ued downstream as collapse of the tube to the right beyond the end of 
the two compressing pipes (another pipe is hidden behind the collaps-
ible tube) until the tube connected to the yellow drainage tubing (at 
right). Turbulent flow within the tube downstream of the compression 
was visible as a flutter of the wall and felt when the external wall was 
lightly touched.
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differences among mean flow rates were not statistically sig-
nificant (p > .05, all three). Unsurprisingly, the mean flow rate 
of the control group was greater than that of the study group.

Preliminary analyses did not reveal an interaction between the 
effects of degrees of compression and the effects of lengths of 
compression.

Discussion

The major finding from this simulation study is that arterial 
compression significantly reduces flow rate in a curved fash-
ion. Within this study, the luminal area had to be reduced by 
81% to provide a 40% flow reduction and by 97% to provide 
a 95% flow reduction. Other collapsible tube studies have had 
similar results based on both measurements and mathematical 
equations.7–10 Before we conducted the present study, we spec-
ulated that the area–flow curve would bend nearly straight 
down when area reduction was nearly 80%, but this actually 
did not occur until area reduction was nearly 95%. Our cur-
rent thinking is now accommodating this new major finding 
so that a future study may be planned to delimit a reasonable 
threshold such as an area reduction of 95% that may suffice 
for caregivers. These points discussed here may help people to 
better understand challenging aspects of hemorrhage control 
such as optimal ways to stop bleeding. First aid instructors 
may implement the finding actionable as, “To reduce bleeding 
by 95%, an artery needs to be closed about 95%.”

The secondary finding of the present study was that the length 
of compression did not have a significant effect on flow rate 
under the conditions tested, specifically among three lengths 
of compression applied to the external wall of a simulated 
artery. A reason for this lack of association among the three 
lengths tested may be attributed to the collapsed tube remain-
ing downstream to the compression itself in all tests with 
compression. The downstream luminal area was as small as 
that of the location compressed upstream. The collapse mim-
icked a long length of compression and may be related to a 
phenomenon called the Venturi effect (named after Giovanni 
Battista Venturi [1746–1822], an Italian physicist who stud-
ied this) in which a fluid’s pressure drops as it flows through a 
constriction, such as when water flows through a nozzle of a 
garden hose to exit. Pressure loss is not regained downstream. 
Because the collapsible tube is easily deformed and its gradient 

of transmural pressure (the internal fluid pressure minus the 
external ambient pressure) is decreased downstream, the wall 
tends to collapse inward. In the Venturi effect, a corollary 
of the Bernoulli principle (Daniel Bernoulli [1700–1782], a 
Swiss mathematician, detailed a theorem of phenomenon of 
internal pressure reduction with increased flow velocity in a 
fluid), flow velocity is increased locally within the constric-
tion. The velocity increase is a consequence of the principle of 
mass continuity as the mass of water remains in continuous 
flow without gaps. On the other hand, the pressure loss is 
a consequence of the principle of conservation of mechani-
cal energy. These velocity–pressure changes are linked and 
balanced. Readers may recall that deaths resulted from a 
1982 military parachuting operation in California,11 when a 
Venturi effect occurred as winds accelerated through a gap 
between mountains near the drop zones. Similarly, atheroscle-
rotic plaque and arterial stenoses also produce Venturi effects, 
and an area reduction of about 95% is sometimes considered 
critical. The observed change from laminar (smoothly stream-
lined) flow to turbulent flow may be clinically useful because 
of its potential relevance to bleeding. Turbulent flow might be 
easier to control than laminar flow, in part because the intra-
luminal pressure is lower and thereby more susceptible to an 
externally applied compression downstream.

A closure of 97% was necessary to reduce flow rate to 95%. 
Such a magnitude, 97%, of closure needed to control flow 
is an actionable finding to guide further study and educate 
first aid students. According to the best information available, 
an artery has to be closed about 97% to control the bleed. 
Because blood flow through veins is not pulsatile yet is lami-
nar, the degrees of closure needed as tested here may be clini-
cally relevant to control of venous bleeding. The experimental 
setup may also work adequately for assessing vein-like tubes 
or testing wraps, manual compression, or other mechanical 
interventions. However, further model development is justified 
for possible future setups such as for collateral blood flow or 
vessel networks. For example, various degrees and lengths of 
compression may be studied in a vein-like tube.

As expected, measured data agreed well with calculated data. 
The agreement offers reasonable validity for developing new 
knowledge with interventions such as external compression. 
The findings of this study have clinical applicability where ves-
sels have lost the support given by the surrounding tissue of 
their exterior wall. Such loss may occur in traumatic wounds 
or during treatments such as surgery. The loss of support be-
tween the adventitia—the most external portion of the vessel 
wall—and adjacent supportive tissue may also occur during 
dissections in research or during interventions such as vessel 
clamping in advanced caregiving in the field.

The results of this study also have potential applicability to 
the biomechanics of wound packing with gauzes, dressings, 
pads, or the like; use of tourniquets or vascular clamps; and 
use of compressors or wraps; recently, Kragh et al. published 
a collapsible tube study that compared two types of wound 
packing.12 Furthermore, the applicability of how vessels are 
compressible may help inform refinements in manikin design.

After data collection and during our ongoing search for rel-
evant knowledge, we found a 1938 report by Mann and coau-
thors that validated our basic strategy and reasoning.10 In their 
study, Mann et al. studied blood flow several ways and found 

FIGURE 5  Three lengths of pipe and a collapsible tube.

Image of the collapsible tube (red tube at the bottom with length of 
150mm) and three pipes (three yellow pipes at the top) in the three 
lengths used (5mm, 20mm, and 70mm, top to bottom).
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similar results. Their study experimentation with a collapsible 
tube was set up vertically to check the effects of area reduction 
on flow rate; they subsequently checked their measurements 
with the use of mathematical equations, and they confirmed 
the effect of arterial luminal reduction on blood flow in dogs. 
Mann and coauthors found similar results by reducing luminal 
area in two ways: external compression and internal blockage. 
They found that flow was affected little until area reduction 
was severe, like the key finding of our study. Mann and co-
authors found that: “The area of the lumen may be reduced 
50 per cent without any change in blood flow, and it can be 
reduced as much as 90 per cent before a 50 per cent reduction 
in blood flow occurs.”10 Results of the present study and of 
Mann and coauthors’ study are coherent in their applicability 
to inorganic tubes and living mammals. In other words, the 
phenomena described are not specific to blood flow or even to 
biology, as fluid mechanics applies generally.

Collapsible tube science can aid in the selection of bleeding 
control interventions for further preclinical study such as with 
manikins, cadavers, or animals or by down-selection of un-
promising candidate interventions. Such studies may improve 
our capacity to reduce the number of animals required for 
later studies of bleeding control by abandoning poorly per-
forming candidate interventions or refining power analyses 
through better understanding of treatment effect sizes. Mann 
and coauthors used animals, and knowledge generated from 
this study of tubes could reduce the number needed for future 
studies.10

Mann and coauthors also pointed out that the clinicians they 
spoke with thought that the bleeding was most reliably as-
sociated with the artery’s external wall diameter, its internal 
(lumen) diameter, or its cross-sectional area of the lumen, 
and clinicians were unsure about which area was most reli-
ably associated with flow.10 Although that awareness gap has 
been studied over ensuing decades since Mann and coauthors’ 
1938 publication, the gap remains commonly felt even today 
by caregivers with whom we speak periodically. Among such 
individual caregivers, we have occasionally detected strategies 
for interventions like tourniquet use, and their particular strat-
egies were rooted in their personal intuitions regarding bleed-
ing. Such differing strategies led them to focus on particular 
metrics of performance such as blood volume lost or time to 
stop bleeding. Different focuses affect various outcomes differ-
ently; for example, emphasizing minimal blood loss may most 
improve casualty survival but it may inadvertently increase the 
time a user and patient are at risk during care under fire.13 In 
the present study, we measured volumetric flow rate and in-
ferred flow velocity such as by the Venturi effect, but when we 
ask caregivers, most initially talk of flow as volume per time. 
Few mention flow velocity (speed), and almost none mention 
both volume and velocity unless given clues during follow-on 
discussion. Most caregivers believe that a half-closed artery 
has about half its normal flow (an incorrect intuition), and 
this postulation is further confusing to caregivers because of 
the fact that speed and volume differ: for most of the spectrum 
of closure by compression, the former is increased while the 
latter remains the same. Speed and volume do not increase 
and decrease together as some caregivers thought. Therefore, 
“flow,” whether as written in a document or as spoken in a 
first aid class, is ambiguous because its two meanings—speed 
and volume—are neither interchangeable nor understood 
uniformly by caregivers. To us, first reactions of caregivers 

indicate whether they thought of either speed or volume for 
flow, as there may be an opportunity for improved clarity by 
surveying opinions and by later refining instruction of the skill 
of bleeding assessment. In a 2007 study of tourniquet use as 
assessed with the use of plethysmography, investigators puz-
zled why tourniquets may increase blood flow velocity when 
occlusion was not attained, and the present study results, 
collapsible tube science, and the Venturi effect can plausibly 
explain why it was so.14 If caregivers or investigators do not 
understand well the metric of performance (velocity of flow 
or volume of flow) that they use in assessment, then their as-
sessment may be incomplete or biased, resulting in suboptimal 
care to the patient.

In the 20th century, collapsible tube science was used in at-
tempts to develop bleeding control interventions. It was funded 
by the US government. Funds were granted to several institu-
tions whose investigators developed knowledge and interven-
tions (Table 2). Few such interventions were eventually tried 
in care, but the funding eventually stopped and evidently did 
not flow again. During the decade we have been involved in 
the management of bleeding control research, potential fund-
ing for such development has not come up in discussion until 
late 2016, when we reported to managers the results of the 
present study. Current costs of such research are mostly in the 
man-hours of skilled investigators because the materials are 
relatively inexpensive. The lines of potential work in applying 
collapsible tube science to first aid control of bleeding appear 
to be legitimate scientific topics and appear to be a frugal out-
lay offering a good return on investment. Organizations that 
may conduct such work include civilian programs of biome-
chanical engineering involving professors/instructors and their 
students at the level of a master’s or doctoral degree. The US 
government may reconsider its funding of such programs.

Study Limitations

One limitation is the setup, which examines flow through only 
one tube, rather than as a vascular network, which could bet-
ter mimic bleeding. However, understanding the effects of re-
duced luminal area and of compressed lengths on individual 
tubes may inform the development of complexly realistic mod-
els for understanding phenomena like limb flow in parallel. 
Another limitation is that the tube was unsupported in that 
normally surrounding tissues were absent. A supported tube 
might not buckle downstream, as was observed in this study. 
A supported tube may have different outcomes than observed 
presently regarding lengths of compression. If that is the case, 
the length of the compression might have a significant effect 

TABLE 2  Past Funding for Research Related to Collapsible  
Tube Science

National Heart Institute Grant 
H-720 
US Public Health Service

Veterans Administration 
Hospital and Department 
of Medicine, Georgetown 
University Medical Center

National Institutes of Health 
Grant HE-02038

Department of Surgery, 
University of Virginia Medical 
Center

National Science Foundation 
Grant GP 27209

New York University

National Science Foundation 
Grant GP 20528

Cornell University

US Army Medical Research 
and Development Command, 
Research contract 17-67-C-7039

Department of Surgery, 
University of Virginia Medical 
Center

All articles published in the Journal of Special Operations Medicine are protected by United States copyright law  
and may not be reproduced, distributed, transmitted, displayed, or otherwise published without the prior written permission 

of Breakaway Media, LLC. Contact Editor@JSOMonline.org.



52  |  JSOM   Volume 18, Edition 1/Spring 2018

clinically. However, a benefit of the present setup is that it 
allowed direct comparison with a body of literature7–9 and 
offered insights into reducing flow to an easily controlled 
level—an important aim of bleeding control. An third limita-
tion is that upstream flow was steady and laminar but not 
pulsatile. Also, water is a Newtonian fluid (e.g., follows New-
ton’s law of viscosity), while blood is more complex by being 
non-Newtonian (e.g., does not follow the law). The viscosity 
of water is very low (practically inviscid), and temperature ef-
fects are negligible.

Future studies may redress the limitations to allow for a better 
understanding of how collapsible tube science might be used 
to bridge the physics of flow as applied to bleeding control. We 
list study topics in Table 3.

Conclusion

The present experiment simulated flow of blood through an 
artery as an unsupported collapsible tube in steady, nonpulsa-
tile conditions with external compression applied to the wall 
compared with no compression. A 97% reduction in lumi-
nal area was necessary to reduce flow rate by 95%, as flow 
nearly stopped only when the vessel was almost fully closed. 
Although flow was affected by the degree of compression, it 
was unaffected by the length of that compression.
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TABLE 3  Future Directions for Scholarly Work

A check of

… fluids with viscosity profiles similar to blood

… compression effects on pulsatile flow

… compression effects on flow in a forked (bifurcated) tube

… compression and flow in a tube network of arteries or veins

… fluid–wall interactions in a circulation model of flow

… controllability of turbulent and laminar flows in bleeding setups

… viscosity and temperature effects

… vessel clamping and unclamping, including wall bulges

… whether gelatin mechanically supports tube walls as do 
surrounding tissues
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