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Collapsible tube characterization 

The latex tube was 15cm long, 1mm thick and had an internal diameter of 18mm. Both ends 

were supported by a straight connector (Intersurgical, Workingham, England) and it was 

mounted on a wooden stand. The tube was placed into a chamber of atmospheric pressure 

(Patm) inside. Digital pictures of the lumen were taken while the pressure surrounding the 

tube was changed from Patm -2 to Patm + 12 cm H2O.  The area of the lumen was defined as 

the number of pixels and measured by the Image J software. The cross-sectional area (Area) 

was plotted against the transmural pressure (Figure 1 online supplementary material). The 

resulting state law corresponds to the typical experimental state law of a collapsible latex 

tube1. The relationship between Area and transmural pressure is highly non-linear and the 

variation of Area with pressure presents a maximum when the ratio Area/Area{P=0=Patm}, 

where Patm is the atmospheric pressure, is about 0.5. For the purpose of simulation the 

transmural pressure was fitted with a 10th order polynomial function. 

A video capturing the dynamic behavior of the collapsible tube during insufflation and 

exsufflation with the cough assist device is available in the online supplemental material. 

Simulation 

The collapsible tube was simulated by a discrete single compliant element while the test lung 

was simulated with a Compliance-Resistance (C-R) system (Figure 2 online supplementary 

material). The compliant element has its own cross-sectional area Ac and its own state law, 

i.e. its own relationship between Ac variation and transmural pressure variation: 

P! − P!"! = f A! A! P!"#
 

where Pi is the pressure inside the collapsible tube. Here we will use the state law observed in 

the characterization of collapsible tube. 
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The conservation of both the total pressure (generalized Bernoulli's formula) and the flow, at 

the level of the pressure tape (P1) and at the level of the compliant element associated to the 

state law gives: 

P! = P! +
1
2 ρ

V!

A!!
−
V!

A!!
+
1
2∆P!→! 

P! = P! +
1
2 ρ

V!

A!!
−
V!

A!!
+
1
2∆P!→! 

where ρ is the gas density, V the airflow, P2 the pressure between the compliant element and 

the C-R model,  ΔP2→1 the viscous pressure drop induced by V in the compliant element, A1 

the area of the stiff section at the compliant tube inlet, and A2 the area of the stiff section 

between compliant tube and test lung. A1 and A2 are linked to P1 and P2 (Figure 2 online 

supplement). 

Either the Hagen-Poiseuille or the Blasius formula was used to describe this viscous pressure 

drop depending on the Reynolds number. P2 is given by: 
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Using the state law the system of equations can be rewritten as: 
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In steady state conditions, i.e., for a given steady pressure variation (P1), for given values of R 

and C, numerical determination of the flow throughout the model and the cross-sectional area 

Ac may be numerically inferred. This numerical resolution uses a dichotomy procedure 

similar to the one described in previous works2, 3. However, using steady state conditions 
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assumes quasi-instantaneous area variation and the passage through a series of equilibrium 

points depending on the pressure difference between the two ends of the models. In particular, 

the flow induced by the volume displacement of the compliant element is neglected. This flow 

is given by: 

V!" = L.
∂A
∂t  

where L is the length of the compliant element. In the first approximation the flow recorded at 

the exit of the collapsible tube can be estimated by: 

V n∆t = V!!" n∆t
!"#$%& !"#"$ !"#$%&%"#
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where Δt is the time step increment used with the numerical resolution and n is an integer. 

 Figure 3 online supplementary material presents an example of the simulation with and 

without compliant segments. 
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 Legend of figures 

Figure 1 online supplementary material 

Behavior of the collapsible tube shown as transmural pressure versus dimensionless area plot. 

The ◊ symbols are experimental data. The solid line results from the fitting of experimental 

data to a 10th order polynomial function. 

Figure 2 online supplementary material 

Schematic representation of the model used to simulate the collapsible tube and the test lung.  

The C-R system corresponds to the test lung while the discrete single compliant element 

corresponds to the collapsible tube. Pi is the pressure inside this element of L length. Section 

1 corresponds to the upstream segment that is directly connected to the mechanical 

insufflation-exsufflation device.  

Figure 3 online supplementary material 

Example of simulation results. A) P1 versus time (input of the simulation). B) Simulated flow 

rate with or without collapsible tube (CT) in quasi-steady state conditions. C) Area of the 

discrete single compliant element. D) Simulated flow rate with or without CT in quasi-steady 

state conditions corrected for the volume displacement of the compliant element. Here the 

compliance was set to 60 ml/cmH2O and the resistance was parabolic: 

R = 2.7 V 

 

Online supplementary material video  
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The video captured the profile of the collapsible tube when the mechanical insufflator-

exsufflator device was used.  

Figure 4 online supplementary material  

The pictures in this figure were taken at different times during the video. A) collapsible tube 

shown at the end of insufflation from the mechanical insufflation-exsufflation device; B) the 

upstream end of the collapsible tube, i.e., at the MI-E device side, the beginning of closure at 

the onset of exsufflation (vertical blue large arrow); C) the closure of the collapsible tube 

propagated downstream toward the test lung (dotted black arrow); D) the collapsible tube 

reopening. 
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