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Abstract

Cough is a defensive behavior that protects the respiratory system from infection and clears airway secretions. Cough airflow
dynamics have been analyzed by a variety of mathematical and experimental tools. In this paper, the cough airflow dynamics
of 42 subjects were obtained and analyzed. An identification model based on piecewise Gauss function for cough airflow
dynamics is proposed through the dimensionless method, which could achieve over 90% identification accuracy. Meanwhile,
an assisted cough system based on pneumatic flow servo system is presented. The vacuum situation and feedback control are
used to increase the simulated peak cough flow rate, which are important for airway secretion clearance and to avoid airway
collapse, respectively. The simulated cough peak flow could reach 5 L/s without the external assistance such as manual
pressing, patient cooperation and other means. Finally, the backstepping control is developed to generate a simulated cough
airflow that closely mimics the natural cough airflow of humans. The assisted cough system opens up wide opportunities of
practical application in airway secretion clearance for critically ill patients with COVID 2019 and other pulmonary diseases.
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Introduction

Cough is an irritable human reflex to clear foreign matter
or particles from the respiratory tract to protect the res-
piratory system [1-3]. It is initiated with a deep inspiration
to bring a large air volume into the lungs. Next, the lar-
ynx muscles close the glottis, and abdominal and thoracic
muscles contract to generate high pressure in the lungs.
Finally, the glottis suddenly opens and the expiratory mus-
cles contract forcefully to release the air [4].

The cough process can be characterized by three key
parameters: cough expired volume (CEV), peak velocity
time (PVT) and cough peak flow rate (CPFR) [5-7]. These
parameters can be used to analyze the airflow dynamics
during the coughing process.

A lot of research has focused on the airflow dynamics
during cough. Jennison used a high-speed camera to visu-
alize the cough process [8]. The development of particle
image velocimetry (PIV) technology has allowed many
researchers to measure and capture the cough airflow
information [5, 7, 9, 10]. However, the acquisition inter-
vals were too large to capture the cough airflow dynam-
ics in sufficient detail. Gupta et al. used a spirometer to
measure the cough airflow rate; results showed that the
cough airflow rate variation over time can be represented
as gamma probability distribution functions [11].

The CPFR variable is usually used to assess cough
effectiveness and has a direct impact on airway clearance
[12]. A normal individual may produce a CPFR as high as
12 L/s [13]. However, for patients with respiratory mus-
cle dysfunction such as neuromuscular disorders (NMDs)
or emphysema, the secretion may not be cleared effec-
tively due to weak or impaired cough [14]. Mechanical
ventilation is commonly used in the intraoperative and
postoperative management of critically ill patients [15].
For mechanical ventilated patients in intensive care units
(ICUs), however, the cough may be impaired because of
the endotracheal intubation hindering glottis closure, and
also due to the frequent use of sedatives and muscle relax-
ants commonly used for mechanical ventilation synchrony.
Secretion deposition in the airways caused by impaired
cough may result in respiratory failure, hypoventilation,
tracheobronchitis, pneumonia or other complications asso-
ciated with secretion retention [16]. Therefore, the assisted
cough device is essential for secretion clearance in patients
with impaired cough.

In the early 1950s, Barach et al. proposed a physical
method called “mechanical cough chamber” to simulate
some of the mechanisms of the human cough [17, 18]. The
results of clinical observations in patients with poliomyeli-
tis showed that the maximum expiratory flow rate reached
an average 1.6 L/s, which was 145% of the most vigorous
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natural cough. Based on the development of noninvasive
ventilation, the assisted cough device was later improved
by using a blower to supply positive pressure for lung
insufflation and negative pressure for rapid exsufflation,
lately called mechanical insufflation exsufflation (MI-E).
The MI-E supplies a maximum of 60 cm H,0O-positive
and negative pressure to generate a large peak cough flow
that can exert a high shear force on secretions and propel
them to the mouth. Bach et al. conducted some clinical
researches on peak cough flow based on MI-E [19-21].
With patient cooperation, the peak cough flow could
reach 6 L/s or even higher. Recently, the MI-E has found
numerous applications for secretion clearance in patients
with chronic obstructive pulmonary disease (COPD),
NMDs and other types of respiratory muscle dysfunction.
Besides, MI-E is used for mechanical ventilated patients
in ICU. As the most effective approach to simulate the
natural cough, MI-E can propel bronchial secretions to
the central airways where they cannot be cleared through
tracheal suctioning [22]. Since most patients are uncon-
scious and uncooperative with MI-E, the CPFR value is
commonly less than 3 L/s, which reduces the effect of
airway secretion clearance. Meanwhile, airway collapse
may occur because of the large negative pressure produced
at the exsufflation phase.

Our previous study proposed a simulated cough device
based on a pneumatic pressure servo system featuring a
maximal simulated cough peak flow that exceeds 4.2 L/s.
Its cough clearance effectiveness has been verified through
computational fluid dynamics simulation and experiments
[23].

Herein, an identification model based on piecewise Gauss
function for cough airflow dynamics is presented, and its
identification accuracy is confirmed by experiments. In addi-
tion, a novel assisted cough system based on pneumatic flow
servo system is proposed. In comparison with our previous
study, the simulated cough peak flow produced by this sys-
tem was further increased. In addition, feedback control is
applied to avoid airway collapse. Finally, the backstepping
control method is introduced into the system to simulate the
natural human cough airflow dynamics. The assisted cough
system and methods proposed in this study have promis-
ing value for secretion clearance in mechanically ventilated
patients with impaired cough.

Materials and methods

Cough airflow dynamics data collection
and identification

The variations in cough airflow rate with time were meas-
ured and recorded in a sitting position through a cough
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Fig. 1 The cough airflow rate
collection system consists of a
mask, a tube, an airflow sensor,
a data acquisition card and a
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Fig.2 The cough airflow dynamics. a An example of human cough
airflow rate variation with time. The light blue color represents the
cough expired volume during a cough process. b The cough airflow

airflow rate collection system in 42 healthy volunteers (18
females and 24 males), as shown in Fig. 1. All volunteers
were instructed on how to produce a single forceful cough
before data collection.

A ventilator mask and tube were employed to collect the
airflow dynamics data. The tube connected the mask and the
flow sensor. The flow sensor (FS6122, Siargo Ltd., Santa
Clara, USA) with a frequency of 200 Hz was used to meas-
ure the cough flow rate variation over time. The acquired
data were stored on an NI USB-6001 data acquisition device.

An example of cough airflow rate variation with time is
presented in Fig. 2a. The CPFR and PVT are marked in
the figure, and the light blue color represents the CEV. The
cough airflow dynamics for all 42 subjects are illustrated
in Fig. 2b, which indicates great differences among indi-
viduals. The variation ranges for CPFR, PVT and CEV are
presented in Table 1. Considering the large variation ranges
of cough airflow characteristics, the dimensionless method
was used to analyze the cough airflow rates. The cough air-
flow rate and time were dimensionless by CPFR and PVT,

Time (s)

Dimensionless airflow Q' Q.

06 08 1.0 1.2

Dimensionless time

rate variations of 42 healthy volunteers. ¢ The dimensionless results
of cough airflow rates

Table 1 Variation ranges of

. o Parameter Value range
cough airflow characteristics for
42 volunteers CPFR 221-7.77Lis
PVT 0.045-0.085 s
CEV 0.34-2.52L

CPFR cough peak flow rate,
PVT peak velocity time, CEV
cough expired volume

respectively. The dimensionless airflow Q" and dimension-
less time ¢* were calculated as

«_ 0
o = CPFR’ M
= L

T PVT’ @)
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where Q and ¢ represent the cough airflow rate and time,
respectively. The dimensionless results of cough airflow
dynamics are shown in Fig. 2c.

Through observing variations in the dimensionless air-
flow, it is found that the curve variation trend coincides with
the piecewise Gauss function. Therefore, an identification
model for airflow dynamics based on piecewise Gauss func-
tion is proposed and presented as follows:

oy \2
al.e_(tflhl) s I*Sbl,
N2
Q*= m+a, - e_(z Czbl ) s bl << b2’ )
v N2
as - e_(t fzbz) s t* > by,

where a,, a,, a3, by, b,, ¢y, ¢,, c; and m are the variables
of the identification model. The MATLAB nonlinear least
square curve fitting analysis function is used to obtain the
optimum values of the variables of Eq. (3).

The assisted cough system

Considering that patients with impaired cough cannot inhale
and exhale forcefully, a brushless direct current (DC) micro-
turbine fan was used to supply the air into the lung and expand
the lung volume. Meanwhile, a combination of vacuum pump
and air tank was used to generate a near-vacuum situation
for a high pressure difference. Figure 3 presents the whole
assisted cough system. During the insufflation process shown
in Fig. 3a, the solenoid on—off valve (VX234, SMC Ltd.,
Tokyo, Japan) opens, while the proportional valve (VEF2141,

(a) e a Micro turbine fan  Solenoid on-off valve(Open)  Airflow-Pressure sensor

Vacuum pump i( “.'. 8

\
x A |
a@ \ ‘ Air tank

(b) @icm turbine fan  Solenoid on-off valve (Close)  Airflow-Pressure sensor

=
“ ‘
| ’ Air tank
\
| |

Vacuum pump }
“® )|
Fig.3 The assisted cough system. a Insufflation process during cough
behavior simulation. The solenoid on—oft valve opens, while the pro-
portional valve closes. The air supplied by the microturbine fan flows
through solenoid on—off valve, tee joint, airflow-pressure sensor, end
joint and finally into the simulated lung. b Exsufflation process dur-

Airflow proportional valve(Close)

Airflow proportional valve (Open)
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End joint

SMC Ltd., Tokyo, Japan) closes. The microturbine fan sup-
plies air with a certain pressure to the simulated lung, simulat-
ing the inhalation process during cough behavior. At the same
time, the vacuum pump extracts the air from the air tank and
generates a near-vacuum situation. The flow-pressure sensor
(FS6122, Siargo Ltd., Santa Clara, USA) is used to measure
the airflow and airway pressure. When the airway pressure
reaches the insufflation setting value, the solenoid on—off valve
closes, while the proportional valve opens. Due to the high
pressure difference between the simulated lung and the air
tank, air is expelled rapidly from the simulated lung to the
air tank mimicking exhalation in natural cough behavior, as
shown in Fig. 3b. The simulated cough airflow can be regu-
lated by the proportional valve. The end exsufflation pressure
is set and used to avoid the airway collapse during the exsuffla-
tion process. When the airway pressure reaches the end exsuf-
flation pressure in the exsufflation process, the proportional
valve closes and a single simulated cough cycle ends.

The mathematical model of the assisted cough
system

In the insufflation process, the pressure supply mode was
used for the microturbine fan; thus, the output pressure was
as follows:

’%t, t<t,
Py = " 4
pset r> tr’

()

ing the simulation of natural cough behavior. The solenoid on—off
valve closes, while the proportional valve opens. The air in the sim-
ulated lung flows through the end joint, airflow-pressure sensor, tee
joint, airflow proportional valve and finally into the air tank. ¢ The
experimental system
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Table 2 Gas parameters under standard atmospheric pressure 0= 9 ®)
Parameter Value Pa
Temperature (°C) 20 where p, indicates gas density.
Dynamic viscosity (Pa-s) 18.1x 1076 Similarly to Eq. (5), the mass flow rate through the pro-
Absolute pressure (kPa) 100 portional valve is as follows:
Density (kg/m®) 1.185 —
A . —_
Relative humidity 65% e A <b,
VRT Pa ©)
q =
APy V1-b _ [ p/p—b : P
bt —4/1 e
VRT 1-b Pa

where p; is the output pressure of the microturbine fan, p.,
denotes the insufflation setting pressure, and ¢, is the pres-
sure rise time.

The whole system works at standard atmospheric pres-
sure. The gas parameters under standard atmospheric pres-
sure are shown in Table 2. According to ISO6358 [24,
25], the mass flow rate through the solenoid valve is rep-
resented as

Appy l_b’ Pa Sb,
q= VRT Pr 5)
AppiV1-b _ ( pa/pi=b 2 Pa
1— (2=, > b,
VRT 1-b Py

where ¢ is the gas mass flow rate, A;, indicates the effec-
tive cross-sectional area of the solenoid valve, R is the gas
constant, T stands for temperature, p, is the pressure in the
airway and the inlet pressure of the simulated lung, and b is
the critical pressure ratio.

This study uses the traditional circuit model for respira-
tory system [26, 27]. Respiratory compliance is regarded
as the capacitance in the circuit system, respiratory resist-
ance is regarded as the resistance in the circuit system,
gas pressure is regarded as the voltage, and gas flow is
regarded as the current. The model is presented as follows:

Pa=DPi£R.-0. (6)

The plus sign represents the insufflation process, while
the minus sign represents the exsufflation process; R, is
the respiratory resistance, Q indicates gas volume flow,
and p, is the gas pressure in the simulated lung, which can
be expressed as

Vi
= —, 7
P C @)

where V) is the air volume in the simulated lung, and C is
the compliance.

The gas mass flow rate has been commonly used to
calculate the mathematical model of the solenoid valve.
The conversion relationship between gas volume flow and
mass flow is thus described as follows:

where A, is the effective cross-sectional area of the pro-
portional valve and can be regulated to generate different
airflows; p, denotes the pressure in the air tank.

The pressure change in the air tank is as follows:

Ve *Pam

Pt = Pdead + Vt

, (10)
where p,.,4 1S the dead space pressure caused by the vacuum
pump, p,., denotes the atmospheric pressure, V, is the vol-
ume of the air tank, V, indicates the air volume which flows
into the air tank and can be expressed as

V, =/ Qdr. (1)

The MATLAB Simulink software was used for math-
ematical model simulation.

The control diagram and logic are presented in Fig. 4 and
Eq. (12), respectively:

Insufflation (If p, <p; and f <0),

Exhalation (Ifp, = py), (12)
Stop Ifp, < peng and f>0),

where f is the airflow, and p, 4 is the end exsufflation
pressure.

The backstepping control method

In this study, the backstepping control method was used
for regulating the effective cross-sectional areas of the pro-
portional valve during the cough process in order to gener-
ate a simulated cough airflow that resembles the natural
human cough airflow more closely. Only the exsufflation
process is considered in this section. The target airflow

Pa _ Insufflation
Flow-pressure o Controller Switch Exhalation
sensor f o——

Stop

Fig.4 Control diagram of the assisted cough system
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was generated based on the identification model for air-
flow dynamics, as previously established in this study. The
detailed expression and deduction of control law for A,
are presented below.

If the state variable is setas x = V = f Qdt, then x = Q.
The control object can be simplified to

AuPa V1 \/ Pl/pa >

13)

(pa +p—2b-p)p, —
-b

The effective cross-sectional area of the proportional valve

A., is_the control variable of the system. If
_2b- - .

b = 1 | @atrim2p)(2amp) Ja = 22 then the expression of
1-b 2. VRT

the controlled object state space will be
X=a-v. (14)

The Lyapunov energy function is presented as
1 2
Lzz(x—xd) s (15)

where x, represents the expected value of the state, and X,
represents the derivative of the expected value.
The differential form is

L= (x = xg)(x = Xy)
= Ax - (X — Xy) (16)
=Ax-(a-v—1iy),
where Ax represents the difference between the actual state
and the expected state, and Ax=x—x,.

The system control law can be set as v = % — Ax; thus,
we can obtain:

L= Ax - (a-v—1xy)
=Ax- (g —a-Ax—xy) a7
=—a-Ax*<0.
It can be seen that the first derivative of the Lyapunov
energy function presents as negative, which verifies the

stability of the system.
The system control variable (A,,) can be calculated as

@ Springer

(Pa+p=2b-p,)(Pa—p0) iy
+Ax=—,
1-b a
X4
a= ,
(Pa+p[—2f;p;)(Pa—P() +Ax (18)
A = Xq - pa VRT

(pa+p=2bp,)(Pa—p))

- +Ax

where X is the target flow of the system, and Ax indicates the
integration of error of target flow and output flow.
Results

Identification of human cough airflow dynamics

Based on the MATLAB curve fitting analysis, the optimum
values of the variables of Eq. (3) are presented as follows:

£= CEV .
" CPFRXPVT’
al = 1;
b, =1;
c; = 0.6018;
m = —0.0694 - £ + 0.9755;
9 a, = 1-— m; (19)
b, =0.8714 - £+ 0.501;
¢, = 0.2765 - & + 0.1463;
_(m)z
ay=m+a,-e¢ \ 2/
c; = 0.6292 - £ — 0.9858.

In order to prove the accuracy of the identification model,
the cough airflow data of four new volunteers (two males
and two females) with different cough airflow characteris-
tics were collected. Their cough airflow characteristics are
presented in Table 3, and Fig. 5 shows the respective iden-
tification results. All four cases have demonstrated that the
identification model curves are in good agreement with the
collected cough airflow curves.

Table 3 The cough airflow characteristics for four new volunteers

Volunteer CPER (L/s) PVT (s) CEV (L)
a 5.81 0.075 1.51
b 2.98 0.055 0.58
c 6.59 0.070 1.82
d 4.57 0.065 111

CPFR cough peak flow rate, PVT peak velocity time, CEV cough
expired volume
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Fig. 5 Identification results for four new volunteers. The black lines represent the collected and dimensionless curves, and the red lines represent
the identification model curves. a Volunteer a. b Volunteer b. ¢ Volunteer c. d Volunteer d

Table 4 R-square values of the

. . . Volunteer R-square
identification model

a 0.9833

b 0.9666

c 0.9582

d 0.9398

Additionally, R-square values were calculated to quantify
the identification accuracy and are presented in Table 4. The
calculation of R-square is as follows:

SSE
R =1-222,

SST (20)
where SSE is the sum of squares of residuals, and SST is the
sum of total squares. The calculation formulas for SSE and
SST are performed as follows:

SSE = ' (4, =3, @n
i=1

Table 5 Experimental setup

Parameter Value
parameters
P, (cmH,0) 20
T, (s) 0.5
A, (mm?) 40
A, (mm?) 25
C (mL/cmH,0) 50
R, (cmH,O/(L s)) 10
Pena (¢cmH,0)
V(L) 3
1 cmH,0=98 Pa
n
SST =) (3, -y~ 22)
i=1

where y; indicates the measured value, ¥, is the model fitting
value, and y denotes the mean value.

Airflow dynamics of the cough assisted system

Figure 3c shows the experimental system. The experimental
and simulation studies were conducted to test the airflow

@ Springer
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Simulation curve

(a)

Experimental curve
6

H

Airflow (L/s)
N

Time (s)

Fig.6 The simulated cough airflow dynamics. a The airflow in a
single simulated cough process. The negative airflow represents the
insufflation process, while the positive airflow represents the exsuffla-

dynamics of the cough assisted system. The setup param-
eters used in the experiment and simulation are shown in
Table 5, and the airflow and airway pressure during a single
simulated cough process are presented in Fig. 6a and 6b,
respectively.

According to the comparison of the simulation and
experimental curves in Fig. 6, the simulation results were
consistent with the experimental results, which confirms the
accuracy of the mathematical model of the assisted cough
system. It can be seen in Fig. 6a that the simulated cough
peak flow reaches 5 L/s. Due to the feedback control, the

(a)

—— 25 cmH20 —— 30 cmH=0
—— 35 cmH:20 —— 40 cmH:0
6
)
~
=
=
O
E
<
] )
3 4

Time (s)

Fig.7 The simulated cough airflow dynamics for different pres-
sures and effective cross-sectional areas of the proportional valve
(A)- a Airflows under four different insufflation setting pressures (1
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Simulation curve
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- —_ N
o (&) o

Pressure (cmH,0)
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Time (s)

tion process. b The airway pressure in a single simulated cough pro-
cess (1 cmH,0=98 Pa)

pressure in the airway was always above the atmospheric
pressure which avoiding airway collapse, as shown in
Fig. 6b.

The influences of insufflation setting pressure and effec-
tive cross-sectional area of the proportional valve (A,,) on
simulated cough airflow dynamics were also analyzed. The
simulated cough airflows under four different insufflation
setting pressures are presented in Fig. 7a. The changes of
peak flow rates of the simulated cough were not obvious
along the increase in the insufflation setting pressure. Mean-
while, the simulated cough airflows under four different

(b)

— 5 mm? — 10 mm?
20 mm? — 30 mm?
6
—~ 4 —
R
\_-L L
g of
t |
<
0 \.Z
2 L 1 L 1 L 1 L 1
0 1 2 3 4

Time (s)

c¢cmH,0=98 Pa). b Airflows under four different effective cross-sec-
tional areas of the proportional valve
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effective cross-sectional areas of the proportional valve are
shown in Fig. 7b. The peak flow rate of simulated cough
significantly increased with the growth of effective cross-
sectional area.

Backstepping control method for simulating human
cough

It is established from Fig. 6a that the simulated cough
airflow generated by the assisted cough system is a pulsed
airflow that is different from the human cough airflow.
In this study, the backstepping control method was used
for regulating the effective cross-sectional areas of the

Table 6 The cough airflow characteristics of five subjects

Subject CPFR (L/s) PVT (s) CEV (L)
a 3.27 0.060 0.83
b 426 0.055 0.82
c 5.46 0.055 1.58
d 6.59 0.070 1.75
e 777 0.085 2.27

CPFR cough peak flow rate, PVT peak velocity time, CEV cough
expired volume

proportional valve during the cough process in order to
generate a simulated cough airflow that resembles the nat-
ural human cough airflow more closely. The target airflow
was generated based on the identification model for airflow
dynamics as previously established in this study, which is
in good agreement with the natural human cough airflow.
Five subjects were selected to generate the target airflows
through the identification model. The cough airflow char-
acteristics for these five subjects are presented in Table 6.

The simulation results for simulated cough airflows
based on the backstepping control method are presented
in Fig. 8a—8e. Owing to the regulation of the A, of pro-
portional valve during the simulated cough process, the
simulated cough airflows tended to be close to the nat-
ural human cough airflow. Significant errors were only
observed in the rising stages of the airflows; the maximum
error and error rate were calculated and are presented in
Fig. 8f, where the maximum error rate is the ratio of error
and CPFR. As shown in the figure, the maximum error
and error rate increased with the rise of CPFR in the over-
all presentation. The maximum error exceeded 2.5 L/s,
and the maximum error rates were under 35% for all five
subjects.

= Qutput airflow
Target airflow
Error

= Qutput airflow
Target airflow
Error

= Qutput airflow
Target airflow
Error

00 02 04 06 08 10 00 02z 04

0.6 0.8 1.0 0.8 1.0

Time (s) Time (s) Time (s)
(d) (e) (f)
8 sl -

= Qutput airflow = Qutput a_|rﬂow 25} 435 3
Target airflow Target airflow w 130 <
6F Error — 6} Error ol o
@ £ = — 25 8
3 2 e 5
z 4 z 4 15 {120 £
o o £ [}
= 'E g 10} 15 g
< 2} < 2} : S
< 2 E 10 E
= 05 —&— Maximum error 15 é
0 0 —m— Maximum error rate =

. . . . 0.0 L— " : i L .

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 3 4 5 6 7 8

Time (s)

Fig.8 Simulation results for simulated cough airflows based on the
backstepping control method for subject a (a), subject b (b), subject
¢ (c), subject d (d) and subject e (e). In a—e, the black curve (output
airflow) is the airflow generated by the assisted cough system, the red

Time (s)

CPFR (L/s)

curve (target airflow) is the identification model curve, and the blue
curve is the error between the output airflow and target airflow. f The
error analysis of simulated cough airflows for all five subjects
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Discussion

A new identification model based on the piecewise Gauss
function for cough airflow dynamics was proposed in this
paper. The variables of identification model were represented
by three key parameters, namely CEV, CPFR and PVT. The
R-square values were calculated to quantify the identification
accuracy. The closer the value is to 1, the higher the iden-
tification accuracy is, and the closer it is to 0, the lower the
identification accuracy. Table 4 shows the R-square values of
the four volunteers, which are all above 0.9; thus, the accu-
racy of identification model based on the piecewise Gauss
function for cough airflow dynamics is over 90%. Therefore,
this model provides an appropriate and accurate method to
describe the human cough airflow dynamics. Given that the
CPFR, PVT and CEV values of a person are obtained, their
characteristic cough airflow dynamics can be predicted.
Moreover, the identification model can be used as bound-
ary conditions for a finite element analysis of gas-secretion
interaction during cough behavior.

Furthermore, an assisted cough system based on pneu-
matic flow servo system was proposed. The feedback control
method was described and used to avoid airway collapse. A
vacuum situation was generated and applied to increase the
simulated peak cough flow rate that is of major importance
for airway secretion clearance. In order to prevent hyper-
ventilation, the insufflation pressure range must be 0—40
cmH,0, which is consistent with the ventilator setting.
Based on the experimental results shown in Fig. 7a and 7b,
it is considered that the effective cross-sectional area of the
proportional valve has a higher impact on simulated cough
airflow than insufflation pressure. The simulated cough peak
flow can reach 5 L/s, which exceeds the successful extuba-
tion and provides the necessary airflow to effectively clear
secretions (2.67 L/s) [20]. Because of the vacuum feature,
the assisted cough system proposed in this study can pro-
duce the largest possible simulated peak cough flow in the
absence of external assistance such as manual pressing,
patient cooperation and other means. However, because of
the limitation of effective cross-sectional area of the propor-
tional valve, the simulated peak cough flow was still lower
than that of natural human cough that can produce a peak
flow rate as great as 12 L/s. An effective solution for further
improving the simulated peak cough flow is the combina-
tion of functional electrical stimulation; such an assisted
cough system is our proposed follow-up research content.
The functional electrical stimulation of abdominal muscles
can make the muscles contract and generate high pressure in
the lungs, thus improving the driving pressure for a cough.
Therefore, the assisted cough system opens up opportunities
for wide practical application in airway secretion clearance
for mechanical ventilation patients with impaired cough.

@ Springer

In addition, the backstepping control method was devel-
oped to generate a simulated cough airflow that is close to
the natural human cough airflow. Figure 8a—8e demonstrates
that the output airflows lag behind the target airflows. The
hysteresis becomes more obvious with increasing CPFR,
which is caused by the response time and maximum effective
cross-sectional area of the proportional valve (their values
are 20 ms and 45 mm?, respectively). When the CPFR of
target airflow increases to a higher value, shorter response
time and higher effective cross-sectional area are needed
to prevent hysteresis. The backstepping control method
applied to the assisted cough system can be used to increase
man-machine coordination during airway secretion clear-
ance and to realize the “simulation of natural cough airflow”
in a true sense.

Conclusions

In this paper, the cough airflow dynamics of 42 subjects were
analyzed, and a new identification model based on piecewise
Gauss function for cough airflow dynamics was proposed,
whose identification accuracy could achieve over 90%. This
model could provide an appropriate and accurate method to
describe the human cough airflow dynamics. Meanwhile, an
assisted cough system based on pneumatic flow servo sys-
tem was presented, and its mathematical model was verified
through experiments. Vacuum and feedback control were
used to increase the simulated peak cough flow rate and to
avoid the airway collapse, respectively. The simulated cough
peak flow could reach 5 L/s without external assistance. The
airway pressure remained above atmospheric pressure dur-
ing the entire process, and airway collapse was avoided. Fur-
thermore, the backstepping control method was developed
to generate a simulated cough airflow that is closer to the
natural human cough airflow.

The proposed assisted cough system is expected to pro-
vide wide practical applications in airway secretion clear-
ance for critically ill patients with COVID 2019 and other
pulmonary diseases.
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