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ABSTRACT The COVID-19 pandemic has caused a severe global problem of ventilator shortage. Placing
multiple patients on a single ventilator (ventilator sharing) or dual patient ventilation has been proposed and
conducted to increase the cure efficiency for ventilated patients. However, the ventilator-sharing method
needs to use the same ventilator settings for all the patients, which cannot meet the ventilation needs
of different patients. Therefore, a novel multivent system for non-invasive ventilation has been proposed
in this study. The close loop system consists of the proportional valve and the flow-pressure sensor can
regulate the airway pressure and flow for each patient. Multiple ventilation circuits can be combined in
parallel to simultaneously meet patients’ ventilation demands. Meanwhile, the mathematical model of the
multivent system is established and validated through experiments. The experiments for different inspired
positive airway pressure (IPAP), expired positive airway pressure (EPAP), inspiratory expiratory ratio
(I:E), and breath per minute (BPM) have been conducted and analyzed to test the performance of the
multivent system. The results show that themultivent system can realize the biphasic positive airway pressure
(BIPAP) ventilationmode in non-invasive ventilation without interfering among the three ventilation circuits,
no matter the change of IPAP, EPAP, I:E, and BPM. However, pressure fluctuation exists during the
ventilation process because of the exhaust valve effect, especially in EPAP control. The control accuracy
and stability need to be improved. Nevertheless, the novel designed multivent system can bring innovation
to the current mechanical ventilation system and solve the problem of ventilator shortage for major, new,
and emerging respiratory infectious diseases in the future.

INDEX TERMS Mechanical ventilation, multivent system, pneumatic system, proportional control.

I. INTRODUCTION
The novel coronavirus has spread to more than 200 countries
and regions, with more than 440 million confirmed cases
and a mortality rate of 49% for high-risk patients [1], [2].
Mechanical ventilation is an essential medical method that
uses ventilators to assist patients in breathing and maintain
patients’ airway patency and oxygenation. In particular, the
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patients infected with COVID-19 need the support and treat-
ment of the ventilator to maintain the gas exchange capacity
and blood oxygen saturation [3].

The COVID-19 pandemic has caused a severe global prob-
lem of the shortage of ventilators. Due to the limitation
of the current ventilator driving mode, a single ventilator
can only be used by one patient. Many patients with acute
respiratory distress syndrome (ARDS) caused by COVID-19
died from not receiving timely respiratory support treatment.
Therefore, placing multiple patients on a single ventilator
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FIGURE 1. The structure of the multivent system for non-invasive
ventilation.

(ventilator sharing) has become a research direction to solve
the ventilator shortage problem.

Modern ventilators often use compressors or blowers to
supply air and oxygen. In invasive ventilation, inspiratory
and expiratory tubes are separated. While in non-invasive
ventilation, only one tube is used, and the expired air is
exhausted from the exhaust valve. The splitters separate the
inspiratory air of two patients and converge the expiratory
air to the ventilator for multiple patients on a single venti-
lator. Meanwhile, the one-way valve, positive end-expiratory
pressure (PEEP) valve and flow restrictors were also used to
regulate the airflow for each patient. Plummer et al. [4] and
Plummer et al. [5] proposed splitting ventilation tubes
from one ventilator. During the COVID-19 pandemic, many
researchers have conducted theoretical and experimental
research on this system. Plummer et al. [4], [5] proposed a
method for identifying the respiratory mechanical parameters
of patients with multiple ventilator users and adjusting the
ventilator setting parameters according to the identification
of respiratory mechanical parameters. Martinsen et al. [6]
conducted a technical evaluation of sharing one ventilator
for multiple people. The results show that the tidal volume
significantly varies for patients with different compliance.
Silva et al. [7] proposed a concept of a three-way valve for
multiple people to share a ventilator. Both pressure transduc-
ers and controllers would be used for monitoring each patient
under the same ventilator. Roy et al. [8] reviewed the literature
on the mechanics and implications of inline PEEP valves.
The results show that the adjustable inline PEEP valves in
ventilation circuits for multiple patients using one ventilator
have not been achieved. Bunting et al. [9] designed an inline
PEEP valve by adding a collar to a conventional PEEP valve.

The clinic results demonstrated the feasibility of multiple
ventilation using one ventilator. Stiers et al. [10]successfully
used the split ventilator system in a pair of ventilated sheep
with different lung compliance. Levin et al. [11] evalu-
ated the split ventilator system on patients with COVID-19.
Clarke et al. [12] analyzed the effect and possibility of
the split ventilator method on different targets for limbs.

The experiment results demonstrated that this method could
simultaneously ventilate two test lungs with different com-
pliances. Meanwhile, Dual Patient Ventilation (DPV) method
has been introduced [13], [14], [15], [16], [17]. This method
needs to assess patient compatibility first and select the
patients with similar compliance, resistance, needs of airway
pressure, tidal volume, or other ventilator settings and respi-
ratory system mechanics.

Although sharing a ventilator or DPV could improve ven-
tilator efficiency, it must use the same ventilator setting for
all patients. This method not only cannot meet the ventilation
needs of different patients but also brings the risk of hyper-
ventilation or hypoventilation [18], [19]. Some researchers
and clinicians noted that sharing a ventilator or DPV brings
too much risk and difficulty to patients and medical staff.
Moreover, they would not recommend these methods for
patients with COVID-19 [20], [21], [22].

To our knowledge, there are no methods to overcome the
problems of split ventilators or DPVs. Therefore, we pro-
posed a novel mechanical ventilation system for the dif-
ferent needs of multiple patients in this study. The whole
system is built based on the pneumatic system. The group
of proportional valves was used to regulate each patient’s
airway pressure and flow. Because of the function of the pro-
portional valve, each patient can be ventilated individually.
The ventilation settings can match the needs of each patient.
Only the non-invasive ventilation function of this system is
presented in this study. The invasive ventilation experiments
are undergoing now. We believe this multivent system would
help solve the problem of ventilators shortage during the
COVID-19 pandemic. Besides, this system may innovate the
current mechanical ventilation system.

II. METHODS
A. THE MULTIVENT SYSTEM FOR NON-INVASIVE
VENTILATION
The structure of the multivent system for non-invasive ven-
tilation proposed in this study is presented in Figure. 1.
The air source and oxygen source from the compressed air
and oxygen central stations supply the compressed air and
high-pressure oxygen, respectively. The filters conduct the
impurity filtration of compressed air and oxygen. Then the
pressure is regulated through the pressure regulators to meet
the use conditions of the pneumatic proportional valves. The
proportional valve and flow sensor form a closed-loop con-
trol. The oxygen concentration and flow of air oxygen mixing
can be adjusted through the proportional valves.

Moreover, the pressure sensor is used tomeasure the output
pressure of the system. Besides, combined with the propor-
tion valves, the output pressure can be adjusted according to
the demand of patients. As for non-invasive ventilation, only
one tube is used for inspiration and expiration. The exhaust
valves have connected the patients and tubes in series.

Two proportional valves, two flow sensors, one pressure
sensor, and one exhaust valve can be combined as a ventila-
tion module. Each module could be used for the ventilation of
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FIGURE 2. The diagram of the multivent system used in this study.

a single patient. The distributed mode can connect more mod-
ules to the compressed air and oxygen pipe network. Because
of the control characteristics of a proportional valve, each
module can be controlled individually. The pressure control
ventilation (PCV), pressure support ventilation (PSV), or vol-
ume control ventilation (VCV) modes can be achieved by the
closed-loop control of proportional valves. The ventilation
parameters like pressure, tidal volume, or respiratory rate are
set according to the demand of each patient. Moreover, there
is no interference between patients.

B. MATHEMATICAL MODEL OF THE MUTIVENT SYSTEM
Since the pressure change is pretty tiny in the lungs dur-
ing the respiratory process, the inspiration and expiration
process can be considered an isothermal process. The pres-
sure can be derived from the air state equation (PV=mRT)
[23], [24], [25].

dpl
dt

=
d(mRθ )

dt
=

RθqVl
V 2
l + CmRθ

(1)

where pl is the pressure in the lungs. R and θ are the gas
constant value and air temperature, respectively. Ql and Vl
are the air mass flow rate and air volume in the lungs. m
represents the air mass in the lungs. C is respiratory com-
pliance which reflects lung elasticity. The compliance C can
be expressed as:

C =
dVl
dpl

(2)

According to ISO6358 [26], [27], the mass flow rate
through the proportional valve and exhaust valve can be
calculated through the equations below.
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FIGURE 3. The experimental system of the multivent system for
non-invasive ventilation.

where q is the mass flow rate, and S is the effective area.
pu and pd represent upstream and downstream pressure,
respectively. k is the specific heat value of air. R and T are
the gas constant value and air temperature, respectively.

Specifically, the regulator regulates the inlet pressure of the
proportional valve pin, which is mostly higher than 200 kPa
(absolute pressure). Meanwhile, the outlet pressure of the
proportional valve can be regarded as the same as pl . During
mechanical ventilation, the pl is less than 40 cmH2O, so the
pl /pin is always smaller than 0.528. Therefore, the mass flow
rate through a proportional valve can be expressed as:

qp = Sppin

√
k
Rθ

(
2

k + 1
)
k+1
k−1 (4)

where Sp is the effective area of the proportional valve, which
can be adjusted proportionally by the current.

The air flows from the lungs to the exhaust valve during
exhalation. The outlet pressure of the exhaust valve is equal
to the atmospheric pressure pa, which is 100 kPa (absolute
pressure). The pa/pl is always bigger than 0.528. Therefore,
the mass flow rate through the exhaust valve can be expressed
as:

qe = Sepl
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1
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) 2
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−

(
pa
pl

) k+1
k

]
(5)

C. THE EXPERIMENT SETUP OF THE MULTIVENT SYSTEM
Because of the adverse impact of COVID-19, the oxygen
source is unavailable in this study. Only the air source was
used in the experimental study. The diagram of the exper-
iment system is shown in Figures. 2 and 3. Meanwhile,
the pressure-flow sensor (FS6122, Siargo Ltd, Sampling fre-
quency:200 Hz) measured the airflow and pressure signals.
Three pneumatic proportional valves (PVQ31, SMC Ltd)
adjust the airflow. Three exhaust valves (Philip Respironics
INC)were used for exhalation. The pressure regulator (AR20,
SMC Ltd) regulates the inlet pressure of proportional valves.
Three lung simulators are used as the patient’s lungs. The
accuracy of the sensor and valves are presented in Table 1.
The controller is the NI my RIO (NI myRIO-1900, National
Instruments Ltd). The computer (IPC-5120, Advantech Ltd)
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TABLE 1. The detailed information of the instruments used in this study.

TABLE 2. The coefficients and constant values of mathematical models.

monitors and collects data. The whole experimental system
is presented in Figure. 3.

This study uses the biphasic positive airway pressure
(BIPAP) mode for ventilation. The proportional integral
derivative (PID) control strategy is adopted in this study. The
control method can be expressed as follows:

u = kp · e(t) + ki ·
∫
e(t) · dt + kd

de(t)
dt

(6)

kp, ki, and kd are the coefficients of the PID controller,
which are 1.025, 0,002, and 0.015 in this study. e(t) is the
error between the output and setting value. u is the control
value.

The proportional and exhaust valves can be considered as
the one-order delay elements [28]. The transfer function of
proportional and exhaust valves can be expressed as:

G(s) =
S

Ts+ 1
(7)

where S and T are the effective area of the valve and time
constant, respectively.

III. RESULTS AND DISCUSSIONS
A. MODEL VALIDATION
The coefficients and constant values for mathematical models
are calculated through experiments or manuals and presented
in Table 2. The effective areas and time constants for the
proportional and exhaust valves are defined as Sp, Tp, Se,

TABLE 3. The experimental setting parameters.

and Te, respectively. The experimental setting parameters like
inspired positive airway pressure (IPAP), expired positive
airway pressure (EPAP), inspiratory expiratory ratio (I:E),
and breath per minute (BPM) for model validation are shown
in Table 3. TheMatlab Simulink is used for model simulation.
The time step is 0.01 s, the same as the experimental control
period. The simulation and experimental results are presented
in Figure. 4. The experimental video is supplied in Supple-
mentary materials A. A total of five periods are adopted for
both simulation and experiments.

It can be seen from Figure. 4 that the simulation curve
is consistent with the experimental curve, which validates
the accuracy of the mathematical model. According to
Figure. 4(a), the error of IPAP between simulation and exper-
iment is within 5%. However, as for the EPAP, the error varies
from 0 to 20% during the expiration process, which is worse
than the IPAP in the inspiration process. The reason is that
the pressure control needs to be more precise and accurate
when the airflow is small, which occurs in the EPAP control
process. The slight change in the proportional valve output
may result in a significant pressure fluctuation. Although the
airflow is not concerned in BIPAP mode, we still compare
the airflow results and show them in Figure. 4(b). Because
the exhaust valve remains open during the inspiration and
expiration, it brings disturbance, which is evident in the ven-
tilation process’s simulation and experimental curves. Mean-
while, the disturbance frequency in the experimental curve
is much smaller than in the simulation curve. The reason is
that the simulation study does not consider air mass and tube
compliance. These two factors may significantly reduce the
disturbance frequency. Besides, the influence of the exhaust
valve may result in difficulties in pressure control, especially
in EPAP control.

B. THE MULTIVENT SYSTEM PERFORMANCE UNDER
DIFFERENT IPAP
In order to test the performance of the multivent system under
different IPAP settings, the experiments have been conducted
in different IPAP settings for three circuits. The experimental
parameters settings are presented in Table 4. The results in
six periods are shown in Figure. 5. The experimental video
is supplied in Supplementary materials B. Figure 5 shows
that the multivent system can realize the BIPAP ventilation
mode. There is no interference among the three ventilation
circuits. However, similar to Figure. 4, the control effect of
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FIGURE 4. The simulation and experimental results of the multivent
system (a). Airway pressure curves in five ventilation periods (b). Airflow
curves in five ventilation periods.

EPAP is worse than IPAP, which is caused by the influence
of the exhaust valve and the performance of the proportional
valve. Besides, the control error of EPAP increases with
the IPAP increasing. The maximum control error of EPAP
reaches 40% when IPAP is 30 cmH2O. The high pressure in
the lungs may cause high airflow through the exhaust valve in
expiration, which increases the control difficulty in pressure
compensation of EPAP.

Meanwhile, more air is supplied to the lungs for higher
IPAP, which needs more time for expiration. The exhalation
may become incomplete under the same I: E and BPM,
as seen in Figure. 5(c). It is a common problem for venti-
lated patients, requiring automatically adjusting ventilation
parameters.

C. THE MULTIVENT SYSTEM PERFORMANCE UNDER
DIFFERENT EPAP
Similar to the previous experiments, the multivent system
performance under different EPAP settings has been ana-
lyzed. The experimental parameters settings for three differ-
ent EPAPs (0, 2.5, and 5 cmH2O) are presented in Table 5.
The airway pressure for three ventilation circuits is shown
in Figure. 6. According to Figure. 6(a), the control error
of EPAP is pretty tiny when the EPAP is 0 cmH2O. The
reason is that the proportional valve remains closed during
expiration, ensuring that the airway pressure can change to
zero. As for Figures. 6(b) and (c), an obvious control error
exists for EPAPs. When the EPAP is set to 2.5 cmH2O, the
airway pressure presents a low-frequency oscillation in the
expiration process. The errors vary from 0 to 20%. However,
the airway pressure shows a higher frequency oscillation
in expiration when the EPAP is 5 cmH2O than when the
EPAP is 2.5 cmH2O. Relatively, the maximum control error
is about 20%. The performance of the proportional valve
causes these phenomena. The hysteresis characteristics of the
proportional valve are apparent when the flow is low.

TABLE 4. The experimental setting parameters for different IPAP in three
circuits.

FIGURE 5. The airway pressure of multivent system for different IPAP (a).
Circuit 1 (IPAP=20 cmH2O) (b). Circuit 2 (IPAP=25 cmH2O) (c). Circuit 3
(IPAP=30 cmH2O).

D. THE MULTIVENT SYSTEM PERFORMANCE UNDER
DIFFERENT IPAP, I:E, AND BPM
The experiments for different IPAP, I:E, and BPM in three
ventilation circuits have also been conducted. The parameter
settings and airway pressure are presented in Table 6 and
Figure. 7, respectively. The experimental video is supplied
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TABLE 5. The experimental setting parameters for different EPAP in three
circuits.

FIGURE 6. The airway pressure of multivent system for different EPAP (a).
Circuit 1 (EPAP=0 cmH2O) (b). Circuit 2 (EPAP=2.5 cmH2O) (c). Circuit 3
(EPAP=5 cmH2O).

in Supplementary materials C. The video and Figure. 7
shows that the three ventilation circuits can work inde-
pendently under different IPAP, I:E, and BPM. Similar to
Figures 4, 5, and 6, the pressure fluctuations are evident in the

TABLE 6. The experimental setting parameters for different IPAP, I:E, and
BPM in three circuits.

FIGURE 7. The airway pressure of multivent system for different IPAP, I:E,
and BPM (a). Circuit 1 (b). Circuit 2 (c). Circuit 3.

expiration processes. As Figure. 7(b), insufficient inhalation
exists when the I:E is 1:1. It indicates that the 1-second
inspiration for 20 ml/cmH2O lung compliance is not enough.
Besides, compared with Figure. 5(c), as shown in Figure,
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FIGURE 8. The comparison of airway pressure for Philip BIPAP ventilator
and the multivent system.

incomplete exhalation is relieved by increasing the exhalation
time. 7(c).

E. THE PERFORMANCE COMPARISON WITH PHILIP
BIPAP VENTILATOR
In order to test the performance of the multivent system, the
Philip BIPAP ventilator (Philip Respironics INC) is used for
comparison. The airway pressure curves of the Philip BIPAP
ventilator and the multivent system are presented in Figure. 8.
The parameter settings are the same as in Table 2. Five periods
of ventilation are shown in Figure. 8. It can be seen that the
fluctuations of the Philip BIPAP ventilator are much lower
than that of the multivent system. The reason is that the drive
methods for BIPAP ventilators and multivent systems are
different. The blower is adopted for air supply in BIPAP venti-
lators. The output pressure can be easily adjusted by changing
the electric motor’s input current and is nearly affected by
loads like exhaust valves and lungs. Differently, the output
pressure of the multivent system is adjusted by changing
the effective area of proportional valves. The upstream and
downstream loads, like the exhaust valve and lungs, affect
the output pressure. Therefore, the airway pressure of the
multivent system is more difficultly controlled than that of the
BIPAP ventilator. Besides, the proportional valve response is
quicker than the blower because of the structural differences.
So the pressure rise time for the multivent system is shorter
than the BIPAP ventilator.

Although only three lung simulators were used and val-
idated in this study, the multivent system proposed in this
study can realize ventilation for more patients depending
on the air supply system’s capacity. Each patient can be
ventilated individually, and ventilation settings can match
each patient’s needs. Nevertheless, the control performance
still needs to be improved. The PID control method, which
is based on the error between the set value and the output
value, is used in this study. The coefficients like kp, ki,
and kd remain constant during the control period, which
may result in control error and fluctuation, especially in the
EPAP control process. Precise control is necessary when the
error between the set and output values tends to be small.

Therefore, more advanced algorithms like fuzzy PID control,
model reference control (MRC), or active disturbance rejec-
tion control (ADRC) are needed to improve the multivent
system’s performance, which is our future study.

IV. CONCLUSION
This study proposes a novel mechanical ventilation system
named Multivent system for non-invasive ventilated patients.
The mathematical model of the multivent system is estab-
lished and validated through experiments. Besides, in order
to test the performance of the multivent system, experiments
under different IPAP, EPAP, I:E, and BPM in three ventilation
circuits have been conducted and analyzed. The experimental
results show that the multivent system can realize the BIPAP
ventilation mode in non-invasive ventilation. Each ventila-
tion circuit can work individually. The ventilation settings
can match the needs of each patient. Finally, the popular
Philip BIPAP ventilator is used for the comparative study.
The results also demonstrate the excellent performance of the
multivent system proposed in this study.

However, the pressure control performance in current
research using the PID control method is not good enough.
More advanced algorithms like fuzzy PID control, MRC,
or ADRC are necessary for precise pressure control of the
multivent system, which is our future study. Besides, the
performance of the multivent system on different respira-
tory characteristics needs to be tested. Only the non-invasive
ventilation function of this system is presented in this study.
At the same time, invasive ventilation experiments are still
undergoing now.

Nevertheless, the novel designed multivent system can
bring innovation to the current mechanical ventilation system
and solve the problem of ventilator shortage for major, new,
and emerging respiratory infectious diseases in the future.

REFERENCES
[1] W. Liang, H. Liang, L. Ou, B. Chen, A. Chen, C. Li, Y. Li, W. Guan,

L. Sang, J. Lu, Y. Xu, G. Chen, H. Guo, J. Guo, Z. Chen, Y. Zhao, S. Li,
N. Zhang, and N. Zhong, ‘‘Development and validation of a clinical risk
score to predict the occurrence of critical illness in hospitalized patients
with COVID-19,’’ JAMA Intern Med., vol. 180, no. 8, pp. 1081–1089,
2020.

[2] Y. Zhu, S. Wang, S. Wang, Q. Wu, L. Wang, H. Li, M. Wang, M.
Niu, Y. Zha, and J. Tian, ‘‘Mix contrast for COVID-19 mild-to-critical
prediction,’’ IEEE Trans. Biomed. Eng., vol. 68, no. 12, pp. 3725–3736,
Dec. 2021.

[3] L. Hao, X. Li, Y. Shi, M. Cai, S. Ren, F. Xie, Y. Li, N. Wang, Y. Wang,
Z. Luo, and M. Xu, ‘‘Mechanical ventilation strategy for pulmonary reha-
bilitation based on patient-ventilator interaction,’’ Sci. China Technologi-
cal Sci., vol. 64, no. 4, pp. 869–878, Apr. 2021.

[4] A. R. Plummer, J. Bois, S. M. Lee, P. Magee, and H. S. Gill, ‘‘The BathRC
model: A method to estimate flow restrictor size for dual ventilation of
dissimilar patients,’’Medrxiv, 2020, doi: 10.1101/2020.04.12.20062497.

[5] A. R. Plummer, J. L. du Bois, J. M. Flynn, J. Roesner, S. M. Lee, P. Magee,
M. Thornton, A. Padkin, and H. S. Gill, ‘‘A simple method to estimate flow
restriction for dual ventilation of dissimilar patients: The BathRC model,’’
PLoS ONE, vol. 15, no. 11, Nov. 2020, Art. no. e0242123.

[6] T. Martinsen, C. Tronstad, M. Olsen, L. A. Rosseland, F. J. Pettersen,
R. J. Strand-Amundsen, Ø. G. M. Høgetveit, and H. Kalvøy, ‘‘Split-
ting one ventilator for multiple patients—A technical assessment,’’ 2020,
arXiv.2003.12349, doi: 10.48550/arXiv.2003.12349.

49880 VOLUME 11, 2023

http://dx.doi.org/10.1101/2020.04.12.20062497
http://dx.doi.org/10.48550/arXiv.2003.12349


Ren et al.: Multivent System for Non-Invasive Ventilation

[7] A. M. H. da Silva, L. G. C. Romagnolo, F. C. Ferreira, E. d. A. Belmonte,
L. A. de Souza, L. Dovigo, M. C. Oliveira Alves, A. F. F. Farah, and
J. de Carvalho, ‘‘Splitting ventilator valve concept used in the COVID-19
treatment through additive manufacturing technique,’’ IEEE Latin Amer.
Trans., vol. 19, no. 6, pp. 970–977, Jun. 2021.

[8] S. Roy, L. Bunting, S. Stahl, and D. Textor, ‘‘Inline positive end-
expiratory pressure valves: The essential component of individualized
split ventilator circuits,’’ Crit. Care Explorations, vol. 2, no. 9, p. e0198,
Sep. 2020.

[9] L. Bunting, S. Roy, H. Pinson, and T. Greensweig, ‘‘A novel inline PEEP
valve design for differential multi-ventilation,’’ Amer. J. Emergency Med.,
vol. 38, no. 10, pp. 2045–2048, Oct. 2020.

[10] M. Stiers, T. Bleeser, M. Mergeay, H. Pinson, L. Janssen, and T. Schepens,
‘‘Successful ventilation of two animals with a single ventilator: Individual-
ized shared ventilator setup in an in vivo model,’’ Crit. Care, vol. 24, no. 1,
p. 523, Aug. 2020.

[11] M. A. Levin, A. Shah, R. Shah, E. Kane, G. Zhou, J. B. Eisenkraft,
and M. D. Chen, ‘‘Differential ventilation using flow control valves as a
potential bridge to full ventilatory support during the COVID-19 crisis,’’
Anesthesiology, vol. 133, no. 4, pp. 892–904, Oct. 2020.

[12] A. L. Clarke, A. F. Stephens, S. Liao, T. J. Byrne, and S. D. Gregory,
‘‘Coping with COVID-19: Ventilator splitting with differential driving
pressures using standard hospital equipment,’’ Anaesthesia, vol. 75, no. 7,
pp. 872–880, Jul. 2020.

[13] J. Beitler, ‘‘Ventilator sharing protocol: Dual-patient ventilation with a
single mechanical ventilator for use during critical ventilator shortages,’’
Columbia Univ. College Physicians & Surgeons New York-Presbyterian
Hospital, Version 6, Tech. Rep., Apr. 2020, pp. 9–17.

[14] J. R. Beitler, A. M. Mittel, R. Kallet, R. Kacmarek, D. Hess, R. Bran-
son, M. Olson, I. Garcia, B. Powell, D. S. Wang, J. Hastie, O. Panzer,
D. Brodie, L. L. Hill, and B. T. Thompson, ‘‘Ventilator sharing during an
acute shortage caused by the COVID-19 pandemic,’’ Amer. J. Respiratory
Crit. Care Med., vol. 202, no. 4, pp. 600–604, Aug. 2020.

[15] J. S. Han, A. Mashari, D. Singh, J. Dianti, E. Goligher, M. Long,
W. Ng, M. Wasowicz, D. Preiss, A. Vesely, R. Kacmarek, S. Keshavjee,
L. Brochard, J. A. Fisher, and A. S. Slutsky, ‘‘Personalized ventilation
to multiple patients using a single ventilator: Description and proof of
concept,’’ Crit. Care Explorations, vol. 2, no. 5, p. e0118, 2020.

[16] J. A. Solís-Lemus, E. Costar, D. Doorly, E. C. Kerrigan, C. H. Kennedy,
F. Tait, S. Niederer, P. E. Vincent, and S. E. Williams, ‘‘A simulated single
ventilator/dual patient ventilation strategy for acute respiratory distress
syndrome during the COVID-19 pandemic,’’ Roy. Soc. Open Sci., vol. 7,
no. 8, Aug. 2020, Art. no. 200585.

[17] E. C. Kerrigan, Y. Nie, O. Faqir, C. H. Kennedy, S. A. Niederer,
J. A. Solis-Lemus, P. Vincent, and S. E. Williams, ‘‘Direct transcription
for dynamic optimization: A tutorial with a case study on dual-patient
ventilation during the COVID-19 pandemic,’’ in Proc. 59th IEEE Conf.
Decis. Control (CDC), Dec. 2020, pp. 2597–2614.

[18] J. G. Chase, Y.-S. Chiew, B. Lambermont, P. Morimont, G. M. Shaw,
and T. Desaive, ‘‘In-parallel ventilator sharing during an acute shortage:
Too much risk for a wider uptake,’’ Amer. J. Respiratory Crit. Care Med.,
vol. 202, no. 9, pp. 1316–1317, Nov. 2020.

[19] L. G. Petersen, J. Friend, and S. Merritt, ‘‘Single ventilator for multiple
patients during COVID19 surge: Matching and balancing patients,’’ Crit.
Care, vol. 24, no. 1, p. 357, Jun. 2020.

[20] J. Mancebo, J.-C. Richard, and L. Brochard, ‘‘Ventilator sharing during
shortages. A Siren’s song?’’Amer. J. Respiratory Crit. CareMed., vol. 202,
no. 4, pp. 490–491, Aug. 2020.

[21] F. Fallucchi, M. Faravelli, and S. Quercia, ‘‘Fair allocation of scarce
medical resources in the time of COVID-19: What do people think?’’ J.
Med. Ethics, vol. 47, no. 1, pp. 3–6, Jan. 2021.

[22] K. M. Griffin, M. G. Karas, N. S. Ivascu, and L. Lief, ‘‘Hospital prepared-
ness for COVID-19: A practical guide from a critical care perspective,’’
Amer. J. Respiratory Crit. Care Med., vol. 201, no. 11, pp. 1337–1344,
Jun. 2020.

[23] S. Ren, M. Cai, Y. Shi, W. Xu, and X. D. Zhang, ‘‘Influence of bronchial
diameter change on the airflow dynamics based on a pressure-controlled
ventilation system,’’ Int. J. Numer. Methods Biomed. Eng., vol. 34, no. 3,
p. e2929, Mar. 2018.

[24] S. Ren, Y. Shi, M. Cai, and W. Xu, ‘‘Influence of airway secre-
tion on airflow dynamics of mechanical ventilated respiratory system,’’
IEEE/ACM Trans. Comput. Biol. Bioinf., vol. 15, no. 5, pp. 1660–1668,
Sep. 2018.

[25] S. Ren, Y. Shi, M. Cai, H. Zhao, Z. Zhang, and X. D. Zhang, ‘‘ANSYS-
MATLAB co-simulation of mucus flow distribution and clearance effec-
tiveness of a new simulated cough device,’’ Int. J. Numer. Methods Biomed.
Eng., vol. 34, no. 6, p. e2978, Jun. 2018.

[26] Y. Shi, S. Ren, M. Cai, and W. Xu, ‘‘Working characteristics of a mechan-
ical insufflation-exsufflation device,’’ Math. Problems Eng., vol. 20141,
Jul. 2014, Art. no. 83036.

[27] Y. Shi, S. Ren, M. Cai, and W. Xu, ‘‘Modelling and simulation of vol-
ume controlled mechanical ventilation system,’’ Math. Problems Eng.,
vol. 2014, Jul. 2014, Art. no. 271053.

[28] D. Meng, G. Tao, J. Chen, and W. Ban, ‘‘Modeling of a pneumatic sys-
tem for high-accuracy position control,’’ in Proc. Int. Conf. Fluid Power
Mechatronics, Aug. 2011, pp. 505–510.

SHUAI REN (Member, IEEE) received the B.S.
degree in mechanical engineering and automation
from the China University of Mining Technology,
Beijing, China, in 2014, and the Ph.D. degree in
mechatronics engineering from Beihang Univer-
sity, Beijing, in 2019.

He is currently an Associate Professor with
the School of Automation, Beijing Institute of
Technology, Beijing. His research interests include
pneumatic detection and control, microactuator,

mechatronic system design, modeling, and motion control.

XIAOHAN WANG received the B.S. degree in
ocean science and technology from the Dalian
University of Technology, in 2022. She is cur-
rently pursuing the M.S. degree with the School
of Automation, Beijing Institute of Technology,
Beijing, China.

Her research interests include measuring tech-
nology, intelligent sensing, model identification,
and control.

LIMING HAO received the B.S. degree in mecha-
tronics engineering from the Beijing Institute of
Technology, China, in 2016. He is currently pursu-
ing the Ph.D. degree with the School of Automa-
tion Science and Electrical Engineering, Beihang
University, Beijing, China.

His research interests include model identifi-
cation, mechanical ventilation control technology,
and control systems.

TAO WANG received the B.S. andM.S. degrees in
mechatronic engineering from the Beijing Institute
of Technology, Beijing, China, in 1993 and 1999,
respectively, and the Ph.D. degree from theDepart-
ment ofMechano-Micro Engineering, Tokyo Insti-
tute of Technology, Tokyo, Japan, in 2006.

He is currently an Associate Professor with
the School of Automation, Beijing Institute of
Technology. His research interests include novel
sensing and measuring technology, intelligent
instruments and meters, robotics, and fluid power.

ZUJIN LUO received the B.S. degree in respi-
ratory treatment and critical care from the West
China School of Clinical Medicine, Sichuan Uni-
versity, China, in 2004, and the M.S. and Ph.D.
degrees in internal medicine (respiratory diseases)
from Capital Medical University, Beijing, China,
in 2011 and 2020, respectively.

He is currently the Deputy Chief Doctor of the
Beijing Chao-YangHospital, CapitalMedical Uni-
versity. His research interests include respiratory

and critical care medicine, respiratory support, and treatment.

VOLUME 11, 2023 49881


