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Current ventilators rely on wall outlets or cylinders for oxygen supply, which limits their continuous 
use in the field or emergencies. In this study, we proposed a ventilator prototype that can achieve 
stand-alone oxygenated respiratory support, by designing and integrating a high-performance oxygen 
generator, and optimizing the control strategies of the whole system. Based on the designed oil-free 
scroll compressor and pressure swing adsorption (PSA) system, we first realized a mobile high-flow 
oxygen generator, which achieved an output flow greater than 17 L/min with an oxygen concentration 
of 93% ± 3%. The ventilator was also designed to synchronize with the respiratory state, to optimize 
the trigger performance for the pressure support of early inspiration, and reduce the gas supply in 
the late inspiratory phase to avoid pressure overshoot in the early expiratory phase. The respiratory 
synchronization of the integrated ventilator was estimated by the recorded chest movement of the 
subjects. Satisfactory respiratory synchronization was realized with an inspiratory trigger delay (ITD) 
time of less than 200 ms and sound respiratory waveform tracking. By regulating the PSA strategy, the 
oxygen generation and utilization efficiencies could be further improved. Ultimately, under the setting 
of inspiratory positive airway pressure (IPAP) at 10 cmH2O, and expiratory positive airway pressure 
(EPAP) at 4 cmH2O, we achieved non-invasive ventilation with a maximum oxygen concentration 
of 58% ± 1.75%. In conclusion, the proposed oxygen generator integrated ventilator could provide 
reliable oxygenated respiratory support in emergencies, such as on-site first aid, patient transport, and 
military field environments.
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Mechanical ventilators play a pivotal role in saving the lives of patients with respiratory failure, by providing high 
concentration oxygen to maintain open alveoli, reduce respiratory muscle burden, and thus improve patient 
oxygenation1–4. Existing non-invasive ventilators are supplied with oxygen from either oxygen cylinders or 
centralized oxygen stations in the hospital5. In emergencies, such as first aid or patient transport, a convenient 
and sustainable oxygen supply is critically important6. However, medical experts of public emergencies have 
highlighted the significant shortage of mechanical ventilation and oxygen support in emergency medical 
treatment7–9, particularly the hyperbaric oxygen sources used to support the operation of ventilators or 
anesthesia machines10,11.

In mobile settings, ventilators are supplied with oxygen from oxygen cylinders, but the processes of filling, 
maintaining, and transporting cylinders constrain the application of oxygenated respiratory support to a certain 
extent12. A safer and more convenient option of providing continuous oxygen sources for viable ventilators 
is to employ mobile pressure swing adsorption (PSA) oxygen generators13. Nevertheless, the current mobile 
PSA oxygen generators are limited in oxygen generation capacity and output pressure, making it difficult to 
achieve high oxygen output in emergency situations. Therefore, some researchers are dedicated to developing a 
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hyperbaric oxygen source for non-invasive ventilators, and our collaborators have proposed a group standard 
for mobile high-pressure oxygen supply systems in China. The key factors influencing the oxygen output for PSA 
oxygen generators are the compression capacity of the compressor and the PSA parameters of the molecular 
sieve14. In PSA technologies, the purge flow rate and adsorption pressure have been optimized under various 
conditions, which improves the oxygen purity, yield coefficient, and productivity15. The efficiency of adsorption 
and desorption processes can be enhanced by using nano-zeolite with a high surface-area-to-volume ratio in 
place of molecular zeolites16. Regarding the compressor, Nair et al. showed that increasing the length of the 
piston cylinder and reducing the inner diameter can increase the intake volume and reduce airflow resistance, 
thus enhancing efficiency and oxygen concentration17. Rubio J et al. realized a flow rate of 15 L/min and an 
oxygen concentration of 93% with an oxygen generator that connected two oxygen generators in parallel18. They 
noted that such a high-flow oxygen generator can supply oxygen to some ventilators, thereby assisting patients 
in maintaining life through mechanical ventilation. Due to their excellent characteristics, scroll compressors 
are widely used for liquid compression in various fields19. Oil-free scroll compressors are also used in large-
scale oxygen generation equipment20. We have developed a miniaturized oil-free scroll compressor for gases 
through improvements in machining precision and the alignment of orbiting and fixed scrolls, with which a 
high-performance oxygen generator has been designed in this study.

We also developed a control strategy for subject-ventilator synchronization for the proposed oxygen generator 
integrated ventilator because it is always a crucial issue in the clinical application of mechanical ventilation. The 
lack of synchronization may lead to prolonged periods of assisted ventilation, increasing the work of breathing, 
and other complications21–23. High levels of trigger sensitivity and the performance of pressure rise during the 
inspiratory phase are essential to ensure efficient ventilation in clinical scenes24. Flow-based triggering enables 
the ventilator to accurately identify the patient’s respiratory state and provide appropriate pressure support in a 
timely manner.

The objective of this study was to develop a ventilator that can achieve stand-alone oxygenated respiratory 
support without an external oxygen source, providing ventilation with oxygen concentration close to 60% for 
adults. To this end, we first achieved an outperforming oxygen generation module by using a designed oil-
free scroll compressor. In comparison to existing oxygen generators of similar size and weight, this module 
improved the oxygen generation capacity by nearly 70%, from 10 L/min to 17 L/min. Further, we optimized the 
oxygen supply strategy and PSA parameters to increase the maximum oxygen concentration delivered by the 
proposed ventilator. It achieved an oxygen concentration of 58% under bi-level positive airway pressure (BiPAP) 
conditions, representing a 20% increase relative to the direct output of a 10 L/min oxygen generator in conjunction 
with a ventilator. In addition, the subject-ventilator synchronization was also designed and estimated based on 
respiratory phase sensing. This innovative machine holds significant promise for the treatment of critically ill 
patients in emergency medical rescue scenarios.

Methods
System architecture
The structure of the proposed oxygen generator integrated ventilator is shown in Fig. 1(a). It mainly includes 
the scroll compressor-based PSA oxygen generation system, air-oxygen mixing module, and respiratory support 
module.

The flow composition of the system is shown in Fig. 1(b). The filtered air is initially introduced into the 
oil-free scroll compressor. Then, compressed air enters the molecular sieve tower for nitrogen adsorption. Two 
towers work alternately, when one tower generates high oxygen concentration air into the oxygen storage tank, 
the other tower exhausts the adsorbed nitrogen into the atmosphere to reactivate the molecular sieve. A servo 
proportional valve is used to control the flow rate of high oxygen concentration air into the next module. In 
the respiratory support module, a brushless DC blower draws air from the atmosphere to the patient, creating 
a certain support pressure through a nasal mask. The oxygen concentration of the respiratory support air is 
regulated by the mixing ratio of the air from the blower and the high oxygen concentration air from the oxygen 
storage tank. The flow sensor in the respiratory support module is applied to obtain respiratory waveform and 
to determine the inspiratory or expiratory phase. In the end, since we are using non-invasive ventilation, part 
of the air passing through the nasal mask is inhaled by the subject and the other part leaks into the atmosphere.

The core components of our PSA oxygen generation system are shown in Fig.  2. This module mainly 
comprises molecular sieve towers in Fig. 2(a), working condition switch valves in Fig. 2(c) including an integrated 
valve composed of two electrically controlled three-way valves and pressure check valves (a designed integral 
diaphragm), a designed oil-free scroll compressor in Fig. 2(e). The main innovation of the oxygen generation 
system is the use of a scroll compressor. The absence of mechanical friction confers it a number of advantages 
over traditional piston compressors, including high compression efficiency, high gas output, low noise, and low 
vibration. As shown in Fig. 2(f), in a scroll compressor, air is drawn into the spiral cavity, which narrows as the 
orbiting scroll continues to rotate, thereby compressing the air. The orbiting scroll and the fixed scroll should 
move relatively without collision, and the gap between them is sufficiently small to ensure effective dynamic 
sealing and the formation of a compression cavity. These significantly increase the challenges associated with 
the design, manufacturing, and miniaturization of scroll compressors, particularly for gases. By optimizing 
the processing, structure, and materials, we have successfully developed an oil-free scroll compressor that can 
achieve discharge flow rates of up to 180 L/min with a weight of only 6 kg.

The molecular sieve towers are filled with lithium-type zeolite molecular sieve (Fig. 2(b)(i)), which exhibits 
a high nitrogen adsorption capacity when pressurized. PSA with twin towers requires four steps to realize 
continuous oxygen generation, as shown in Fig. 2(d). In steps (i) and (iii), one tower is fed with compressed 
air and pressurized to adsorb nitrogen, while the oxygen in the compressed air passes through the molecular 
sieve. The majority of the oxygen is directed to the oxygen storage tank, while a minor quantity is conveyed 
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Fig. 2.  Oil-free scroll compressor-based pressure swing adsorption oxygen generation system: (a) Molecular 
sieve towers, (b) Filling process of molecular sieve, (c) Structure of the switching valve, (d) Steps in the cycle of 
PSA oxygen generation, (e) Structure of the oil-free scroll compressor, (f) Gas compression process of the scroll 
compressor.

 

Fig. 1.  (a) Schematic diagram of the oxygen generator integrated ventilator; (b) Flow composition diagram.
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into another tower via a throttling passage situated at the base. This tower is connected to the atmosphere, 
allowing the adsorbed nitrogen to be released, while the above-mentioned small oxygen flow helps reactivate 
the molecular sieve. The check valves serve to ensure that only pressurized oxygen flow is permitted to enter 
the oxygen storage tank. We define the duration of each step (i) or (iii) as pressurization time. Steps (ii) and (iv) 
are short-period working conditions, which are defined as pressure equalization time. During these periods, 
two towers are both connected to the compressed air to achieve identical pressure distribution. The pressure 
equalization process balances the pressure difference between the adsorption and desorption processes, 
improving the reactive efficiency of the adsorbent. Such a pre-pressurization process also allows the adsorption 
tower to quickly reach working pressure. The switching of these four working steps is controlled by 2 two-
position three-way solenoid valves. Additionally, the flow area of the valves affects both the pressurization and 
pressure equalization processes.

In Fig. 3(a), we designed a prototype of an integrated ventilator. It is difficult to achieve sufficient respiratory 
pressure support solely using the generated oxygen flow, additional air should be supplemented with a blower. 
Meanwhile, managing various oxygen concentrations also requires a controlled mix of air and the generated 
oxygen. Therefore, the air provided by the blower and the generated oxygen flow collectively constitute 
respiratory pressure support with a specific oxygen concentration. In this study, we designed BiPAP respiratory 
support, which means setting inspiratory positive airway pressure (IPAP) and expiratory positive airway pressure 
(EPAP) during inspiration and expiration, respectively. Since the dimensions of the current ultrasonic sensor are 
incompatible with the size of the respiratory support air passage, an airflow bypass for oxygen concentration 
detection has been designed, as shown in Fig.  3(b). In respiratory support module, a throttling differential 
pressure flow sensor as shown in Fig. 3(c) is applied to obtain respiratory curves. This real-time respiratory 
flow is the basis for identifying the inspiration and expiration. Pressure closed-loop control is achieved through 
a pressure sensor and a brushless DC blower, with a target pressure of IPAP or EPAP. An ultrasonic oxygen 
concentration sensor is employed to monitor the oxygen concentration of the respiratory support air, according 
to which we adjust the opening of the electromagnetic proportional valve to limit the generated oxygen flow rate 
entering the respiratory module.

Control strategy
The program was developed using LabVIEW 2017. A data acquisition (DAQ) device (NI USB-6001) and a 
PC constitute the hardware of the controller. The controller mainly includes four sub-tasks: (1) detection of 
respiratory phase; (2) closed-loop control of respiratory support pressure; (3) oxygen concentration control; and 
(4) operating condition adjustment of the oxygen generation. In terms of the user interface, we implemented the 
real-time calculation and display of respiratory parameters, as shown in Fig. 4.

The BiPAP helps open the airway, facilitates gas flow, reduces respiratory muscle stress, and improves 
ventilatory effect. The key to achieving such a ventilation pattern is identifying the subject’s inspiratory and 
expiratory phases, as shown in Fig. 5(a). By analyzing the respiratory flow in real-time, our ventilator is triggered 
to enter the inspiratory phase when a sudden increase in inspiratory airflow is detected. The trigger condition 
requires that the inspiratory flow rate exceeds 10 L/min and that the second derivative of the flow rate is greater 
than zero25,26. Due to the inertia delay of the blower, pressure overshoot will occur if the working condition 
switches at the actual beginning of expiration, which deteriorates subject-ventilator synchronization27. Therefore, 
the controller is programmed to enter the expiratory condition in advance. Through experimentation, an easily 
identifiable point, the maximum flow point of inspiration has been selected for this purpose. This means that 

Fig. 3.  A prototype of the oxygen generator integrated ventilator. (a) The overall structure of the integrated 
ventilator. (b) Respiratory support system. (c) Printed circuit board with integrated flow and pressure sensors.
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when the inspiratory flow begins to decline, the controller enters the expiratory condition, as shown in Task 1 
of Fig. 5(a).

The target control pressures for inspiration and expiration are set to IPAP and EPAP, respectively. The 
Proportional-Integral-Derivative (PID) controller regulates the brushless blower based on the difference 
between the set pressure and the actual pressure monitored by the pressure sensor to achieve closed-loop 
control, as shown in Task 2 of Fig. 5(a). In this study, we achieved oxygenated non-invasive ventilation by using 
a PSA oxygen generation system based on a scroll compressor. Under a certain PSA system, the oxygen output 

Fig. 5.  Control flowchart of the prototype. (a) Pressure control strategy. Task 1: detection of respiratory phase. 
Task 2: closed-loop control of respiratory support pressure. (b) Oxygen concentration control strategy. Task 3: 
oxygen concentration control. Task 4: operating condition adjustment of the oxygen generation.

 

Fig. 4.  User interface of the proposed integrated ventilator.
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is determined by the rotation speed of the scroll compressor and the switching time of the above-mentioned 
working steps. As shown in Task 3 of Fig. 5(b), when the set oxygen concentration does not exceed the maximum 
oxygen generation capacity of the system, the oxygen generator provides an appropriate margin of oxygen 
generation and limits the generated oxygen flow through the proportional valve opening to achieve oxygen 
concentration control.

We also designed the adjustment logic of the oxygen generator to ensure it operates under suitable working 
conditions. As shown in Task 4 of Fig. 5(b), when the valve is open to a degree below 60%, indicating an excess 
supply of oxygen flow, we reduce the speed of the scroll compressor. Conversely, when the opening degree is 
greater than 90%, it indicates that the generated oxygen supply is insufficient. In this case, it is necessary to 
increase the rotation speed of the scroll compressor appropriately. This adjustment is performed once per minute 
in 25 rpm steps, approximately 2 L/min of the compressor flow output with each step.

Functional evaluation
This section mainly includes 3 parts: (1) obtaining the relationship between the input and output parameters 
of the oxygen generator, (2) testing the oxygen concentration control and the maximum concentration of the 
support air under certain respiratory support parameters, (3) optimizing and estimating the subject-ventilator 
respiratory synchronization of the proposed integrated ventilator.

Performance of oxygen generator
The molecular sieve towers alternately adsorb nitrogen under pressurized conditions and desorb during the 
depressurization process, realizing continuous high-oxygen air generation. The main output indicators are the 
flow rate and oxygen concentration. Under optimized hardware conditions, the oxygen generation performance 
is contingent upon the output of the scroll compressor and working condition switching timing controlled by 
switching valves. By a throttle valve, the output flow rate was adjusted to 10–25 L/min, and the rotation speed 
was set to be 1500 rpm, 1800 rpm, and 2000 rpm, the output oxygen concentration of the system was estimated, 
so as to determine the optimal switching time of pressurization and pressure equalization. Under the optimal 
time sequence, the oxygen concentration of the system was further measured at output flow rates of 0–70 L/
min. The relationship between output flow rates and oxygen concentration was applied to match the working 
conditions of the proposed integrated ventilator.

Oxygen concentration assessment
In this section, we focus on two functional evaluations: (1) ascertaining the maximum oxygen concentration that 
can be delivered by the integrated ventilator during noninvasive ventilation; (2) evaluating the stability of output 
oxygen concentration and testing the working condition matching function of the oxygen generation system.

For evaluation 1), to demonstrate the advantages of the scroll compressor-based oxygen generation system 
and the generation strategy designed for the integrated ventilator, we conducted ventilation experiments on 
subjects at generated output flow rates of 10 L/min, 17 L/min, and 26 L/min. These flow rates correspond to the 
maximum flow rate of the mobile oxygen generation system currently available on the market, the flow rate of 
the oxygen generation system at 93% oxygen concentration, and the flow rate when it outputs the maximum 
oxygen content, respectively.

The oxygen concentration and subject-ventilator synchronization performance of the integrated ventilator 
are related to respiratory parameters. Accordingly, we enrolled four healthy volunteers, two males, and two 
females. And informed consent was obtained from all participants. They were all 22 years old, weigh 71 kg, 
76 kg, 53 kg, and 63 kg, height 174 cm, 171 cm, 162 cm and 166 cm, respectively. In evaluation 1), the oxygen 
generation system output the above three types of oxygen flows. In the testing of oxygen concentration control 
(evaluation 2)), the controlled oxygen concentration was set to 50%. The target IPAP and EPAP were set at 10 
cmH2O and 4 cmH2O, respectively, for both sitting and supine postures. It means we conducted ventilation 
experiments in eight situations, each with a duration of five minutes, about 60–70 respiratory cycles.

Subject-ventilator synchronization
As previously stated, the controller identifies the commencement of the inspiratory or expiratory phases based 
on the flow signal and sets the target pressure to IPAP or EPAP accordingly. The actual respiratory movements 
were simultaneously recorded using respiratory inductive plethysmography (RIP). The troughs and peaks of the 
RIP signal correspond to the beginnings of actual inspiration or expiration, respectively. As shown in Fig. 6, we 
display the RIP curve, control flag, flow, and pressure curves obtained by the sensors of the ventilator, to facilitate 
understanding of the time relationship between the control flag and the actual respiratory situation, as well as 
the synchronization of flow, pressure, and respiration. The time interval between the control flag transition and 
the actual onset of inspiration is designated as the inspiratory sensing delay (ISD). The inspiratory effort of the 
subject decreases the pressure of the ventilator, while the blower needs a response time. As a result, the pressure 
rise time will be later than the control flag setting time. Traditionally, scholars define the time difference between 
the actual beginning of inspiratory and the significant increase in pressure as inspiratory trigger delay (ITD) to 
assess inspiratory synchronization.

We estimate two aspects of respiratory synchronization: (1) ITD under various ventilation. Data are presented 
as mean value ± standard deviation (SD) if not stated otherwise. (2) The synchronization between the actual 
respiratory movement and the pressure support and flow rate curves provided by the ventilator.
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Result
Oxygen generation system performance
In this section, the switching time of the oxygen generation system was first optimized. Subsequently, the 
relationship between flow and oxygen concentration at the optimal switching time was investigated.

Different scroll compressor rotation speeds indicate different pressure change processes for pressurization 
adsorption, so we searched for the optimal switching time at compressor speeds of 1500 rpm, 1800 rpm, and 
2000 rpm, respectively. At the same time, we also referred to the optimization methods of pressure switching 
time from previous studies28–30. The experimental results demonstrated that the optimal pressurization time and 
the optimal pressure equalization time are not obviously affected by the flow rates. Consequently, we employed 
a method of fixing one parameter to search for the optimal value of the other. The optimal switching times 
at the above rotation speeds were found to be 4.7s/0.5s, 4.5s/0.5s, 4.2s/0.5s, and the results are presented in 
Fig.  7(a)-(c). We demonstrated the effects of pressurization time and pressure equalization time on oxygen 
generation performance in the flow range of 10–25  L/min. In the optimization of pressurization time, the 
pressure equalization times were fixed to be 0.5 s. When we estimated the influence of pressure equalization 
time, the pressurization times were respectively set to be 4.7 s, 4.5 s and 4.2 s, corresponding to their optimized 
values. When ascertaining the maximum oxygen concentration for respiratory support that can be achieved by 
the proposed integrated ventilator, we should prioritize that the oxygen generation system provides as much 
mass value of oxygen as possible, rather than focusing solely on the maximum oxygen concentration. Therefore, 
the relationship between the output flow rate and oxygen concentration at each of the three optimal switching 
times was obtained, and the results are shown in Fig. 7(d).

Figure  7(a)-(c) present that the effects of pressurization time and pressure equalization time on oxygen 
concentration trends are similar across a range of compressor rotation speeds and flow rates. As the pressurization 
and pressure equalization time increases, the oxygen concentration first increases and then decreases, with a 
maximum value respectively occurring during the process. The time corresponding to this maximum value 
represents the optimal switching time under the given working conditions. Moreover, as the compressor rotation 
speed increases, the discrepancy in oxygen concentration between different output flow rates diminishes. When 
the rotation speed is set to 2000 rpm, in accordance with the prevailing concentration standard of 93 ± 3% for 
the mobile oxygen generation systems, the flow rate of the scroll compressor-based oxygen generation system is 
17 L/min. On account of the concentration of oxygen at different flow rates, the relationship between the oxygen 
content of the output of the system and the flow rate can be obtained, which determines that the output flow rate 
corresponding to the highest oxygen content is 26 L/min, at which time the concentration of the oxygen output 
from the oxygen generation system is 79%.

Oxygen concentration when ventilation
The oxygen concentration of the proposed integrated ventilator was tested with IPAP and EPAP set to 10 cmH2O 
and 4 cmH2O, respectively. The output flow rate of the oxygen generator was set to 10 L/min, 17 L/min, and 26 L/
min. As mentioned above, 10 L/min represents the maximum flow rate (with oxygen concentration greater than 
90%) of mobile medical oxygen generators currently available on the market.

Fig. 6.  A demonstration of respiratory synchronization estimation. The star marks the trigger moment for 
the blower to begin to provide IPAP, and two-color blocks are used to distinguish the subjects’ inspiratory and 
expiratory phases.
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As shown in Fig.  7(d), the incorporation of a scroll compressor into the oxygen generator enhanced its 
operational efficacy, enabling a consistent output of 17 L/min with an oxygen concentration exceeding 90%. 
From Table 1, the subjects were able to achieve an increase in oxygen concentration from 37 to 49% at ventilator 
side. At the flow rate of 26  L/min, the oxygen generator was capable of providing a greater mass flow of 
oxygen, and the oxygen concentration of the ventilator was further increased to 58%. This indicates that the 
implementation of a scroll compressor and the designed oxygen supply strategy resulted in a 20% increase in 
oxygen concentration at the respiratory end. Under the flow rates of 10 L/min and 17 L/min, females obtained 
significantly higher oxygen concentrations. At the flow rate of 26  L/min, the mean oxygen concentration of 
the female subjects was also higher, although this did not reach a statistically significant difference, which may 
be attributed to the relatively small sample size. The higher oxygen concentration observed in females can be 
attributed to their lower respiratory flow consumption. Furthermore, the ventilator’s performance at a given 

Subject Posture

Output parameters of the oxygen generation 
module

Oxygen output is 26 L/min, 79%, oxygen concentration is controlled at 50%10 L/min, 95% 17 L/min, 93% 26 L/min, 79%

Output oxygen concentration (%)

1 (M)
sitting 37.6 ± 1.5 49.0 ± 1.5 57.9 ± 2.0 49.9 ± 1.2

supine 37.8 ± 1.6 48.8 ± 1.4 58.1 ± 1.7 50.1 ± 1.1

2 (M)
sitting 36.9 ± 1.4 48.2 ± 1.7 57.4 ± 1.4 49.8 ± 1.3

supine 37.1 ± 1.4 48.3 ± 1.5 57.7 ± 1.5 50.2 ± 1.2

3 (F)
sitting 38.4 ± 1.7 49.3 ± 2.1 58.3 ± 1.9 49.8 ± 1.3

supine 38.7 ± 1.9 49.3 ± 1.7 58.3 ± 1.6 49.8 ± 1.2

4 (F)
sitting 38.3 ± 1.8 48.9 ± 1.8 58.2 ± 1.9 50.0 ± 1.2

supine 38.4 ± 1.9 49.0 ± 1.7 58.1 ± 2.0 50.2 ± 1.3

F > M** F > M** N.S N.S

Table 1.  Oxygen concentration under different high oxygen concentration air supply and which with a control 
target of 50%. We did not find any significant difference between sitting and supine in each subject. Statistical 
significance: *P < .05, **P < .01, N.S, not significant.

 

Fig. 7.  The output of the oxygen generation system. (a) Effect of switching time and flow rate on oxygen 
concentration at 1500 rpm of the compressor. The left and right figures respectively show the effects 
of pressurization and pressure equalization times. (b) Effect of switching time and flow rate on oxygen 
concentration at 1800 rpm of the compressor. (c) Effect of switching time and flow rate on oxygen 
concentration at 2000 rpm of the compressor. (d) The relationship between output flow rate and oxygen 
concentration at each of these 3 optimal switching times.
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oxygen concentration was evaluated. At a control target of 50%, the mean oxygen concentration error of each 
participant was maintained at a level of less than ± 0.2%, with an SD of less than 1.3%.

Subject-ventilator respiratory synchronization
The respiratory flow rate, pressure, and chest movement (as indicated by the RIP sensor) were recorded 
simultaneously during the ventilation to estimate respiratory synchronization. The actual times of inspiration 
and expiration were obtained from the RIP curve. Given the similarity of these curves across subjects, only the 
partial curves for subject 1 and subject 3 are presented in Fig. 8(a)-(b) and Fig. 8(c)-(d) respectively. The control 
delays and some respiratory parameters of each subject in the sitting and supine postures were also statistically 
analyzed. We roughly supposed that the average flow (FSS,mean) as the leakage value, and (FSS(t) - FSS,mean) as 
the subject’s respiratory flow. The value of (FSS(t) - FSS,mean) was integrated during inspiratory phases to obtain 
approximate tidal volume (TV). All ventilation experiments conducted in this section were performed with a 
target oxygen concentration of 50%.

As can be seen from the curves shown in Fig.  8, the controller successfully identified the onset of the 
inspiratory phase, and the blower provided timely support air to reach IPAP. As a consequence of the reduction 
in support pressure resulting from inspiratory effort and the necessity for a response time of the blower, ITDs 
were larger than ISDs. From Table 2, the difference between the two values was approximately 110 to 130 ms, 
and the ISD time of the controller was about 62 to 70 ms. No significant difference was observed between 
sitting and supine postures for each subject, either between males or females in terms of ITD and ISD. The 
control flag switched after the inspiratory effort and before the actual expiratory phase. Satisfactory respiratory 
synchronization was achieved, which is manifested as a corresponding pressure supply in both inspiratory and 
expiratory phases, no expiration pressure overshoot and the supplied air flow was matched with the inspiratory 
effort. In addition, the oxygen concentration was controlled and essentially stable at around 50%.

Additionally, the differences in respiratory rate (RR), inspiration-to-expiration ratio (I: E) and TV between 
sitting and supine postures and the impact of gender on these variables under BiPAP respiratory support, were 
also examined. As shown in Table 2, in individuals, the RR is higher when sitting. With regard to I: E in both 
postures, the three subjects don’t exhibit a statistically significant difference, this may be attributed to the limited 
sample size. Besides, females exhibit a larger RR, and their I: E is smaller. TV is significantly greater in males than 
in females, and in the sitting posture compared to the supine posture.

Fig. 8.  The subject’s respiratory waveform. (a) Subject 1(Male) in a sitting posture; (b) Subject 1(Male) in 
a supine posture; (c) Subject 3(Female) in a sitting posture; (d) Subject 3(Female) in a supine posture. The 
rotation speed of the compressor is 2000 rpm in the above four ventilation experiments, and the opening 
degree of the proportional valve (mean and standard deviation calculated over the five minutes of ventilation 
experiments) are labeled below each subplot.
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Discussion
A mobile oxygen generator integrated ventilator was proposed in this study. To the best of our knowledge, 
this is the first study that combines the design of oxygen generation and respiratory support systems. We 
employed a scroll compressor for the oxygen generator to significantly increase the oxygen flow of the mobile 
oxygen generator, and an optimized oxygen supply strategy in combination with the respiratory support system 
to realize oxygenated respiratory support. The results demonstrate that the integrated ventilator is capable of 
providing an oxygen concentration above 55% under BiPAP respiratory support without relying on any external 
oxygen source. The proposed ventilator addresses the dependence on oxygen sources for oxygenated respiratory 
support, which is of great significance for field rescue, patient transportation, and emergency responses to public 
events.

The principal sources of medical oxygen include cryogenic distillation, oxygen cylinders, and PSA5,31. 
Cryogenic distillation is an appropriate method for centralized oxygen consumption in large medical institutions. 
The oxygen needs to be stored in cryogenic tanks and transported via dedicated pipelines32. Therefore, its 
high requirements for construction and maintenance makes it a challenge for mobile cabin hospitals during 
the COVID-19 pandemic33,34. Oxygen cylinders, with the advantages of convenient transportation and many 
application scenarios, are the most prevalent oxygen source utilized in ambulances and mobile scenes. Whereas, 
long-term transportation and storage will bring gas loss, and repeated prefusion restricts its continuous 
application. In addition, high-pressure cylinders also have been identified as a potential risk factor for explosions 
in military sites35,36. By contrast, our integrated ventilator addresses the continuous oxygenated respiratory 
support in field rescues without the above limitations.

PSA is an appropriate technology for mobile oxygen generation37,38. However, the majority of the existing 
mobile PSA oxygen generators exhibit an oxygen flow rate of 0.5–5 L/min, and up to 10 L/min, making them 
insufficient to sustain ventilator operation39. Although Rubio et al. attempted to address this issue by using two 
sets of oxygen generators in parallel to achieve a 15 L/min oxygen flow, they did not present any experiment 
data with the ventilator18. In fact, a crucial factor that determines oxygen generation capacity is the type of 
compressor. For the current oxygen generators that use piston compressors, the internal air leakage and periodic 
resetting of the piston limit their compression efficiencies. To overcome this limitation, we designed a small scroll 
compressor for oxygen generators. Without mechanical friction, this approach enhanced compression efficiency 
and reduces power consumption. Its dynamic gas sealing was realized based on two precision-manufactured, 
staggered scroll disks. With our redesigned overall structure, our small scroll compressor achieved continuous gas 
compression flow of 180 L/min, with reduced power consumption and weight (465 W and 6 kg). In comparison, 
the compressor utilized in the existing 10 L/min oxygen generator has a displacement volume of approximately 
120 L/min, with a rated power of 580 W and a weight of about 10 kg.

Using our redesigned scroll compressor combined with the optimized switching time of molecular sieve 
adsorption and reactivation15,40, the proposed scroll compressor-based PSA oxygen generator achieved an 
oxygen output exceeding 17  L/min with a concentration of 93 ± 3%. Under such oxygen supply parameters, 
compared to an oxygen supply of 10 L/min, the maximum inspiratory oxygen concentration at the respiratory 
end of subjects increased from 37 to 48%. Oxygen generators are generally designed to output more than 90% 
oxygen concentration for direct use by patients. In the market, the air-to-oxygen ratio of most oxygen generators 
is about 13:1, with an oxygen yield coefficient of 35%41,42. The oxygen system we developed can achieve an 
output of 17 L/min at 93% oxygen concentration with an oxygen yield coefficient of 41.4%. For our integrated 
ventilator, the oxygen generator is incorporated to provide a greater oxygen content rather than high oxygen 
concentration. Therefore, we analyzed the relationship between the oxygen generation flow and concentration in 
different scenarios, and then innovatively used this characteristic flow-concentration curve to match the oxygen 
supply strategy for the integrated ventilator. Our results showed that the designed oxygen generator can output 
a flow of 26 L/min with an oxygen concentration of 79% and oxygen yield coefficient increased to 53.7%. Based 
on such an oxygen supply strategy, the maximum inspiratory oxygen concentration at the respiratory end could 
be further increased to 58%. The aggregate power consumption of the entire system is less than 700 W. This 

Subject Posture ITD (s) ISD (s) TV (ml)
RR (breaths/
min) I: E

1 (M)
sitting 0.179 ± 0.015 0.069 ± 0.012 724 ± 21

**
14.03 ± 0.38

**
0.635 ± 0.041

*
supine 0.188 ± 0.018 0.065 ± 0.010 697 ± 17 12.75 ± 0.53 0.664 ± 0.056

2 (M)
sitting 0.183 ± 0.017 0.067 ± 0.012 716 ± 23

**
14.87 ± 0.39

**
0.625 ± 0.046

N.S
supine 0.188 ± 0.018 0.066 ± 0.011 689 ± 18 13.91 ± 0.31 0.647 ± 0.053

3 (F)
sitting 0.190 ± 0.022 0.064 ± 0.011 657 ± 26

**
16.15 ± 0.31

**
0.639 ± 0.055

N.S
supine 0.195 ± 0.019 0.066 ± 0.012 643 ± 19 13.99 ± 0.19 0.652 ± 0.050

4 (F)
sitting 0.184 ± 0.016 0.062 ± 0.013 685 ± 24

**
17.21 ± 0.69

**
0.583 ± 0.040

N.S
supine 0.190 ± 0.018 0.064 ± 0.011 662 ± 21 14.73 ± 0.41 0.605 ± 0.041

N.S N.S M > F** F > M** M > F*

Table 2.  Control delay and respiratory parameters. We did not obtain any significant difference between 
sitting and supine in each subject in ITD and ISD. These two indices did not show significant differences 
between males and females either. For TV, RR and I: E, statistical significance between sitting and supine: 
*P < .05, **P < .01, N.S, not significant.
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consumption is considerably lower than the current discharge power of electric vehicles, which typically range 
from 2 kW to 10 kW. It can achieve oxygenated respiratory support merely through electricity, without external 
replenishment, and requires little maintenance. Consequently, our integrated ventilator has the potential to 
reform the current rescue mode in the context of on-site first aid and field rescue.

Synchronization between the subject and the ventilator is a crucial issue in mechanical ventilation. In this 
study, we triggered in time and ensured a stable transition of the expiratory phase without pressure overshoot 
to optimize respiratory synchronization. Asynchrony has been demonstrated to have a detrimental impact on 
patient comfort, and patients may even require sedatives and muscle relaxants to alleviate asynchrony in some 
cases43,44. By monitoring the electrical activity of the patient’s diaphragm, neurally adjusted ventilatory assist 
(NAVA) enhances subject-ventilator synchronization with a trigger delay time of less than 100 ms45–47. However, 
the placement of the electrodes limits its practical application48,49. The delay time of pressure support ventilation 
based on flow or pressure trigger is typically within the range of 126 ms to 281 ms49. The integrated ventilator 
proposed in this study triggered the blower to provide IPAP by detecting the moment of rapid rise in inspiratory 
flow, achieving a trigger delay time within 200 ms and a sensing delay time within 70 ms with stable performance. 
The strategy of early expiratory transition circumvented airflow accumulation in the ventilator line at the outset 
of expiration without pressure overshoot, thus enhancing the subject’s compliance. As illustrated in the subject’s 
respiratory curve, when the inspiratory phase was sensed, the pressure did not begin to rise immediately because 
the subject was still in the inspiratory effort state. However, the rapid rise in flow indicated that the blower had 
commenced supplying air. Evaluation of the overall waveform of the ventilation process demonstrates that the 
integrated ventilator effectively tracks flow and pressure in accordance with the subject’s respiratory state24,50,51. 
The system, including the PSA oxygen generation module, the air-oxygen mixing module, and the respiratory 
support module are closed-loop controlled and adjustable, offering great possibilities for personalized and 
precise treatment in the future.

The oxygen concentration assessment indicates that the maximum inspiratory oxygen concentration in male 
subjects was lower than that in females at 10  L/min and 17  L/min oxygen supply, respectively. This may be 
attributed to the fact that male subjects generally have larger tidal volume than their female counterparts. The 
respiratory rate during ventilation was different between genders and postures. Moreover, the inspiratory-to-
expiratory ratio in the sitting and supine postures had a greater effect on males than on females. These findings 
are consistent with previous studies which demonstrated significant differences between males and females 
in respiratory physiology, including lung capacity, respiratory muscle strength, and airway resistance52. Males 
typically have a larger thoracic cavity and greater lung volumes than females. This means that when males are 
in the supine position, respiratory mechanics and lung compliance are more susceptible to changes in position, 
and abdominal pressure on the diaphragm may be more pronounced, thus affecting I: E more significantly53,54.

Apparently, there are some limitations to our study. Since the proposed integrated ventilator is only a 
prototype system, it is difficult to implement invasive ventilation under the current conditions. There is a lack 
of experiments on the effect of ventilation on the respiratory state and tests involving patients with relevant 
respiratory diseases. Whether the system meets the therapeutic needs of critically ill patients who require 
a combination of invasive ventilation needs further research. In addition, we will try to design the pressure 
regulated volume controlled ventilation (PRVCV) mode in the follow-up. The novel component in the designed 
system is the scroll compressor. We have improved the production process to reduce costs, achieving comparable 
costs with current swing piston compressors under batch production. At present, the scroll compressor can be 
used for up to 28,000 h in a laboratory environment, but the reliability in the product needs to be further verified 
by extensive runs in the real world. Furthermore, we are currently developing larger scroll compressors and 
oxygen generation systems for higher requirements of oxygen concentration. Meanwhile, achieving more precise 
oxygen concentration control will depend on the development of novel sensors to some extent. Nevertheless, 
the preliminary experimental findings from this study may provide valuable insights for further development 
in this field.

Conclusion
This study details the design and development of an oxygen generator integrated ventilator intended for use in 
emergency medical rescue scenarios. The oxygen generation system, comprising an oil-free scroll compressor 
and molecular sieves, facilitates the generation of mobile, high-flow oxygen. Coupled with an optimized oxygen 
supply and respiratory synchronization strategy, this system achieves oxygenated BiPAP respiratory support. 
The oxygen generator integrated ventilator can be employed as a joint control platform for oxygen control and 
respiratory pressure support to further investigate the impact of oxygen concentration and respiratory support 
strategies on respiratory characteristics, as well as the treatment of respiratory diseases.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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