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Abstract— Open-source ventilators (OSVs) are considered 

as an immediate response for the shortages of ventilator 

equipment in hospitals due to the ongoing global pandemic 

caused by the Coronavirus disease 2019 (COVID-19). One 

of the designs explored for OSVs utilizes a bag-valve-mask 

as a source for mechanical ventilation. Despite its 

availability for use and being medically accepted, proper 

calibration must be observed in measuring ventilator scalars 

such as inspiratory pressure, inspiratory flow, and tidal 

volume to promote the safe use of the OSV and prevent OSV 

users to do more harm to the patient.  This study discusses 

different calibration techniques to properly acquire 

ventilator scalar measurements using an integrated ventilator 

scalar measurement module. All in all, different calibration 

setups and bag-valve-mask-based mechanisms were tested 

and documented to determine an effective means to acquire 

accurate and precise ventilator scalar measurements. 

Keywords— open-source ventilators, bag-valve-mask 

ventilators, COVID-19 ventilator, ventilator scalar 

measurement 

I. INTRODUCTION

An open-source ventilator is a disaster-situation 

ventilator developed using an open-source design, and, 

ideally, readily available parts and components to assist 

patients who are physically unable to breathe through 

mechanical ventilation or by moving breathable air into and 

out of the lungs [1]. This device is typically used as an 

alternative for hospitals and medical facilities that are 

experiencing shortage of clinical-grade ventilators. 

Examples of these devices are the E-Vent Project of MIT 

[2], the VentilAid by the polish company Urbicum [3], and 

the Ventilator Intervention Technology Accessible Locally 

(VITAL) by the National Aeronautics and Space 

Administration (NASA) [4]. All these devices are currently 

developed to aid the worldwide healthcare response against 

the Coronavirus Disease 2019 (COVID-19) pandemic [5]. 

© IEEE 2021. This article is free to access and 
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Figure 1. Bag-Valve-Mask Emergency Ventilator System 

The open-source design is composed of several 

features to ensure the safety of the patient. This includes a 

way of measuring and controlling the volume pumped and 

the breath rate to avoid volutrauma or physical injury due to 

difference in body pressure [6], a monitoring for inspiratory 

pressure, respiratory rate (in beats per minute), and 

inspiratory-to-expiratory time (I/E) ratio [7], a method for 

humidification to avoid drying and cooling the alveoli [8], a 

mechanism that will assist non-sedated patients by 

increasing the inspiratory pressure whenever the patient 

inhales [9], and a support for fitting the positive end-

expiratory pressure (PEEP) for patients with acute 

respiratory distress syndrome (ARDS) [10].  

This study aims to discuss the calibration 

techniques used to properly acquire ventilator 

measurements. Section II will discuss the overview of the 

bag-valve-mask ventilator system the proponents are 

currently designing, specifically the integrated ventilator 

scalar measurement module. Section III will present the 

results of the different calibration techniques performed on 

various bag-valve-mask compression mechanism prototypes 

and conclusions will be drawn in Section IV. 

20
20

 IE
EE

 1
2t

h 
In

te
rn

at
io

na
l C

on
fe

re
nc

e 
on

 H
um

an
oi

d,
 N

an
ot

ec
hn

ol
og

y,
 In

fo
rm

at
io

n 
Te

ch
no

lo
gy

, C
om

m
un

ic
at

io
n 

an
d 

Co
nt

ro
l, 

En
vi

ro
nm

en
t, 

an
d 

M
an

ag
em

en
t (

HN
IC

EM
) |

 9
78

-1
-6

65
4-

19
71

-0
/2

0/
$3

1.
00

 ©
20

20
 IE

EE
 |

DO
I: 

10
.1

10
9/

HN
IC

EM
51

45
6.

20
20

.9
40

01
18



 
 
 

 

II. BAG-VALVE-MASK EMERGENCY 

VENTILATOR SYSTEM 

 

  The bag-valve-mask emergency ventilator system 

developed by the proponents is composed of an electrical 

control panel, a human-machine interface, and a bag-valve-

mask compression mechanism as presented in Figure 1. The 

electrical control panel manages the measurements and 

actuations of the emergency ventilator system. The human-

machine interface allows the users of the emergency 

ventilator system to monitor the status of the device. The 

bag-valve-mask compression mechanism is responsible for 

the delivery of air necessary for mechanical ventilation. 

 

  Delving further into the bag-valve-mask 

compression mechanism, the integrated ventilator scalar 

measurement module is responsible for determining the 

values for the ventilator scalars needed for mechanical 

ventilation with respect to time such as the inspiratory 

pressure, inspiratory flow rate, and tidal volume [11]. The 

inspiratory pressure determines the amount of force exerted 

along the airway of the patient per given unit area. The tidal 

volume identifies the amount of air displaced within the 

lungs of the patient. The inspiratory flow rate determines the 

rate of change of the tidal volume with respect to time. Such 

measurements are necessary so that medical personnel will 

be able to accurately diagnose the breathing status of the 

patient.  

 

 
Figure 2. Composition of the Bag-Valve-Mask 

Compression Mechanism 

 

  As presented in Figure 2, the integrated scalar 

module consists of a microcontroller unit, a proximal 

pressure sensor, a proximal flow sensor, and digital-to-

analog converter (DAC) units. The proximal pressure sensor 

is responsible for acquiring the inspiratory pressure 

measurement in kilopascals. The proximal flow sensor 

acquires the inspiratory flow rate measurement in standard 

litres per minute. The microcontroller unit is responsible for 

converting the acquired measurements from the sensors into 

medically known measuring units (centimetre H2O for 

inspiratory pressure) and calculates the tidal volume from 

the flow rate measurements. The digital-to-analog converter 

converts the measurement signals that will be fed to a 

programmable logic controller in the electrical control panel 

for control of the mechanical compression mechanism. All 

in all, the integrated scalar measurement is considered as a 

part of the bag-valve-mask automated compression 

mechanism alongside with the bag-valve-mask mechanical 

compression mechanism. 

 

III. RESULTS AND DISCUSSION 

 

  To test the effectiveness of the integrated scalar 

measurement module, our company has managed developed 

two prototypes for calibration, namely, the scotch-yoke 

compression mechanism [12] and the ball-screw 

compression mechanism [13]. 

 

A. Calibration and Testing using the Scotch-Yoke 

Compression Mechanism 

 

 
Figure 3. Scotch-Yoke Compression Mechanism Prototype 

 

  The scotch-yoke compression mechanism, as 

shown in Figure 3, utilizes a windshield wiper motor that is 

commonly available in local automotive shops. It uses the 

concept of linear oscillating motion to compress the bag 

valve mask resulting to mechanical ventilation. The scotch-

yoke compression mechanism is being controlled by the 

programming logic controller located at the electrical control 

panel through the human-machine interface.   

 

  For the testing and calibration of the scotch-yoke 

compression mechanism, at least 120 trials were performed. 

For each trial, the depth of compression (set as either 7cm, 

8cm, or 9cm) and the expected inspiratory pressure 

measurement (set as either 5, 10, 15, or 20 cmH2O) were 

varied. Trials are repeated for at least 10 times to acquire 

reliability from procured measurements. The depth of 

compression is measured from the homing plate of the 

scotch-yoke compression mechanism to the surface of the 

bag-valve mask.   



 
 
 

 

 
Figure 4. Compression Depth vs. Average Tidal Volume 

Measurement (Varying Pressures) 

 

  Figure 4 presents the summary of measurements of 

tidal volume (averaged for ten trials) at varying instances of 

pressure (in cmH2O). It is observed that the measurements 

vary at +/- 0.02 L or an estimate of 3-5% measurement 

variation. This variation has successfully met the guidelines 

presented by DOST (tidal volume measurement of 250mL-

800mL with +/- 10% variation) [14]. Figures 5, 6, 7, 8 

presents the compression depth vs. average tidal volume 

measurement at the instances of pressure at 5, 10, 15, and 20 

cmH2O, respectively. 

 

 
Figure 5. Compression Depth vs. Average Tidal Volume 

Measurement (at 5 cmH2O pressure) 

 

 
Figure 6. Compression Depth vs. Average Tidal Volume 

Measurement (at 10 cmH2O pressure) 

 

 
Figure 7. Compression Depth vs. Average Tidal Volume 

Measurement (at 15 cmH2O pressure) 

 

 
Figure 8. Compression Depth vs. Average Tidal Volume 

Measurement (at 20 cmH2O pressure) 

 
 

 



 
 
 

 

B. Calibration and Testing using the Ball-Screw 

Compression Mechanism 

 

 
Figure 9. Ball-Screw Compression Mechanism Prototype 

 

  The ball-screw compression mechanism, as shown 

in Figure 9, utilizes a hybrid stepper motor to compress the 

bag-valve mask resulting to mechanical ventilation. This 

mechanical design was considered by the proponents to 

address the drawbacks from the scotch-yoke mechanism. 

For the testing, tidal volume is measured at different depths 

of compression, ranging from 45 millimeters to 70 

millimeters at increments of 5. For each instance of 

compression depth, the tidal volume is measured at least ten 

(10) times. 

 

 
Figure 10. Compression Depth vs. Tidal Volume graph 

  Figure 10 presents the compression depth versus 

tidal volume graph based on the calibration of the ball-screw 

compression mechanism. Calculations have been made and 

it is observed that the tidal volume as a function of 

compression depth can be mathematically modelled using 

linear regression as presented in equation [1]. The tidal 

volume (Vtidal) is in milliliters while the compression depth 

(Dcomp) is in centimeters. This means that the increase in tidal 

volume is proportional to the increase in the depth of 

compression.  

 

𝑉𝑡𝑖𝑑𝑎𝑙 = (11.6364 𝑥 (𝐷𝑐𝑜𝑚𝑝)) − 330 [1] 

 

  Using equation [1] and the realization that at least 

80 pulses is needed to reach a compression depth of 1 cm, 

one can calculate the number of pulses needed to achieve a 

given tidal volume as shown in equation [2]. 

 

𝐷𝑐𝑜𝑚𝑝  (𝑖𝑛 𝑝𝑢𝑙𝑠𝑒𝑠) =
𝑉𝑡𝑖𝑑𝑎𝑙 + 330

11.6364
 𝑥 80 [2] 

 

  The following equations generated by the 

researchers will be implemented to the programming logic 

controller to improve control of the ventilator scalars.  

 

IV. CONCLUSION 

 

  All in all, the proponents were able to calibrate and 

test the integrated scalar measurement module against two 

compression mechanism designs for open-source 

ventilators, namely the scotch-yoke mechanism and ball-

screw mechanism. For the scotch-yoke mechanism, a 3-5% 

measurement variation was observed, and equations were 

generated to establish the relationship between the tidal 

volume and depth of compression using the ball-screw 

mechanism. For the future work, the proponents are 

exploring the implementation of fuzzy logic control [15] 

[16] and artificial intelligence [17] [18] to improve the 

calibration of the ventilator scalar measurements. 
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