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Abstract: Demographic changes, increasing air pollution and 
the ongoing Covid-19 pandemic, causing virus-induced 
respiratory failures, monitoring of respiratory parameters is 
the focus of international interest. In this study, motion-
capture-system data was used to get circumferences of the 
human thorax while executing different breathing patterns. 
Four geometric models were used to model tidal volumes of 
the tracked person while using spirometry data as a reference. 
The results show that all four introduced models can be used 
for tidal volume calculation based on changes in the thoracic 
circumference. In terms of accuracy, the use-case must be 
considered. 
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1 Introduction 

The demographic change of the world population, 
increasing air pollution, and a rising number of lung diseases 
are increasing the demand for monitoring respiratory function. 
Additionally, since January 2020, the global Corona 
pandemic, caused by the severe SARS-CoV-2 (severe acute 
respiratory syndrome coronavirus 2) virus, the urge of 
monitoring and therapy capacity was overtaking the 
worldwide stock and production capacity.  

Depending on the goal of respiratory monitoring, such as 
monitoring the breath rate or the tidal volume, there are 
various respiratory diagnostic devices to choose from. Devices 
for pulmonary function tests and devices for lung imaging can 
be deployed according to the demand. For pulmonary function 
testing, spirometry and body plethysmography [1-6] are still 
gold standards, both used in clinical setups. In either of the two 
systems, the patient must breathe through a mouthpiece or a 
tight facemask with a sealed nose to ensure valid results, which 
can be very uncomfortable or impossible for older people, 
children, or people with pre-existing health restrictions in 
general. 
Back in the 20th century, there already were first approaches to 
measure respiratory parameters by focusing on movements of 
the human thorax [7]. This subject is still a matter of research, 
as a real breakthrough did not occur yet. Even recent studies, 
based on strain gauges or IMU’s, showed strong dependencies 
on the sensor placement on the patients [8-10]or problems with 
motion artefacts [8-10]. 
The focus of this study was the modelling of tidal volume 
measurement based on the circumference data at the upper 
body obtained by a motion capture system during breathing. 

2 Methods 

2.1 Measurement setup 

This study used a VICON® motion capture system MoCap 
(Bonita, VICON, Denver, CO) with nine infrared cameras 
(VICON Bonita B10, Firmware Version 404) to collect data 
of 5 subjects while performing specific breathing manoeuvres. 
During the measurement, the subjects wore a slim-fit t-shirt on 
which 102 MoCap markers were positioned in 7 different 
heights (see figure 1) in such a way that the entire upper body 
was covered and could be tracked by the infrared cameras of 
the MoCap system.  
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The thorax motion, especially the expanding during 
inspiration and the shrinking during the expiration phase, 
changes the circumference of the thorax. These changes of the 
thorax circumference were in our focus of interest. 
As a reference system, a spirometer (SpiroScout® /LFX 
Software 1.8, Ganshorn Medizin Electronic GmbH, 
Niederlauer, Germany) was used to evaluate the motion-
capture data. The measurements with both systems were 
carried out simultaneously. 

2.2 Study design, Participants 

Five healthy subjects (details to the subjects can be found in 
Table 1) were equipped with a slim t-shirt with 102 MoCap - 
markers. The subjects were sitting in the centre of the nine 
motion-capture cameras, and the elbows were slightly moved 
laterally outwards to the sides to expose the MoCap - markers 
on each side of the lower thorax to the IR-Cameras. 
In this position, the subjects performed respiratory 
manoeuvres of differing tidal volumes, starting with shallow 
breathing (200 ml to 500 ml), followed by medium breathing 
(2000 ml to 3000 ml) and deep breathing (4000 ml to 6000 ml) 
for approximately 60 seconds each. Normal spontaneous 
breathing (500 ml to 1000 ml) was performed for about 30 
seconds at the beginning, the end and in between all three 
different stages. 

Table 1: Participants 

2.3 Data processing 

MATLAB (R2021a, The MathWorks, Natick, USA) was used 
for data processing. For each timestamp, the mean height for 
each of the seven marker layers was calculated using the z-
values of the marker coordinates given by the motion tracking 
system. 
Four different lung models were used to calculate the tidal 
volumes of the subjects. Each model consisted of 6 stacked 
cylinders or truncated cones either based on a circle (as in 
Laufer et al. [11]) or an ellipse, as shown in Fig. 2. 

To calculate the volumes of the cylinder-based model I and II, 
the circumference of each layer was calculated using multiple 
spline-interpolation with the cscvn function of MATLAB. 

Afterwards, the volumes for each layer were calculated 
and added together to get the combined volume of the 6 
geometric bodies. 
The functions used for model I: 
 

𝑽𝑰𝒊
= 𝝅 ∙ (

𝒄𝒊𝒓𝒄𝒊

𝟐∙𝝅
)
𝟐

∙ 𝒉𝒆𝒊𝒈𝒉𝒕𝒊  (1) 

and for model II: 
 

𝑽𝑰𝑰𝒊
=

𝒉𝒆𝒊𝒈𝒉𝒕𝒊∙𝝅

𝟑
∙ (𝒓𝒊

𝟐 + 𝒓𝒊 ∙ 𝒓𝒊+𝟏 + 𝒓𝒊+𝟏
𝟐) (2) 

with ri = circi / (2∙π). 

Subject height 
[cm] 

weight 
[kg] 

BMI 
[kg/m2] 

Age 
[years] 

gender 

1 1.84 75 22.15 18 male 

2 1.72 65 21.97 19 female 

3 1.70 56 19.38 26 male 

4 1.67 57 20.44 18 female 

5 1.83 78 23.29 30 male 

Figure 2: The 4 different geometrical lung models used for the 
calculation of the tidal volumes. 

Figure 1: The 7 marker layers visualized with circumferences.  
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Models III and IV are both based on an elliptic base. To 
calculate an ellipse two radii (ra and rb) are needed for the area 
calculation. Beneath the arm and where the arm enters the 
thorax, no markers could be placed. Thus, the missing marker 
positions were calculated to get the two necessary radii. 
 With the added points in the top three layers, the volumes 
could be calculated with the following functions for model III: 

 
𝑽𝑰𝑰𝑰𝒊

= 𝝅 ∙ 𝒓𝒂,𝒊 ∙ 𝒓𝒃,𝒊 ∙ 𝒉𝒆𝒊𝒈𝒉𝒕𝒊  (3) 

and for model IV: 
 
𝑽𝑰𝑽𝒊

=
𝝅∙𝒓𝒂,𝒊∙𝒉𝒆𝒊𝒈𝒉𝒕𝒊

𝟑∙𝒓𝒃,𝒊
∙ (𝒓𝒃,𝒊

𝟐 + 𝒓𝒃,𝒊 ∙ 𝒓𝒃,𝒊+𝟏 + 𝒓𝒃,𝒊+𝟏
𝟐) (4) 

with ra,i being the longer and rb,i the shorter radius of the 
ellipse. 
After the volume calculation, the data of the spirometry and 
the calculated volumes were matched to the same frequency 
with MATLAB’s interp1-function and then cut to the fitting 
parts. Finally, the detrend-function was used to filter out the 
vertical drift of the data. 

3 Results 

Figure 3 and Figure 4 illustrate the different breathing 
manoeuvres performed by the subjects, exemplarily shown 
based on the data of subject 5. Figure 3 displays the results of 
model I and II, based on circular cylinders and cones, while 
Figure 4 shows the results of model III and IV (based on 
elliptic cylinders and cones).  

The additional error calculation in Table 2 showed differences 
in the performance of the different models, where the minimal 
error Emin, the maximal error Emax the relative mean error Rel. 
Emean and the root mean square error RMSE are provided for 
all 4 models applied on the 5 subjects. The errors were 
obtained by analysing the complete respiratory manoeuvre as 
shown in Figure 3 and 4. The evaluation was not done 
separately for all different breathing patterns.  

Table 2: Errors occurring during tidal volume modelling (Model I-IV 
compared to spirometer data) 

M
od

el
 

 
Subject 

Error 1 2 3 4 5 

I Emin [ml] 1 46 86 166 127 

Emax [ml] 731 304 574 495 858 

Rel. Emean [%] 9.0 29.1 51.5 47.8 50.6 

RMSE [ml] 230 150 300 280 400 

II Emin [ml] 2 73 7 168 107 

Emax [ml] 653 228 527 496 816 

Rel. Emean [%] 4.1 20.6 24.9 38.9 26.5 

RMSE [ml] 170 150 270 260 340 

III Emin [ml] 13 0.4 21 207 14 

Emax [ml] 442 259 419 614 501 

Rel. Emean [%] 1.1 23.8 37.4 59.4 31.6 

RMSE [ml] 180 130 230 340 230 

IV Emin [ml] 2 4 9 137 1 

Emax [ml] 702 109 373 652 239 

Rel. Emean [%] 3.0 2.6 11.9 51.4 11.7 

RMSE [ml] 260 50 190 350 120 

Figure 3: Tidal volumes VT of Model III and I in comparison to the 
spirometry-reference, sections: 1: shallow breathing, 2: 
medium breathing, 3: deep breathing – based on the data of 
subject 5. 

Figure 4: Tidal volumes VT of Model I and II in comparison to the 
spirometry-reference, sections: 1: shallow breathing, 2: 
medium breathing, 3: deep breathing – based on the data of 
subject 5. 
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4 Discussion 

All four models provide comparable results with only minor 
differences in performance during tidal volume calculation 
based on thoracic circumferences, as shown in Table 2. Apart 
from subject 1 and subject 4, model 4 showed the best 
performance with the lowest error values. This could also be 
explained anatomically, as the human torso is more of an 
elliptical cross-sectional area, and thus the elliptical model is 
closest to the human anatomy. However, model 4 produced 
higher tidal volume errors for subject 1 and subject 4 with 
respect to the tidal volume obtained via the spirometer. 
These differences in performance could be caused by the body 
shape, gender, height, or age of the participants, and a 
subsequent study with more participants of different physical 
conditions should be performed to evaluate the results of this 
study, especially concerning age, body shape and height of the 
participants.  
Errors of more than 100 ml are critical when determining tidal 
volumes. For tidal volumes of around 600 ml, this would 
represent an error of 17%, and the measurement could not be 
used for accurate tidal volume determination. However, if 
figures 3 and 4 are examined more closely, it seems apparent 
that larger errors occur in larger tidal volumes and that rather 
small errors are evident in normal spontaneous breathing and 
shallow breathing. Therefore, this evaluation should be carried 
out separately for the individual breathing manoeuvres.  
Additionally, further studies with participants in lying position 
could be carried out to evaluate if tidal volumes based on 
circumference data are reliably when just the front side of the 
thorax can be used for data collection. 
In addition, it would be interesting to study the performance of 
the models during abdominal and thoracic breathing. This 
could provide ideas to improve the models. Such as optimized 
layer heights, anatomically better fitting geometrical shapes, 
like two separate volumes, representing two lung wings or 
dynamic models, which adapt to different breathing depths. 
With improved models, clinical use of this approach could be 
achieved for the determination of tidal volumes without the 
need of a mouthpiece or respiratory mask. 

5 Conclusion 

All four models presented in this study provide comparable 
results with only minor differences in performance regarding 
tidal volume calculation based on changes of thoracic 
circumferences. The described method could be used for 
surveillance tasks in sleep apnoea patients or homecare. 
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