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Abstract 
Hospitals face a big threat in case of spread of an infectious disease among patients. 
The contribution of the air route in the spread of an infection is regarded more and 
more important. Personal ventilation (PV) is a new technique in hospital patient 
rooms. It can provide fresh air directly to the patient’s breathing zone and avoid 
cross contamination of a non-infected person by an infectious person in the same 
room. PV has shown to be very efficient in the protection from cross infection under 
stable conditions. However, frequently occurring movements in hospital patient 
rooms may influence the air flow pattern in a room and with that influence the 
protection efficiency. In this study the influence of movements on contaminant 
transport in a hospital patient room ventilated with a personal ventilation pillow is 
examined. Tracer gas and particle dispersion measurements have been performed in 
a full-scale experimental two-person test room. In addition to static experiments, 
experiments with a continuous walking person and experiments with single time 
movements, such as a single-time moving person, turning over bed-sheets and 
opening of a door, are investigated. From the results of the full-scale experiments, it 
can be concluded that the personal ventilation pillow is effective with respect to a 
reduction of the contaminant exposure at the receiver patient. In a room with mixing 
ventilation, an improvement in the effectiveness of 98% is achieved when the 
personal ventilation pillow is applied (static situation). During continuous 
movements personal ventilation is still able to reduce the contaminant concentration 
with 91% at the breathing zone of the receiver patient. Single time movements do 
only cause significant differences in contaminant concentration when the movement 
is nearby the investigated zone. 
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1. Introduction  

There has been strong and sufficient evidence to demonstrate the 
association between ventilation and the control of airflow directions in 
buildings and the transmission and spread of infectious diseases such as 
measles, tuberculosis, chickenpox, anthrax, influenza, smallpox, and severe 
acute respiratory syndrome (SARS) [1]. Hospitals face even bigger threats 
with the emergence of new infectious diseases such as avian influenza [2]. 
Recent epidemics as the 2011 Klebsila pneumonia in Rotterdam’s Maasstad 
Hospital elucidate the danger of infection breakouts in hospitals. If particles 
carrying pathogens are inhaled by a susceptible individual and deposited in 
a critical location in the respiratory tract, infectious disease may occur. 
Therefore, it is important to investigate how human exhaled droplets from 
infected human bodies transport or disperse indoors and how to control this 
dispersion to maintain a safe indoor environment[3]. Especially in hospital 
environments, where there is an increased risk of airborne infectious 
diseases due to high emission rates and higher susceptibility to infections, 
investigation of the transportation path of infected particles is important.  
Infection diseases could be harmful by an infective dose of 1 to 10.000 
infected particles depending on the disease and the condition of the patient 
[4]. 

To control infection spread, a new technique in hospital patient room 
ventilation recently has been introduced: personal ventilation (PV). 
Different designs of PV systems can be found, always supplemented by a 
general room ventilation system. For example, Melikov [5] uses a system 
where the supplied air to the breathing zone is filtered by Ultraviolet 
germicidal irradiation (UVGI) to kill or render the infectious particles 
harmless by the use of ultraviolet energy; Nielsen et al. [6] designed a 
personalized ventilation system which utilizes the condition that the head or 
the body is in natural contact with surfaces as chairs, beds, pillows, 
mattresses, clothing etc. Those surfaces are designed to function as a supply 
opening of fresh air as well, for example by applying the fabric as a diffuser.  

As personal ventilation is a relatively new concept in hospitals, there 
are only a few studies known by the authors in which the performance of 
these systems has been tested. One experimental study by Nielsen [7] 
indicates that a patient room ventilation systems with an air supply pillow 
can obtain a personal exposure index εexp,PV higher than 10 for flow rates 
above 10 l/s. This high personal exposure means that particles in the 
receiver’s breathing zone can be reduced from a level of 15000 droplet 
nuclei m-3 with only downward ventilation, to a level of 1500 droplet nuclei 
m-3 when PV is supplemented. The exposure index even increases to 35 for 
a flow rate of 14 l/s. In an upward displacement ventilated room, the air 
supply pillow PV system protects the patient in a bed, but [8] indicates that 
it is also possible to use the system to reduce the emission from an infected 
patient. The air supplied from the PV diffuser rises to the ceiling and can 



then be removed through the high located exhausts. This is an important 
design solution for health care workers in the hospital, who cannot be 
protected by the PV system.  

Moving objects usually disturb the air distribution and result in the 
fluctuations of velocity, pressure, temperature and concentration of 
contaminants within the room. In this study the influence of movements on 
contaminant transport in a hospital patient room ventilated with a personal 
ventilation pillow is examined. Continuous movement and single time 
movements have been investigated to test the performance and robustness 
of such a system under frequently occurring dynamical conditions in 
hospital patient rooms. 

2. Methodology 

A full-scale experimental patient room with dimensions of 4.4m (long) x 
3.6m (width) x 2.8m (high) is used for this study. This room has well 
insulated walls and is positioned in the air conditioned indoor environment 
of the building physics laboratory at the Eindhoven University of 
Technology (~5000m3). Hence the walls are considered to be adiabatic. The 
temperature outside the test room in the laboratory hall varies between 23 
and 25°C and the air supply temperature of the room ventilation system is 
20°C. The designed room temperature is 24°C. The room ventilation system 
is of a mixing type, a ceiling mounted inlet diffuser of 0.3 m x 0.3 m is 
installed in the middle of the ceiling. The exhaust grille, diameter 0.12 m is 
located just above the door at a height of 2.15 m. The total ventilation rate, 
the personal ventilation rate plus the normal room ventilation rate, is 4 ACH 
and compares to similar studies [9-12]. If personal ventilation is applied 
during the experiments, the room ventilation rate is decreased accordingly to 
ensure that the total ventilation rate remains unchanged. The exhausted air 
from the test room is released at 3.5 m from the air intake location, in 
opposite direction, to avoid short-circuiting.  

The personal ventilation system used during the experiments is a 
reproduction of the design by Professor Peter. V. Nielsen of Aalborg 
University of Technology [13]. It is based on a breathable pillow where fresh 
air is supplied direct into the breathing area. The pillow has dimensions of 
0.5 m (length), 0.85 m (width) and 0.05 m (thickness). The pillow is 
constructed with an airtight bottom and sides, and a permeable textile top. 
The air flow rate of the PV system is set to 15 l/s at which the system 
performs optimal according to Nielsen [13]. 

Two heated manikins are used in this study. These manikins are lying on 
beds, simulated by tables with dimensions, 2.0 m (length) x 1.0 m (width) 
and 0.76 m (height) (Figure 1a). The total heat production of each manikin is 
85 W, which represents the heat gain for a person at rest [14]. The source 
manikin has a breathing facility with a constant flow of 6 l/s, consisting of a 
mixture of outdoor air and tracer gas (CO2) at constant temperature 



conditions (24 ̊ C). This mixture is released at the mouth of the source 
patient. The flow opening of 11 mm diameter results in a supply velocity of 
1 m/s, which is a normal breathing flow velocity [14]. The described 
configuration presents the static situation. 

 

 
(a) 

 

(b) 

Figure 1: (a) Overview of the experimental room, with the receiver patient at the front and the 
source patient at the back of the picture; (b) Measurement points of the continuos movements. 

(S) Source patient, (R) Receiver patient. 

Continuous movements 
Continuous movement, representing a walking person in between the 

beds, is created with a cylinder of 1.9m high and 0.45m diameter travelling 
over a rail of 2.4 m at 0.75 m/s and moving back and forth, pausing 5 
seconds at the head and feet end. 

A Bruel & Kjaer multi-gas monitor (type 1302) with a multi-point 
sampler (type 1303) was used to measure the CO2 concentrations in the 
room. The accuracy of the Bruel & Kjaer is 1.7 ppm. 5 sample positions 
were used for measuring the concentration, see Figure 1b: (1) 0.5 m above 
the source patient’s mouth; (2) and (3) between the beds at a height of 1.2 m 
and 1.65 m, representing the position of the mouth of a sitting and a 
standing health care worker/ visitor respectively; (4) 0.5 m above the 
receiver patient’s mouth; and (5) at the position of the receiver patient’s 
mouth. Position 5 is above the manikin’s head, when the manikins head is 
assumed face-up and at the side of the manikin’s head when positioned face 
to face. For each position 36-40 measurement values are obtained over a 
measurement period of 3-4 hours. The CO2 concentration, outside the room, 
at the origin of the supply air flow tube, and in the exhaust is measured 
continuously. The effectiveness of the personal ventilation is then defined 
as: 

 



𝜀𝑝,𝑝𝑣 =
𝑐𝑒𝑥ℎ,𝑝𝑣−𝑐𝑠𝑢𝑝,𝑝𝑣
𝑐𝑝,𝑝𝑣−𝑐𝑠𝑢𝑝,𝑝𝑣

−
𝑐𝑒𝑥ℎ,0−𝑐𝑠𝑢𝑝,0
𝑐𝑝,0−𝑐𝑠𝑢𝑝,0

𝑐𝑒𝑥ℎ,𝑝𝑣−𝑐𝑠𝑢𝑝,𝑝𝑣
𝑐𝑝,𝑝𝑣−𝑐𝑠𝑢𝑝,𝑝𝑣

= 1 −
𝑐𝑒𝑥ℎ,0−𝑐𝑠𝑢𝑝,0
𝑐𝑝,0−𝑐𝑠𝑢𝑝,0

𝑐𝑒𝑥ℎ,𝑝𝑣−𝑐𝑠𝑢𝑝,𝑝𝑣
𝑐𝑝,𝑝𝑣−𝑐𝑠𝑢𝑝,𝑝𝑣

   (1) 

 
Where, εp,pv=effectiveness of personal ventilation at point p; 

cexh,0=concentration in the exhaust, without PV; cp,0=concentration at point p, 
without PV; csup,0= concentration of the supply air, without PV; cexh,pv=concentration 
in the exhaust, with PV; cp,pv=concentration at point p, with PV; 
csup,pv=concentration of the supply air, with PV. 

 
Single time movements 
Three types of single time movements have been investigated. A 

walking person in between the beds is represented by the same cylinder as 
for the continuous movement. Instead of repeating this movement a single 
run is performed. Secondly moving bed-sheets at the source patient, 
travelling 0.75 m vertical and immediately moving back at 1 m/s is 
simulated. The last case is the opening and immediately closing of a door at 
1 m/s.  

As the response time of the available CO2 sensors did not comply with 
the expected fast concentration gradients in time, a particle counter was 
applied. Instead of CO2 now smoke particles were released at a continuous 
rate with a continuous temperature of 35 ̊ C, in the exhalation air of the 
source patient and counted at the breathing zone of the receiver patient. 
Particle size ranges 0.3-0.5 µm and larger than 0.5 µm, i.e. the size range of 
large viruses and small bacteria, were monitored. Before and after each set 
of measurements, surrounding particles are counted to ensure that they are 
not influencing the measurements. Single time movement experiments were 
repeated 50 to 64 times. 

3. Results 

Continuous movements 
Table 1 shows the effectiveness of personal ventilation during 

continuous movements. A value of 0 means no improvement of local air 
quality due to PV and 1 means outside air (uncontaminated) conditions. 
Personal ventilation is able to improve the local air quality at the breathing 
zone of the receiver patient to nearly outside conditions as the effectiveness 
is 0.91 (91%) when patients lie face up or face to face. When patients lie 
face up, the effectiveness of the PV system is also high for measurement 
positions (2), (3) and (4). When patients lie face to face, the effectiveness of 
the PV system is significantly lower or even negative at those positions. 

 
 
 



Table 1: Effectiveness of personal ventilation system at different positions for the continuous 
movement experiments (Figure 1b). Positive value (max. 1): an improvement, Negative value: 
worsening of the local air quality due to the implementation of PV system for both patients. A 

bandwidth of 95% reliability  (Med. ±2σ) is shown in between brackets. 
Position Effectiveness of PV for both patients  

in comparison with no PV [-] 
 Patients both face up Patients face to face 
1. 0.5m above source  patient 0.19 (<-2; 1) 0.33 (-0.97; 0.78) 

2. Middle, 1.2m above floor 0.37 (0.05; 0.62) -0.26 (<-2; 0.60) 

3. Middle, 1.65m above floor 0.39 (0.12; 0.60) -0.12 (-1.24; 0.37) 

4. 0.5m above receiver patient 0.54 (0.22; 0.80) -0.01 (-0.71; 0.52) 

5. At receiver patient’s mouth 0.91 (0.66; 1) 0.91 (0.75; 1) 

 
Table 2:Improvement [%] of local air quality (LAQ) due to continuous movement of a walking 

person compared to static situation. 
Position No PV 

[%] 
PV on both 

[%] 
Patients both face up 

1. 0.5m above source patient -3.3 72.6 
2. Middle, 1.2m above floor -2.1 -16.3 
3. Middle, 1.65m above floor -2.1 -15.5 
4. 0.5m above receiver patient’s mouth -0.5 -18.4 
5. At receiver patient’s mouth -2.0 -9.4 

Patients face to face 
1. 0.5m above source patient 5.8 -2.2 
2. Middle, 1.2m above floor -1.1 -3.7 
3. Middle, 1.65m above floor 7.2 -5.5 
4. 0.5m above receiver patient’s mouth -1.5 -4.1 
5. At receiver patient’s mouth -0.7 -3.5 

 
In Table 2 the influence of movements on the local air quality, 

compared to the static situation, at specific points (Figure 1b) is shown. It 
can be seen in the first column of Table 2 that movements do not 
significantly influence the local air quality when there is no PV system 
working. When the PV systems are active, large improvements of the Local 
Air Quality (LAQ) could be seen at the sensor position 0.5m above the 
source patient. The movements reduce the LAQ at 0.5m above the receiver 
patient; at breathing level this effect is smaller. Although the moving 
manikin causes significant air movements in its path (positions 2 and 3), the 
manikin also takes significant amounts of infected particles in its wake, 
whereby the LAQ at that point decreases due to the movements. When 
patients are lying face to face, all aspects mentioned above are lower and 
movements do not significantly influence the LAQ. 
 
 



Single time movements 
The particle counts at the mouth of the receiver patient (sum over 10 

seconds) after one movement of a moving person in between the beds is 
given in Figure 2. Similar trends in peak level can be seen for particle sizes 
between 0.3 and 0.5 µm and for particles larger than 0.5 µm. The movement 
starts at t= 0 s and at t= 3 s the moving person has reached the position close 
to the heads of the patients. Here it pauses for 10 seconds and moves back. 

4. Discussion 

This research has not made use of a breathing mechanisms which in- 
and exhales several times per minute. This is done to simplify the model as 
in this case, the breathing process is not interfering with the movements and 
continuously exhalation may be seen as the worst case scenario in infection 
spread. However, the breath process has little effect on the airflow, because 
the momentum of exhaled air by breathing is relatively small [3] and so these 
measurements are a good representation of the reality. Sneezing and 
coughing are more complex phenomena and are not addressed.  

The influence of a continuous moving person is substantial, as it 
increases the contaminant concentration at breathing level or 0.5m above 
breathing level of the receiver patient, when patients are lying both face up 
and personal ventilation is used (Table 1). When there is no personal 
ventilation installed no significant difference is visible. Comparison of the 
local air quality at 0.5 m above breathing level at the source patient reveals 
that the contaminant concentration due to movement reduces for the case 
with the PV switched on. The reason for this is that the movement disperses 
the uni-directional contaminant transport from the source. This may be an 
advantage for patients who are in potential risk due to exposure to their own 
exhalation air, for example anaesthetic patients recovering from a surgery.  

 
 



(a)  
 

(b)  
Figure 2: Number of particles at the mouth of the receiver patient, during time after the 

movement of a person in between the beds, t=0 when person starts moving. a): situation when 
PV is off (n=56), b): situation when PV is on at both patients (n=50). An average concentration 

during the whole measurement series is also given.  
(note: different scales y-axis for (a) and (b)). 

Figure 2 shows that in the situation when the PV is on, in combination 
with a single time moving person in between the beds, a five time increase in 
particle counts is measured in the period between 10 and 20 seconds after the 
start of the movement, when compared to the 10 sec time intervals before 
this period and after 30 seconds. This increase is substantially more than 
Mazumdar et al [12] reported. They concluded that the variation for all 
movements was within 25%. However, Mazumdar used CFD simulations 
with other boundary conditions, so results are not directly comparable. The 



measured increase in particle count due to the movement appears large. 
However, the peak-concentration is still lower compared to the average 
concentration measured in the tests where the PV is off (including error band 
width). For the situation with the PV off, only a relatively small increase in 
particle count between 10 and 20s after movement is measured.  

During this research, the moving manikin is simulated by a manikin 
without arms and legs, positioned on a rail with a strict path parallel to the 
bed side. In reality results may be influenced by the quicker movements of 
the limbs nearby a patient or due to movements of a person perpendicular to 
the bed direction. Similarly the shape of the used manikin is not exactly the 
shape of a representative walking person and the height of 1.9m is not 
representative for the average population and may overestimate the results. It 
is also frequently occurring in a patient room situation that more than one 
person is moving around the bed, for example the cooperation of multiple 
nurses in a nursing operation. This study did not consider the interfering 
effect of multiple movements at the same time. 

5. Conclusion 

Continuous movement of a walking person in between patient beds in a 
hospital patient room decreases the local air quality with maximum 18% at 
0.5m above breathing level of the receiver patient, when both patients are 
lying face up and PV is used. The PV is only partly able to counteract the 
momentum of particles due to flow field caused by the movement. However, 
during continuous movements PV is still able to reduce the contaminant 
concentration significantly by 91% (66% - 100%; p=0.05) at the breathing 
zone of the receiver patient.  

Increase of particles due to a single time movement is substantially 
higher (5 times) when PV is on. Only a small increase can be seen when PV 
is off. However peak concentrations when PV is on are nearly a factor 2 
lower than the average concentration when PV is off. Particle concentrations 
return to normal within 30 sec after the start of the moving manikin.  

6. Further Research 

For economical and energy saving reasons, the PV system should be 
tested with several room air supply rates as it may be able to decrease the 
total ventilation rate in a hospital patient room without losing its function on 
infection control. A risk assessment for visitors and health care workers 
should be performed in that case. Research with variable supply air flow 
rates through the pillows is also recommended. Smart systems could 
anticipate on movements and adapt the ventilation system to minimize the 
infection risk.  

More research is needed on the subject of comfort of patients lying on a 
breathable pillow. This includes different temperatures and sound level.  
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