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Abstract 
 
Between 2002 and 2011, 2.9% of all surgical operations which were carried out in conventionally 
ventilated operating theaters has resulted in surgical side infections in The Netherlands. A renewed 
performance-based Dutch guideline has offered the opportunity to apply alternative systems. 
Therefore, a new local ventilation system has been studied where only the wound area and the 
instrument tables are ventilated. The clean air supply around the wound area was supplied from a 
blanket, which is spread out on top of the patient during the operation. Two concepts were studied: 
a HEPA-filtered air supply around and parallel to the wound area (concept 1) and a HEPA-filtered air 
supply from the top surface of the blanket, perpendicular to the wound area (concept 2). Similar 
approaches were applied to the instrument tables. This research aims on the one hand to investigate 
the influence of the critical parameters by an experimental parameter study and on the other hand 
to explore the performance of the local ventilation system by a full-scale experimental study.  
 
Regarding the experimental parameter study, a simplified setup was used. The setup consisted of a 
sideways contaminated airflow and a HEPA-filtered airflow, which was able to represent the two 
concepts. Particle concentrations (≥0.5 µm) were measured in the wound, relative to a situation with 
no ventilation and only a sideways contaminated airflow (N=30). The effect of supply velocities and 
supply temperature were explored. In isothermal conditions, relative particle concentrations 
between 0-11% and 0-1% were measured for concepts 1 and 2 with HEPA-filtered supply velocities of 
0.40 m/s and 0.30 m/s, respectively (and varying contaminated air velocities). However, a paired t-
test showed no significant differences between both concepts (p>0.08). Furthermore, concept 1 
showed significantly higher relative particle concentrations in case of lower supply velocities (p<0.04) 
and higher supply temperatures (p<0.04). Concept 2 showed no significant differences in case of 
lower supply velocities and lower supply temperature.  
 
The full-scale experimental study was performed in a detailed full-scale mock-up of an operating 
theatre (6x7x3m) by means of an at rest situation, using prototypes of the ventilating blanket and 
instrument table of concept 1. Particle measurements (≥0.5 µm, N=30) were conducted according 
the Dutch guideline, in which the relative particle concentration was determined by comparing the 
particle concentration in the wound area with a reference point in the contaminated periphery. In 
the centre of the wound area, the relative particle concentrations varied between 1% and 5%. The 
variance was probably caused by irregular contamination in the periphery as well as by the 
limitations of the prototypes. The results of the instrument table were more consistent and resulted 
in a relative particle concentrations of 1% at the center of the tabletop.  
 
Both the parameter study and the full-scale setup have been shown a reduction of the relative 
particle concentrations in the wound area and on the instrument tabletop. Although the full-scale 
measurements were not conform the Dutch guidelines (class 1, performance level 1) and further 
research is necessary, it is supposed that the proposed alternative ventilation applications could be 
promising alternatives in order to reduce the number of surgical side infections in operating theatres. 
Moreover, this new system may possibly allow that surgical operations can occur safely outside the 
operating theatre as well.  
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Preface 
 
In this master thesis, the performance of a new introduced ventilation system was explored, which 
can be used in operating theatres. First, the influence of several parameter on the performance of 
the local ventilation was investigated in a experimental parameter study. Secondly, the performance 
of the local ventilation system was tested in a full-scale experimental study. Simultaneously to this 
research, a study by Jelle Loogman was conducted in which the performance of the local ventilation 
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Abbreviations & Definitions  
 
Abbreviations 
ACH    Air change per hour 
CFU    Colony forming units 
IAQ    Indoor air quality  
OT     Operating theatre 
SSI    Surgical side infection 
UDF    Unidirectional flow 
 
Definitions 
 
Class 1 OT Highest class for an operating theatre in The Netherlands and should 

meet the requirements of performance level 1 or 2 (WIP, 2014). 
 
Class 2 OT Operating theatre must be equipped with a mechanical ventilation 

system and supplied air must be HEPA-filtered (WIP, 2011). 
 
Clean area Area where the air quality meets the requirements of performance 

level 1 (WIP, 2014). Also referred to as protected area in the VDI 
2167 (2007) and clean zone in the NEN-EN-ISO 14644-1. 

 
Endoprosthesis Prosthesis which is entirely placed inside the human body and 

contains no connection with outside air(WIP, 2014). 
 
HEPA-filter High-Efficiency Particulate Air filter. A filter class of H13 or H14 must 

be applied with an efficiency of respectively 99.95% and 99.995% on 
particles sized ≥0.3µm (WIP, 2014). 

 
IGZ  Dutch health care inspectorate (www.igz.nl). Dutch governmental 

institution which is responsible for the supervision of the quality, 
safety, accessibility of the healthcare services and rights of the 
patient.  

 
ISO class The ISO class refers to the air cleanliness of a room in terms of 

concentrations of airborne particles. The ISO class is defined as the 
maximum allowable particle concentration (in particles per m3) for 
particles of a considered size (NEN-EN-ISO 14644-1). 

 
Mock-up  Full-sized model of the design used for experimental testing of the 

device (VDI, 2007).  
 
Operating theatre  Room which is suitable for surgical interventions (WIP, 2014). In 

literature sometimes also referred to as operating room or operating 
suite.  

 
Performance indicator  Parameter or combination of parameters on which the performance 

of the ventilation system should be tested (Loogman and De Visser, 
2014) 
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Performance level 1 The highest performance level for an operating theatre in The 

Netherlands. Requires a PC ≥2 at the vertices of the clean area, PC ≥3 
at the center of the clean area, a recovery time of ≤3 min at the 
center of the clean area, and ISO class 5 (≤3,520 particles per m3) in 
the clean area. All requirements apply to particles sized ≥0.5µm (WIP, 
2014).  

 
Performance level 2 Requires an ISO class of 7 (≤352,000 particles per m3) and a recovery 

time of ≤20 min at the two positions where the highest particle 
concentration was measured during the ISO class measurements. All 
requirements apply to particles sized ≥0.5µm (WIP, 2014). 

 
Periphery  Area in the operating theatre around the clean area. This area makes 

it possible to assist the operating team members around the patient. 
Anesthesia, other medical devices and assistants of the surgical team 
are typically working in the periphery (VCCN, 2014).  

 
Protection class Is the logarithm of the quotient of the particle concentration 

measured in the clean area and the particle concentration outside 
the clean area (i.e. periphery). The protection class defines the 
protection that the ventilation system offers against the penetration 
of contaminants from outside the clean area (i.e. periphery) into the 
clean area (WIP, 2014).  

 
Recovery time Time needed by the ventilation system to achieve a 100-fold 

reduction after the particle concentration was increased (WIP, 2014). 
 
Relative particle The relative particle concentration is used in the parameter study  
concentration  and full-scale measurements. In the parameter study measured 

particle concentrations were normalized with respect to a situation 
with no ventilation and only a sideways contaminated airflow. 
In the full-scale measurement the relative particle concentration is 
the quotient of the particle concentration measured in the clean area 
and the particle concentration outside the clean area (i.e. periphery). 
In the full-scale setup the relative particle concentration is similar to 
the protection class but not expressed on a logarithmic scale.  

 
Sham operation  Simulation of a real operation by real people in a mock-up situation. 

Explained by Friberg et al. (1996). 
 
Surgical side infection  Infection gained during a surgical intervention, which in general 

accounts for serious health hazards for the patient and higher costs 
for the hospital (WIP, 2011a). Sometimes in literature also referred to 
as postoperative wound infection.  

 
Treatment room  Room outside the operating department, suitable for surgical 

interventions with a low infection (WIP, 2011b). 
 
Ultra-clean air  A level of sterile air with a bacterial count of less than 10 CFU per m3 

(Whyte et al., 1983). 
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Unidirectional flow  Airflow pattern in one direction with low turbulence. In literature 
sometimes the term ‘laminar flow’ is used. However, this 
terminology is incorrect as the flow is in reality not fully laminar (WIP, 
2014). 

 
VCCN  Dutch association of contamination control (www.vvcn.nl).  
 
WIP  Dutch association of infection prevention (www.wip.nl). The WIP 

establishes Dutch national guidelines for the prevention of infections 
in Dutch healthcare institutions.  

 
Wound area  Includes an area within 300 mm of the wound (HTM, 2007).  
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1. Introduction 

1.1 Research motivation 
In the Netherlands, between 2002 and 2011 2.9% of all surgical operations resulted in a surgical side 
infection (SSI) (PREZIES, 2012). A SSI can result in another operation, permanent injuries or even 
mortality of the patient. Besides health risks of the patient, SSI are associated with increased health 
care costs. For instance, direct medical costs of treating a septic joint, caused by a SSI, are about 
€40,000 (Knobben et al., 2005).  
 
Lidwell et al. (1982) analyzed the relationship between air quality and surgical side infections (SSI); a 
significant positive correlation between the contamination of the air and the number of SSIs was 
found (0.6% infections with ultraclean ventilation compared to 1.5% infection with conventional 
ventilation). In Figure 1.1.1 (left) the relationship between air contamination in the operating theatre 
(OT) and the percentage of deep wound infections is shown. After the research of Lidwell et al. 
(1982), more and more attention was paid to the design of the ventilation system in OTs.  
 

             
Figure 1.1.1: Relationship between air contamination in the OT [CFU/m3] and deep wound infections [%] (Lidwell et al., 
1983) (left) and principle of a vertical UDF system (Ham, 2002) (right)   
 
In 2005 the WIP (Dutch association of infection prevention) introduced a guideline, which have 
required to apply a vertical unidirectional flow (UDF) ventilation system in OTs (Figure 1.1.1, right). 
The WIP (2005) requirements were adopted as standard by the Dutch Health Care Inspectorate (IGZ). 
In 2014 a new guideline was published (WIP, 2014), in which the design based approach of the 
ventilation system (WIP, 2005) was changed towards a more performance based approach. Except 
for OTs used for joint replacement operations, no longer a vertical UDF system is required but a 
certain air quality is prescribed.  
 
The modification of the WIP (2014) standard offers the possibility to develop alternative ventilation 
systems for OTs, which was a motivation to perform a literature study (Loogman and De Visser, 
2014). In this literature study an overview of possible alternative ventilation systems for OTs was 
given as well as key performance indicators to assess the different systems. A new local ventilation 
system where only the most critical areas in the OT (the wound area and the instrument table) are 
ventilated was assessed as most potential alternative (Loogman and De Visser, 2014).  
 
The local ventilation system is based on a clean air supply around the wound area, which is released 
from a blanket (i.e. active warming device) which is spread out over the patient’s body during the 
operation. Two concepts were designed: concept 1 concerns a blanket where HEPA-filtered air was 
supplied around and parallel to the wound area (Figure 1.1.2, left); concept 2 makes use of HEPA-
filtered air which was supplied from the top surface of the blanket, perpendicular to the wound area 
(Figure 1.1.2, right). Similar approaches were applied to the instrument tables as well (Figure 1.1.3). 
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Interesting advantages over the currently applied standard room ventilation approaches are: the 
flow direction of the clean air (from critical to less critical areas), the possible controllability of the 
body temperature of the patient and a reduction of the used air.  
 

    
Figure 1.1.2: Blanket combined with clean air supply around and parallel to the wound area (concept 1, left) and clean air 
supply from the top surface of the blanket (concept 2, right) 

            
Figure 1.1.3: Instrument table with clean air supply around and parallel to the instruments (concept 1, left) and clean air 
supply from the top surface of the table (concept 2, right) 

1.2 Research objective 
This study aims to assess the performance of the local ventilation concept for the OT on the selected 
key performance indicators (identified by Loogman and De Visser, 2014) and the Dutch VCCN RL7 
guideline (2014), in order to test the potential of the alternative.  
 
The performance of the following key performance indicators were investigated: particles in air, air 
velocity, air temperature, robustness and energy use. The assessment values described in the 
literature study of Loogman and De Visser (2014) were used. The following key performance 
indicators were not examined in this study due to time limitations and complexity of the 
measurement setup: CFU in air, CFU on surface, body temperature of the patient, relative humidity, 
air pressure hierarchy, easiness of use and sound pressure level.  
 
In the first part of the research, the influence of the parameters air velocity, air temperature and air 
openings were investigated by using an experimental parameter study. Relative particle 
concentrations in the wound area were used as performance indicator to analyze both concepts in a 
simplified model. In the second part, the performance of concept 1 was assessed on the selected key 
performance indicators in a full-scale experimental study. Relative particle concentrations in the 
clean areas and comfort measurements were analyzed by using prototypes in a test OT.  

1.3 Research question 
Research question 

- What is the performance of the local ventilation system on the selected key performance 
indicators (particles in air, air velocity, air temperature, robustness and energy use)? 
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Sub questions 
- What is the influence of the parameters air velocity, air temperature and air openings on the 

relative particle concentrations in the wound area of concept 1 and 2, according to an 
experimental parameter study? 

- What is the performance of concept 1 on the relative particle concentration in a full-scale 
experimental study in an OT at rest situation?  

- What is the performance of concept 1 on the relative particle concentrations in a full-scale 
experimental study in an OT, where a movement is introduced above the wound area? 

- What is the performance of concept 1 on the comfort of the surgeon (air velocity, air 
temperature), according to a full-scale experimental study in an OT? 

- What is the performance of concept 1 on the energy consumption, according to a full-scale 
experimental study in an OT? 

 
Hypothesis 
It is expected that the clean areas of the local ventilation system contain reduced relative particle 
concentrations, which area comparable to the air quality at wound level in a vertical UDF ventilated 
OT.  

1.4 Research structure 
This report consists of two parts: the experimental parameter study (chapter 2) and the full-scale 
study (chapter 3). Each chapter is divided into a method, results and discussion and conclusion 
paragraph. In chapter 4, an overall conclusion is given, in which the research questions are answered. 
Furthermore, practical implications and interesting fields for further research are mentioned in this 
chapter as well. Finally, the report ends with a literature chapter and the appendices.  
 
In the experimental parameter study, both concept 1 and 2 were analyzed. In the full-scale study, 
only concept 1 was analyzed. Parallel to this research, another research was performed by Loogman 
(2014), in which a numerical parameter study for both concepts and a full-scale study for concept 2 
were conducted. A summary of the results by Loogman (2014) are shown in the discussion 
paragraphs of chapter 2 and 3. The overall structure and distinction of the researches are shown in 
Figure 1.4.1.  
 

 
 

Figure 1.4.1: Structure and distinction of the researches of De Visser (2014) and Loogman (2014) 
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2. Experimental parameter study 
 
In this chapter the method, results and discussion of the experimental parameter study are 
described. The experimental parameter study was performed for both concept 1 and 2, a comparison 
with the numerical parameter study (Loogman, 2014) is given in the discussion.   

2.1 Method 
 
In order to analyze the parameters air velocity, air temperature and air openings properly, a 
simplified setup was chosen for the parameter study. With the help of the experimental parameter 
study, the number of air openings and the air velocity of the HEPA-filtered air could be optimized. 
Besides, the influence of the supply air temperature was investigated. After that, a more realistic 
setup can be chosen to test the performance of the local ventilation system. For the parameter 
study, a symmetrical model of 1.00 x 1.00 x 1.00 meter was chosen which represents the wound area 
of the patient (Figure 2.1.1). The dimensions of the wound area were 0.40 x 0.40 x 0.11 meter (L x W 
x H); which were selected due to the existence of an active warming device (Bair Hugger, 2013). 
 

 
Figure 2.1.1: Visualization of the simplified model used in the parameter study. The model represents the HEPA-filtered 
air supply around the wound area (blue arrows) and the contaminated airflow from the side of the surgeon (red arrows).  

The box represented a sideways contaminated airflow (ambient air) and a HEPA (High-Efficiency 
Particulate Air) filtered airflow around the wound area (the bottom of the box). The bottom of the 
box could be rebuild to obtain the ventilation mechanisms of both concepts (Figure 2.1.2). The air 
velocity of both airflows (contaminated and HEPA-filtered) could be varied; the opposite side of the 
contaminated air supply was open. A sideways contamination was chosen to represent the 
contamination produced by surgeons in the room, because the persons in the OT are the main 
contamination sources during surgery (Ham, 2002; Woodhead et al., 2002). This continuous 
unidirectional flow of contaminated air represented an imaginary maximal contamination in the OT; 
the real contamination in the OT is not always unidirectional and is obviously not produced from only 
one side. However, this extreme situation showed an indication of the performance of the system in 
an OT.  
 
Performance indicator 
The performance of the concepts was analyzed by exploring the air quality, by means of measuring 
particle concentrations in the wound area. Particles in the air were used as performance indicator 
because particles are easy to measure and the amount of particles in the air can be used to predict 
the amount of bacteria in the air (Hansen et al., 2005; Ham, 2002). Smoke tests were used to 
visualize the different airflows and to get more understanding of the given relative particle 
concentrations at different situations. The concepts of the instrument tables are comparable to the 
concepts of the blankets and were therefore only tested in the full-scale setup in the OT.  
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Figure 2.1.2: The two ventilation concepts represented in the model. The red arrows represent the contaminated airflow, 
the blue arrows represent the HEPA-filtered airflow.  

2.1.1 Measurement setup 
The model (Figure 2.1.3) was made by Interflow and was made of the materials multiplex, HPL (High 
Pressure Laminate), acrylate and CG-cloth. CG-cloth was used to create an equal distributed air 
supply over the supply openings. The multiplex inside the box was painted to prevent the release of 
particles by the multiplex. One side of the box was transparent in order to make the smoke tests 
visible. The air of the contaminated airflow reached the box via two supply ducts with a diameter of 
250 mm, after which the contaminated air was equally divided over the supply surface of 1 m2 in the 
box. The air of the HEPA-filtered airflow first passed an air heater and after that, the air also reached 
the box via two supply ducts of 250 mm diameter. In the box, the air passed the HEPA-filter, after 
which the air was spread out over the supply openings. The air temperature and air velocity were 
measured within the supply ducts, just before the air entered the box.  
 

 
Figure 2.1.3: Measurement setup of the experimental parameter study, with (A) the contaminated air supply and (B) the 
HEPA-filtered air supply.  

The measurements were performed in a room with the dimensions 4.8 x 4.8 x 2.8 meter during the 
period from 13th March 2014 until 16th June 2014. The open side of the box was placed nearby an 
opened door. The supplied air of both the contaminated and the HEPA-filtered air was taken from 
the adjacent room to preserve the contamination and temperature of the airflows as stable as 
possible.  
 

A 

B 
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The air velocities of both airflows were varied by a stepless controller. The temperature of the 
contaminated airflow was not controlled; the HEPA-filtered temperature was controlled by a sensor 
within the supply duct which was connected with the air heater. Two particle counters were used, 
each with a flow rate of 1 Liter per minute. One of the counters was placed via a tube in the box 
where the contaminated air reached the box; this counter measured the consistency of the 
contamination. The other particle counter was placed via a tube in the middle of the wound area (at 
a height of 120 mm) to measure the effectiveness of the HEPA-filtered airflow. As the centre of the 
wound area is the most critical place, this place was selected for insertion of the particle counter. An 
overview of the used equipment in the experimental parameter study can be found in Appendix D.  

2.1.2 Measurement protocol 
In Figure 2.1.4 an overview of the measurement protocol is given, in which the different variants per 
concept are visualized. In the last column the conducted performance indicators are given, both the 
particles in air and the robustness were measured using relative particle concentrations. Each 
concept was measured at varying air velocities for both the contaminated and the HEPA-filtered 
airflow. The contaminated air varied between 0.10 m/s and 0.90 m/s, with measurement steps of 
0.20 m/s. The maximum of 0.90 m/s was chosen because the maximum disturbance of the 
surrounding in an OT is normally originated from a walking person, who produces an air velocity of 
about 1.0 m/s (Tang et al., 2006). Due to limitations of the test setup, 0.90 m/s was the maximum 
reachable air velocity.  
 

 
Figure 2.1.4: Overview of the measurement protocol for the experimental parameter study, Vh = air velocity of the HEPA-
filtered air. 

Concept 1 
The HEPA-filtered air velocities for concept 1 were varied between 0.10 m/s and 0.40 m/s, with 
measurement steps of 0.10 m/s. The maximum of 0.40 m/s was chosen due to possible draught by 
using higher air velocities (De Haan (2005) defined complaints with a higher air velocity than 0.35 
m/s at head level of the surgeons). The measurements of C1.4 were carried out in two different 
ways: (1) isotherm (the temperature of HEPA-filtered air was similar to the temperature of the 
contaminated air) and (2) non-isotherm (the temperature of HEPA-filtered air temperature was 22 oC 
higher than the contaminated air). This temperature difference was based on the maximum used air 
temperature of active warming devices, which is 43 oC (Bair Hugger, 2013). The temperature of the 
contaminated air was not regulated and was about 21 oC. 
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Furthermore, concept 1 was extended by differing the number of air supply openings, using two 
variants: one with four HEPA-filtered supply openings (C1.4) and one with only two supply openings 
(C1.2) (see Figure 2.1.5). Variant C1.2 was only tested isothermally, because the measured relative 
particle concentrations were significantly (p=0.02) higher than the isothermal results of variant C1.4. 
Only the HEPA-filtered air velocity of 0.30 m/s yielded no significant differences (p=0.07), see 
Appendix C5. Therefore, the results of C1.2 can be found in Appendix B and the results of C1.4 are 
shown in the results (chapter 2.2).  
 

      
Figure 2.1.5: A top view of  the box, applying different numbers of air supply openings for concept 1: four supply 
openings (C1.4, left); two supply openings (C1.2, right). The red arrows represent the contaminated airflow. 

Concept 2 
The measurements of concept 2 differed on the following points compared to the measurements of 
concept 1. The highest air velocity of the HEPA-filtered air was 0.30 m/s because higher air velocities 
could cause draft (De Haan, 2005). The temperature difference for the non-isothermal 
measurements also differed from concept 1. The HEPA-filtered air was 5 oC colder than the 
contaminated air for concept 2, this temperature difference was based on the lowest desired air 
temperature of the users of the OT (based on interviews with technical staff performed by Loogman 
and De Visser (2014)). The colder air of the contaminated air was achieved by using outside air.  
 
Robustness 
The robustness of concept 1 and 2 was tested by adding a moving arm above the wound area (Figure 
2.1.6). The dimensions of the arm (L x H = 800 x 120 mm) were comparable to the dimensions of a 
surgeon’s arm and was constantly moving with a velocity of 0.40 m/s. The velocity of 0.40 m/s was 
assumed as being comparable to the velocity of the arm movements of a surgeon. The arm was 
moving horizontally over 90o above the wound area, where it transported contaminated air from the 
outside to the inside of the box. The robustness tests were only performed for the HEPA-filtered air 
velocities of concept 1 and 2 which revealed the lowest relative particle concentrations in the 
measurements as described before. Two series were measured during the robustness tests: (1) 
without sideways contaminated airflow (only contamination transport by the moving arm) and (2) 
with a sideways contaminated airflow of 0.10 m/s. 
 

   
Figure 2.1.6: Pictures of the arm which is moving from the outside to the inside of the box 

All measurements (particles in air and robustness) were repeated 30 times to reach reliability 
requirements (Boos et al., 2000). The 30 measurements were divided into two times 15 
measurements (measured on different days) to test the consistency of the measurement results. The 
particles were counted and logged every 30 seconds. The following particle sizes were measured: 
0.5-0.7 µm, 0.7-2.5 µm, 2.5-10 µm and >10 µm. These ranges were caused by the limitations of the 
particle counters. However, most pathogenic micro-organisms consist on particles between 4 and 20 
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µm (Noble et al. 1963). In addition, the particle size which is measured following the VCCN guideline 
is ≥0.5 µm (VCCN, 2014). Therefore, the limitations of the particle counter were not problematic.  

2.1.3 Validation study 
In the validation study, the equality of the air distribution over the supply surfaces and several 
particle concentration measurements were conducted. A summary of the validation study is 
discussed below, an overview of all results of the validation study can be found in Appendix A.  
 
Air distribution 
Air velocity measurements with a omni-directional sensor were performed to test the equality of the 
air distribution over the supply surfaces. The supply surface of the contaminated air was tested, and 
the supply surfaces of the HEPA-filtered air were tested for both concept 1 and 2.  
 
The air supply of the contaminated air was equally distributed; the deviations between the 
measurement points were within the accuracy of the sensor. Only the measurements before the 
HPL-frame (where the CG-cloth was interrupted by the HPL-frame) showed a reduced air velocity of 
about 50% (see Figure 2.1.7). Measurements which were 50 mm alongside the cross no longer 
showed a reduced air velocity. The measurements were performed with an air velocity of 0.30 and 
0.50 m/s.  
 

 
Figure 2.1.7: HPL-frame of the contaminated air supply and of the HEPA-filtered air supply of concept 2. 

The air velocity measurements for the HEPA-filtered air were performed with 0.10 and 0.30 m/s. The 
air distribution of the HEPA-filtered air for concept 1 was measured separately for each supply 
surface. Not all the fluctuations between the different measurement positions were within the 
accuracy of the sensor. However, the fluctuation was expected to be caused by the manual 
repositioning of the sensor. For concept 2, all the deviations between the measurement points were 
within the accuracy of the sensor, except the measurement points above the HPL-frame (see Figure 
2.1.7). These points showed a reduced air velocity of about 30% compared to the other points.  
 
HEPA-filter 
The efficiency of the HEPA-filter was tested several times during the experimental parameter study. 
Before the tests, several times during the tests and at the end of the test, the functioning of the 
HEPA-filter was tested by particle measurements: 30 measurements were performed just above the 
CG-cloth of the HEPA-filtered air supply. During each of these measurements, the amount of particles 
measured was zero for all particle sizes which confirmed a proper functioning of the HEPA-filter.  
 
 

HPL-frame contaminated air 
 
 
 
 
 
 
 
 
HPL-frame HEPA-filtered air 
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Filter function CG-cloth 
Particle measurements were performed in front of and behind the CG-cloth of the contaminated 
airflow to control the filter function of the CG-cloth (see Figure 2.1.8, left). The particle sizes 0.5-0.7 
µm, 0.7-2.5 µm and 2.5-10 µm yielded no significant differences in front of and behind the CG-cloth. 
However, the particle size >10 µm showed a significant difference (p=0.02): in front of the CG-cloth 
more particles were measured than behind it, which showed the filter function of the CG-cloth. 
Therefore, it was decided to determine the relative particle concentration of the contaminated 
airflow behind the CG-cloth (at the wound area). In addition, particle measurements of the 
contaminated airflow were performed behind the CG-cloth and compared to measurements in the 
wound area (see Figure 2.1.8, left). No significant differences (p>0.36) were found between these 
two positions, which showed that the contaminated airflow reached the wound area.   
 

                 
Figure 2.1.8: Representation of the measurement positions with respect to the filter function of the CG-cloth (left) and 
the selected positions of the height measurements in the wound area (right) 

Height measurements 
In order to test the influence of the height in the wound area with reference to the relative particle 
concentration, the particle counter was positioned at different heights: 120 mm (high), 85 mm 
(middle) and 50 mm (low) above the wound surface (Figure 2.1.8, right). Measurements for different 
air velocities of the HEPA-filtered and contaminated air were performed. The results showed the low 
position of the particle counter for concept 1 revealed a significant (p=0.04) lower relative particle 
concentration compared to the high position (isotherm and non-isotherm). The middle position 
yielded no significant differences compared to the high and low position (p>0.05). For concept 2 the 
differences between the heights were not significant (p>0.09). The high position was chosen as 
measurement position for the relative particle concentration in the whole experimental parameter 
study, so the worst position for concept 1 was measured.  

2.1.4 Data analysis 
Relative particle concentration 
The particle counter at the wound area was used to calculate the relative particle concentrations. 
One series of 15 measurements was performed as follows: First, the contaminated airflow was 
turned on and the HEPA-filtered airflow was off (A); secondly, the contaminated and HEPA-filtered 
airflow were turned on (B) and finally, only the contaminated airflow was turned on again (C). Each 
of these parts (A, B and C) took 10 minutes, which means 20 measurements of 30 seconds. These 20 
measurements were reduced to 15 measurements by deleting the first two minutes of each session 
as transition period. The relative particle concentration of one series of 15 measurements was 
calculated by the following formula: 
 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑀𝑒𝑑𝑖𝑎𝑛 
𝐶𝐵

𝑀𝑒𝑑𝑖𝑎𝑛(𝐶𝐴 𝑎𝑛𝑑 𝐶𝐶) ∗ 100% 

 
𝐶𝐴  =  𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑠 𝑤𝑖𝑡ℎ 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑎𝑖𝑟𝑓𝑙𝑜𝑤 𝑜𝑛, 𝑏𝑒𝑓𝑜𝑟𝑒 𝐻𝐸𝑃𝐴 − 𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝑎𝑖𝑟𝑓𝑙𝑜𝑤 𝑤𝑎𝑠 𝑜𝑛 
𝐶𝐵  =  𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑠 𝑤𝑖𝑡ℎ 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑎𝑖𝑟𝑓𝑙𝑜𝑤 𝑜𝑛 𝑎𝑛𝑑 𝐻𝐸𝑃𝐴 − 𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝑎𝑖𝑟𝑓𝑙𝑜𝑤 𝑜𝑛  
𝐶𝑐  =  𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑠 𝑤𝑖𝑡ℎ 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑎𝑖𝑟𝑓𝑙𝑜𝑤 𝑜𝑛,𝑎𝑓𝑡𝑒𝑟 𝐻𝐸𝑃𝐴 − 𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝑎𝑖𝑟𝑓𝑙𝑜𝑤 𝑤𝑎𝑠 𝑜𝑛 
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In this formula the median was used because not all relative particle concentrations were normally 
distributed (Appendix C1). Two series of 15 measurements were performed for each variant. 
 
Reproducibility 
The two series of 15 measurements were performed on different days to test the reproducibility of 
the parameter study. The 15 relative particle concentrations of the first series were compared to the 
15 relative particle concentrations of the second series by using the Wilcoxon matched-pairs test 
(two-tailed). The Wilcoxon matched-pairs test was used, because not all the data was normally 
distributed (tested by using the Kolmogorov-Smirnoff Lilliefors test, see Appendix C1). The two-tailed 
test was used, because the two sessions could differentiate in two directions. The formulated null 
hypothesis stated that the difference between the medians of the two pairs was zero; a significance 
level of 5% was used. 
 
The results of the Wilcoxon matched-pairs tests can be found in Appendix C2. The Wilcoxon 
matched-pairs tests for concept 1 revealed mostly a significant difference between series 1 and 2. 
This meant a low reproducibility for concept 1. For concept 2, no significant difference was found 
between most measurements of series 1 and 2, which meant a high reproducibility.  
 
Particle sizes 
The particle sizes 0.5-0.7 µm, 0.7-2.5 µm, 2.5-10 µm and >10 µm were measured for each series. The 
results of the particle size 0.5-0.7 µm were compared to the other particle sizes using the paired t-
test (two-tailed). The two-tailed test was used, because the particle sizes could differentiate in two 
directions. The paired t-test was used because the measurement size of 30 was sufficient to use this 
test (De Vocht, 2009). The formulated null hypothesis stated that the difference between the means 
of the two pairs was zero; a significance level of 5% was used. 
 
The results of the paired t-tests for the different particle sizes can be found in Appendix C3. No 
significant differences were found between the particle size 0.5-0.7 µm and the other particle sizes 
for both concept 1 (p>0.10) and concept 2 (p>0.24). Only the particle size >10 µm showed a 
significant difference (p=0.02) for a HEPA-filtered air velocity of 0.10 m/s for concept 1. Moreover, 
the trend of the results were similar for all particle sizes for both concepts. Therefore, only the 
results of particle sizes 0.5-0.7 µm are shown in chapter 2.2; the results of the other particle sizes are 
shown in Appendix B.  
 
Air velocity and temperature HEPA-filtered air 
The performance of different HEPA-filtered air velocities and different supply temperatures were 
compared by using the paired t-test (one-tailed). The one-tailed test was used, because the 
differences in one direction were tested. The paired t-test was used because the measurement size 
of 30 was sufficient to use this test (De Vocht, 2009). The formulated null hypothesis stated that the 
difference between the means of the two pairs was zero; a significance level of 5% was used. The 
results of the comparisons between different air velocities and air temperatures are discussed in 
chapter 2.2 and can be found in Appendix C4.   
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2.2 Results 
 
In this chapter the results of the experimental parameter study are shown. Only the results of 
particle size 0.5-0.7 µm are shown; the results of the other particle sizes can be found in Appendix B. 
For concept 1, only the results of C1.4 (4 supply openings) are shown; the results of C1.2 (2 supply 
openings) also can be found in Appendix B.  

2.2.1 Concept 1  
Isotherm 
The performance of concept 1 (C1.4, isotherm) on the relative particle concentrations in the wound 
area is shown in Table 2.2.1 and Figure 2.2.1. The used HEPA-filtered air velocities (Vh) and 
contaminated air velocities (Vc) are shown Table 2.2.1. The lowest relative particle concentrations 
were yielded with Vh=0.40 m/s for all contaminated airflow velocities. The relative particle 
concentrations of the different Vhs revealed significant differences (p<0.04), which means a higher Vh 
results in a lower relative particle concentration.  
 
Table 2.2.1: Concept 1 (C1.4, isotherm), median (range) [%] of the relative particle concentration (0.5-0.7 µm) measured 
in the wound area. The average amount of particles (0.5-0.7 µm) in the contaminated air was 2548 particles per Liter 
during the measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air 
[m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 12% (0-94) 43% (15-84) 66% (57-74) 69% (63-78) 77% (67-86) 
0.20 1% (0-3) 12% (1-24) 30% (21-43) 49% (36-59) 63% (56-72) 
0.30 1% (0-3) 2% (0-11) 12% (7-15) 17% (10-23) 35% (29-44) 
0.40 0% (0-4) 0% (0-3) 1% (0-3) 7% (4-12) 11% (9-14) 
 
 

 
Figure 2.2.1: Concept 1 (C1.4, isotherm), median of the relative particle concentration [%] (0.5-0.7 µm) at wound area. 
The average amount of particles (0.5-0.7 µm) in the contaminated air was 2548 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s].  
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The smoke tests also visualized the difference in performance at higher HEPA-filtered air velocities. 
With a HEPA-filtered air velocity of 0.40 m/s (Figure 2.2.2, right) the smoke (contaminated airflow) 
traveled at higher height levels above the wound area than with a HEPA-filtered air velocity of 0.20 
m/s (Figure 2.2.2, left). The air velocity of the contaminated airflow was in both situations 0.30 m/s.  
 

  
Figure 2.2.2: Concept 1 (C1.4, isotherm), smoke tests performed with a contaminated air velocity of 0.30 m/s and a 
HEPA-filtered air velocity of 0.20 m/s (left) and 0.40 m/s (right).  

Non-isotherm 
The relative particle concentrations in the wound area regarding concept 1 (C1.4) were also tested 
non-isothermally, in which the HEPA-filtered air was 22 oC warmer than the contaminated air. The 
results of the measurements are shown in Table 2.2.2 and Figure 2.2.3. Similar to the isothermal 
measurements, the relative particle concentrations at different air velocities of the HEPA-filtered air 
yielded significant differences (p<0.02). Hence, a higher Vh results in a lower relative particle 
concentration. However, the isothermal measurements demonstrated a stronger reduction, as the 
non-isothermal situation revealed significant higher relative particle concentrations (p<0.04).  
 
Table 2.2.2: Concept 1 (C1.4, non-isotherm), median (range) [%] of the relative particle concentration (0.5-0.7 µm) 
measured in the wound area. The average amount of particles (0.5-0.7 µm) in the contaminated air was 6920 particles 
per Liter during the measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-
filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 86% (73-100) 97% (88-100) 89% (75-100) 78% (69-93) 81% (73-95) 
0.20 58% (29-73) 91% (83-100) 80% (70-90) 73% (61-87) 75% (70-88) 
0.30 17% (1-44) 60% (43-72) 61% (48-72) 59% (44-74) 55% (49-68) 
0.40 0% (0-4) 6% (3-9) 30% (22-38) 31% (27-45) 47% (39-58) 
 
 



 

13 
 

 
Figure 2.2.3: Concept 1 (C1.4, non-isotherm), median of the relative particle concentration [%] (0.5-0.7 µm) at wound 
area. The average amount of particles (0.5-0.7 µm) in the contaminated air was 6920 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s].  

The smoke tests also visualized the difference in performance between the isothermal and non-
isothermal situation. In the isothermal situation (Figure 2.2.4, left) the smoke traveled at higher 
height levels above the wound area than in the non-isothermal situation (Figure 2.2.4, right). 
Therefore, there occurred less mixing of contaminated air with the HEPA-filtered air above the 
wound area for the isothermal situation. The contaminated air velocity was 0.10 m/s and the HEPA-
filtered air velocity was 0.30 m/s in both situations. 
 

  
Figure 2.2.4: Concept 1 (C1.4), smoke tests performed for an isothermal (left) and non-isothermal (right) situation, in 
which the contaminated air velocity was 0.10 m/s and the HEPA-filtered air velocity was 0.30 m/s. 

Robustness 
Robustness tests were performed for both the isothermal and the non-isothermal situation by 
positioning a moving arm above the wound area. The relative particle concentration was 1% for both 
situations without contaminated airflow and 0% with a contaminated airflow of 0.10 m/s. The 
relative particle concentrations with the moving arm revealed no significant differences (p>0.05) 
compared to the measurements without the moving arm. An overview of the robustness 
measurements can be found in Appendix B.  
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2.2.2 Concept 2  
Isotherm 
The relative particle concentrations for concept 2 were tested at the air velocities shown in Table 
2.2.3. The tests were performed isothermally and the results of these measurements are shown in 
Table 2.2.3 and Figure 2.2.5. The different Vhs showed hardly any differences, only the 
measurements with Vc=0.90 m/s revealed some differences. Comparing the different Vhs confirmed 
this statement, as the relative particle concentrations at different HEPA-filtered air velocities yielded 
no significant differences (p>0.17).  
 
Table 2.2.3: Concept 2 (isotherm), median (range) [%] of the relative particle concentration (0.5-0.7 µm) measured in the 
wound area. The average amount of particles (0.5-0.7 µm) in the contaminated air was 1352 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 0% (0-2) 0% (0-2) 0% (0-4) 1% (0-6) 17% (8-21) 
0.20 0% (0-2) 0% (0-1) 0% (0-3) 0% (0-4) 1% (0-4) 
0.30 0% (0-3) 0% (0-5) 0% (0-1) 0% (0-3) 1% (0-2) 
 
 

 
Figure 2.2.5: Concept 2 (isotherm), median of the relative particle concentration [%] (0.5-0.7 µm) at wound area. The 
average amount of particles (0.5-0.7 µm) in the contaminated air was 1352 particles per Liter during the measurements 
(n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s].  

Although no significant difference has been observed during the particle measurements, the higher 
HEPA-filtered air velocities showed a difference during the smoke tests. With a HEPA-filtered air 
velocity of 0.30 m/s (Figure 2.2.6, right) the smoke traveled at higher height levels above the wound 
area than with a HEPA-filtered air velocity of 0.20 m/s (Figure 2.2.6, left). The air velocity of the 
contaminated airflow was in both situations 0.10 m/s.  
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Figure 2.2.6: Concept 2 (isotherm), smoke tests performed with a contaminated air velocity of 0.10 m/s and a HEPA-
filtered air velocity of 0.20 m/s (left) and 0.30 m/s (right). 

Non-isotherm 
The relative particle concentrations in the wound area for concept 2 were also tested non-
isothermally, in which the HEPA-filtered air was 5 oC colder than the contaminated air. The relative 
particle concentrations of the different HEPA-filtered air velocities yielded no significant differences 
(p>0.23), similar to the isothermal measurements. The non-isothermal situation revealed no 
significant differences (p>0.09) compared to the isothermal situation, which means that a 5 oC colder 
HEPA-filter air yielded no differences in particle reduction compared to the isothermal 
measurements. Therefore, the results of the non-isothermal situation of concept 2 can be found in 
Appendix B.  
 
Robustness 
The robustness tests with the moving arm above the wound area were performed for the isothermal 
situation only. The relative particle concentration was 11% in the situation without contaminated 
airflow and 6% in the situation with a contaminated airflow of 0.10 m/s. The robustness 
measurements revealed significantly higher relative particle concentrations compared to the 
situation without the moving arm above the wound area (p=0.00). An overview of the robustness 
measurements can be found in Appendix B.  
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2.3 Discussion and conclusion 
 
In this chapter, the method and the results of the experimental parameter are discussed. The results 
of the numerical parameter study, performed by Jelle Loogman, are also given. Finally, a conclusion is 
given.  

2.3.1 Study limitations 
A simplified model with a sideways contamination was used for the parameter study. In a real 
situation, the contamination comes from any direction or even from more directions at the same 
time instead of the chosen unidirectional contamination from one side. The contaminated airflow 
could also have a turbulent character instead of unidirectional. However, the sideways unidirectional 
contamination was an extreme situation, which has given a first indication of the performance of the 
system.  
 
The actual layout of the ventilating blanket (the HEPA-filtered air supply) was also simplified in the 
model. The angles between the wound area, the side faces and the topside of the blanket were all 
90o, while these angles are variable in a real situation. In addition, the model was symmetrically 
designed to minimize the number of measurements, while the actual situation is not symmetrical. 
The layout of the HEPA-filtered air supply (the wound area) was based on a square due to the usual 
design of active warming devices (Bair Hugger, 2013). Other shapes like a circle or ellipse could have 
been possible as well, however, the square has been assumed as most acceptable and most potential 
layout for the wound area of the ventilating blanket. Furthermore, the influence of the gap size was 
not explored, although the performance could possibly be improved with a smaller gap.   
 
The most important performance indicators to analyze the air quality in the wound area are particles 
in the air and CFU measurements in the air and on the surface (Loogman and De Visser, 2014). In the 
parameter study, only particle measurements were performed because CFU measurements were 
very time consuming. Furthermore, the amount of bacteria in the air can be predicted by using the 
particle concentrations (Hansen et al., 2005; Ham, 2002). In the experimental tests, less particles 
with a particle size >10 µm have been measured due to the used ambient air as contamination. 
Therefore, the results of the particle size >10 µm are not valid.  
 
For all particle sizes, the particle concentrations of the contaminated airflow are not normally 
distributed, which means the contamination flow has not always behaved as a regular flow during 
the measurements. Therefore, not all relative particle concentrations have been normally distributed 
and also the reproducibility was influenced by this effect. The used amount of HEPA-filtered air also 
influenced the reproducibility; the reproducibility was higher for concept 2 than for concept 1, 
probably because more HEPA-filtered air was used for concept 2 (about 7 times more air at the same 
air velocity). A higher measurement sample than 30 would probably have improved the 
reproducibility of concept 1. However, investigating the performance of more variants was perceived 
as more valuable than a higher accuracy of less variants.  

2.3.2 Concept 1 
The measurements of concept 1 were performed with either two supply surfaces (C1.2) or four 
supply surfaces (C1.4). At isothermal conditions, C1.2 revealed significantly higher relative particle 
concentrations compared to C1.4 and have not been further subject of research, consequently. 
Therefore, only C1.4 is discussed in this chapter.   
 
The smoke tests of concept 1 (C1.4) revealed better performance at higher HEPA-filtered air 
velocities: the contaminated air traveled at higher height levels above the wound area at higher 
HEPA-filtered air velocities. Another airflow principle which has been shown in the smoke test 
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concerned the induced airflow: the adjacent air (contaminated airflow) was induced by the HEPA-
filtered airflow, which polluted the wound area. Especially if the contaminated air velocity was lower 
than the HEPA-filtered air velocity this phenomenon became visible (Figure 2.3.1, left). It is expected 
that the effect of the induced airflow is reduced when the angle is more than 90o. Furthermore, a 
backflow occurred for concept 1 (Figure 2.3.1, right) which transported contaminants (ambient air) 
into the model. This backflow could have influenced the relative particle concentrations of concept 1 
negatively.  
 

  
Figure 2.3.1: The induced airflow shown for concept 1 (C1.4, isotherm), with a HEPA-filtered air velocity of 0.30 m/s and a 
contaminated air velocity of 0.10 m/s (left) and the occurred backflow for concept 1 (C1.4, isotherm), with a HEPA-
filtered air velocity of 0.40 m/s and a contaminated air velocity of 0.10 m/s (right).  

The non-isothermal measurement series of concept 1 (C1.4) yielded significant higher relative 
particle concentrations compared to the isothermal series. The temperature difference of 22 oC 
between the contaminated and HEPA-filtered air was chosen due to the highest possible supply 
temperatures of active warming devices (Bair Hugger, 2013). Less extreme temperature differences 
would probably have given less higher relative particle concentrations.  
 
The robustness tests showed positive results for concept 1: the relative particle concentration was 
only 1% in the wound area. The robustness was tested with only one movement, however, this 
extreme arm movement yields initially promising outcomes for concept 1. Also the height 
measurements revealed positive results with reference to surgical operations, as the lower the 
particle counter in the wound area, the lower the relative particle concentration. Obviously, the most 
important part in the wound area is the wound surface, at which the lowest relative particle 
concentrations were measured. However, also above the wound area a certain air quality should be 
reached to prevent the contamination of the instruments which are used at that moment.  

2.3.3 Concept 2 
The different air velocities of the HEPA-filtered air revealed no significant differences in relative 
particle concentrations for concept 2, although the smoke tests showed that the contaminated air 
traveled at higher height levels at higher HEPA-filtered air velocities. In contrary with concept 1, the 
non-isothermal measurements yielded no significant differences, probably caused by the less 
extreme temperature difference: the HEPA-filtered air was only 5 oC colder. The robustness tests 
showed the disturbance of a moving arm above the wound area for concept 2: the relative particle 
concentration was 11% with the moving arm instead of 0% without the moving arm.  

2.3.4 Numerical parameter study 
With regard to the numerical parameter study (Loogman, 2014), the influence of the parameters air 
velocity and supply temperature also were investigated. In general, the same trends have been 
observed as in the experimental parameter study. The air velocities of the HEPA-filtered air and the 
contaminated air had no influence on the performance of concept 1 (C1.4, isotherm): the relative 
particle concentration was 0.0% on the wound surface at all different velocities. For concept 2 
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(isotherm), the relative particle concentration varied between 1.0 and 3.0% for HEPA-filtered air 
velocities between 0.10 and 0.30 m/s (contaminated air velocity of 0.30 m/s); the relative particle 
concentration varied between 1.0 and 26.5% for contaminated air velocities between 0.10 and 0.90 
m/s respectively (HEPA-filtered air velocity of 0.10 m/s). The differences with the results of the 
experimental parameter study are probably caused by the position of the particle counter. Where in 
the numerical study the particles have been counted at the wound surface, the particles in the 
experimental study have been counted 120 mm above the wound surface. Similar to the 
experimental results, the numerical study showed higher relative particle concentrations for concept 
1 at higher height levels in the wound area. 
 
The influence of the supply temperature was investigated for 16 and 22 oC warmer HEPA-filtered air 
for concept 1, which resulted in relative particle concentrations of 0.8 and 4.5% respectively. For 
concept 2, 5 oC cooler and warmer HEPA-filtered airflows were investigated in the numerical study, 
which resulted in relative particle concentrations of 2.0 and 36.0% respectively. Although the 
absolute values differed from the experimental study, the observed trends are similar.  
 
Besides the influence of the air velocity and supply temperature, the influence of a larger gap size 
and the heat flux of the wound surface were explored in the numerical parameter study. A gap width 
of 0.60 meter instead of 0.40 meter neither yielded differences in relative particle concentrations for 
both concepts, nor did an introduced heat flux of the wound surface of 45.5 W/m2.  

2.3.5 Conclusion 
Regarding the experimental parameter study, higher air velocities of the HEPA-filtered air revealed 
significant lower relative particle concentrations for concept 1 (p<0.04) and no differences for 
concept 2 (p>0.17). The relative particle concentrations of concept 1 (C1.4, isotherm) with a HEPA-
filtered air velocity of 0.40 m/s varied between 0 and 11% (contaminated air velocity varied between 
0.10 and 0.90 m/s respectively) and for concept 2 this varied between 0 to 1% at a HEPA-filtered air 
velocity of 0.30 m/s. The difference between those two configurations was not significant (p>0.08). 
The non-isothermal measurements yielded significant higher relative particle concentrations for 
concept 1 (p<0.04) and no differences for concept 2 (p>0.09). Regarding concept 1, two air supply 
openings (C1.2) showed significant higher relative particle concentrations than four air supply 
openings (C1.4). Figure 2.3.2 shows an overview of the results. Further research contains the 
exploration of the local ventilation system (concept 1 and 2) in a full-scale study (chapter 3).   

 
Figure 2.3.2: Overview of the experimental parameter study. Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 
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3. Full-scale study 
 
In this chapter the method, results and discussion of the full-scale measurements in the test OT are 
described. The full-scale measurements were conducted by using both concept 1 and concept 2. 
With regard to concept 1 the performance of the blanket and the instrument table were examined. 
Concept 2 was tested by Loogman (2014), these results will be compared to concept 1 in the 
discussion part. 

3.1 Method 
In the experimental parameter study the principles of the alternative ventilation concepts were 
tested, at which the influences of air velocity, air openings and supply temperature were analyzed. 
However, these tests were conducted in an idealized measurement setup and the performance in a 
full-scale setup is therefore still uncertain. The VCCN RL7 guideline (2014), which is used by the Dutch 
Health Care Inspectorate (IGZ) as a measurement standard (WIP, 2014), requires extensive research 
in an OT. Therefore, to analyze the ventilation system in a realistic operation environment, both local 
ventilation concepts were explored in the test OT of Interflow in Wieringerwerf (The Netherlands). 
 
Prototypes 
The full-scale measurements were performed by using prototypes of the ventilating blanket and the 
ventilating instrument table. The ventilating table was produced by Interflow and was made of 
multiplex, HPL (Hard Pressure Laminate) and perforated steel plates. The perforation rate of the steel 
plates was 23%, with a gap diameter of 2 mm (manufactured by Interalu BV). These perforation 
properties were chosen due to practical experience with several perforated plates in the 
measurement box of the experimental parameter study. The dimensions of the instrument table 
(600 x 800 mm) were selected in accordance with the dimensions of the available HEPA-filter, which 
was integrated into the instrument table. These dimensions were conform the usual dimensions of 
instrument tables. The prototype of the ventilating blanket was made by the author; the blanket was 
made of an air mattress (1900 x 700 x 80 mm) and permeable cloth. The permeability of the cloth 
was 325 m3/m2/h at 120 Pa (Clean room material, BLT BV), this permeability was applied according to 
experiments with a flow finder. In the air mattress a gap of 600 x 400 x 70 mm (L x W x H) was made, 
which was similar to the operating dimensions of common active warming blankets (type 570 of Bair 
Hugger, 2013). The permeable cloth was glued on the airbed around the wound area.  
 
Performance indicators 
The performance of the alternative ventilation system in the OT was tested by measuring the 
particles in the air to analyze the air quality. The particle concentration can be used to predict the 
number of bacteria in the air: the possibility that a particle carries a bacteria is 1:200 in a hospital 
environment (Hansen et al., 2005; Ham, 2002). The VCCN RL7 (2014) prescribed the particle 
concentration as performance indicator, which was therefore incorporated in the full-scale setup. 
Smoke tests were used to visualize the airflows. The comfort of the alternative system was analyzed 
by measuring the air velocity and air temperature at the head of the surgeon. The energy 
consumption of the system was calculated by means airflow measurements.  

3.1.1 Measurement setup 
The measurements were carried out in the test OT of Interflow, located in Wieringerwerf (The 
Netherlands) from 25th August 2014 until 19th September 2014. The dimensions of this room were 
6.0 x 6.9 x 2.8 meter. The OT was furnished similar to an OT from daily practice: operating table, 
operating lamps, anesthetic and chirurgic workstation and displays were present. The operating 
lamps were turned on and positioned as prescribed in the VCCN RL7 (2014), the displays and general 
lighting were also turned on. During the measurements, no people were allowed in the OT. The 
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vertical UDF system in the OT was turned off during the measurements to prevent disturbance of the 
local ventilation system. The OT was not cleaned before the measurements.  
 
In the adjacent room two fans were placed, which provide the air supply for both the blanket and the 
instrument table. The air of the blanket was run through an air heater and subsequently filtered by a 
HEPA-filter. To ensure a uniform air distribution over the supply surfaces, two isolated ducts (each 
with a diameter of 160 mm) were attached at the bottom of the blanket. Via these ducts the air was 
directed towards the blanket. The temperature of the air was monitored by a temperature sensor 
within the ducts. The room temperature of the OT was determined as well. With regard to the 
instrument table the same principle was used, however, the two ducts were non-isolated since it was 
not needed to regulate the temperature. The HEPA-filter was incorporated into the instrument table 
itself. The four ducts were installed in such a way, that they entered the OT via a panel between the 
OT and the adjacent room (Figure 3.1.1, left).    
 

             
Figure 3.1.1: Photograph of the supply ducts, which entered the OT via a panel between the OT and the adjacent room 
(left). The full-scale measurement setup in the OT (right).  

The blanket was positioned on a self-made dummy on the operating table (Figure 3.1.1, right). The 
blanket was attached on the dummy with tape to prevent any movement of the blanket as well as 
any air supply from below the blanket in the wound area. Based on the supply temperature which is 
normally used in active warming devices (Bair Hugger, 2013), the air temperature of the blanket was 
controlled at 37oC. The room temperature was approximately 26oC during the measurements owing 
to the absence of room ventilation during the measurements (the desired room temperature was 
21oC). The supplied air velocity of both the blanket and the instrument table was set to 0.40 m/s, 
which was based on the results of the parameter study.  
 
The operating table was centrally positioned, in the middle of the original clean area of the OT. The 
instrument table was positioned at the long side of the operating bed with 0.5 meter space in 
between the bed and the table. This space is normally occupied by a surgeon. Since the particle 
measurements were performed at 1.2 meter height level (VCCN RL7, 2014), the top sides of both the 
blanket and the instrument table were positioned at the same height. 
 
The particles were produced by a particle source, which regularly dispersed approximately 
15,000,000 particles with a particle size of 0.5um per m3 in the periphery (a minimum of 1,000,000 is 
required according to the VCCN RL7 (2014)). The particle concentration was measured at four 
different places by four individual particle counters. Three particle counters had a flow rate of 2.83 
Liters per minute and the other particle counter had a flow rate of 28.3 Liters per minute. The latter 
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was used to measure the particle concentration at the surgeons position. The four particle counters 
measured one minute long and were logged at the same time. An overview of the used equipment in 
the full-scale study can be found in Appendix H.  

3.1.2 Measurement protocol 
Figure 3.1.2 shows an overview is given of the conducted measurements in the experimental full-
scale study. In the last column the analyzed performance indicators are represented. The 
performance indicator ‘particles in air’ was assessed by measuring the protection class, ISO-class and 
recovery time (for the blanket only). The robustness also was investigated by protection class 
measurements. The comfort was assessed by measuring the air temperature and air velocity; the 
energy use was calculated by using airflow measurements.  

 
Figure 3.1.2: Overview of the measurement protocol of the experimental full-scale study, Vh = the air velocity of the 
HEPA-filtered air.  

The measurement protocol for the particle measurements was derived of the VCCN RL7 guideline. 
The conventional measurement setup of this guideline is based on one large clean area around the 
instrument table, wound area and operating team, as depicted in Figure 3.1.3 (left). However, the 
local ventilation concept creates two smaller clean areas around the wound area and the instrument 
table. Therefore, the VCCN guideline was modified for two smaller clean areas with respect to the 
protection class and ISO class measurements. Figure 3.1.3 (right) shows the modification of the 
measurement setup for the ventilating blanket. The measurement setup for the instrument table was 
similar to the blanket, in which the measurement points were moved to the clean area of the table. 
As prescribed in the VCCN RL7 (2014), the particle measurements were performed with a particle size 
≥0.5 µm. Moreover, the measurements in the experimental parameter study revealed no differences 
with larger particle sizes.   
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Figure 3.1.3: Measurement setup according to the VCCN RL7 (2014) based on one large clean area (left) and the 
modification of the VCCN RL7 for the ventilating blanket (right). The blue squares visualize the clean areas, the emission 
positions are green. The red Cp, Cc, Cm and Cs mean the particle concentration in the periphery, corner, middle and 
surgeon respectively.  

Protection class – original setup 
The protection class measurements of the instrument table and blanket were performed separately. 
To measure the protection class of the clean area, each corner was individually measured (see Figure 
3.1.3, right). A reference measurement point was positioned at 1.5 meter from the particle source 
(Cperiphery), the other particle counters were placed at the corner (Ccorner) and in the middle (Cmiddle) of 
the clean area. The fourth particle counter was positioned between the instrument table and the 
blanket (Csurgeon), this position was not prescribed in the VCCN RL7 (2014) but was added to 
investigate the air quality at the surgeons positions. Figure 3.1.4 visualizes an intersection of a 
protection class measurement of one corner for the instrument table.  
 

 
Figure 3.1.4: Measurement setup for one protection class measurement of the instrument table 

The vertical UDF system was turned off during the protection class measurements. Only in between 
the measurements (during repositioning the equipment) the vertical UDF system was turned on for 
10 minutes. Therefore, the start situation for all measurement series was the same (0 particles/m3 
measured in the clean area).  
 
Although the VCCN RL7 prescribed 10 measurements per position, the protection class 
measurements were repeated 30 times per position to reach higher reliability (Boos et al., 2000). In 
order to test the consistency of the measurement results, they were divided into two times 15 
measurements, which were carried out on different days. The particles were counted and logged 
every minute. Due to time limitations, the other protection class measurements (perpendicular, 
room ventilation, robustness and isotherm) were performed 15 times.  
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Protection class – perpendicular  
In order to investigate the differences between the long and the short side of the clean area, the 
protection class was measured perpendicular to the clean area (Figure 3.1.5). The measurements 
were similar to those of the original measurement setup, although the measurement positions were 
moved to the middle of the sides instead of the corners of the clean area sides.  
 

  
Figure 3.1.5: Measurement setup perpendicular to the clean area (left): The blue squares visualize the clean areas, the 
emission positions are green. The red Cp, Cc, Cm and Cs mean the particle concentration in the periphery, corner, middle 
and surgeon respectively. A picture of the perpendicular measurements of the blanket is shown right (position 3).  

Protection class – room ventilation  
The influence of an additional room ventilation on the performance of the local ventilation system 
was also tested by protection class measurements. During these tests, the UDF system was turned on 
with an ACH (Air Change per Hour) of 6, which means the air volume of the OT is refreshed six times 
per hour, since this number is the minimal required ACH in a treatment room (WIP, 2005). The supply 
velocity of the UDF system was about 0.03 m/s. The ACH of the blanket and the table was 5, which 
yielded a total ACH 11 during these tests.  
 
Protection class – robustness  
The robustness of the ventilating blanket was tested with the same moving arm used in the 
experimental parameter study (80 x 12 cm). The arm was moved horizontally within 90o with a 
velocity of 0.40 m/s above the wound area (Figure 3.1.6), which was assumed to represent the 
possible arm movement of a surgeon. During these arm movements, protection class measurements 
were performed at two corners of the ventilating blanket.  
 

   
Figure 3.1.6: The moving arm above the wound area of the ventilating blanket. 
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Protection class – isotherm  
The protection class measurements were also conducted isothermally at two measurement positions 
of the blanket to analyze the influence of the supply temperature. The measurements of the 
instrument table only were performed isothermally.  
 
ISO class 
The ISO class measurements were carried out according the NEN-EN-ISO 14644-1, as prescribed in 
the VCCN RL7 (2014). The ISO class was explored for the clean area and the periphery. The 
measurement positions were similar to the positions of the protection class measurements. The 
particle counters measured without additional particle emission in the room. The particle 
concentrations regarding the ISO classification were measured at a maximum of 20 minutes, after 
the moment all people had left the room. The ISO-class measurements were performed at positions 
2 and 3 regarding the ventilating blanket and at position 3 regarding the ventilating instrument table.  
 
Recovery time 
According to the VCCN RL 7 (2014), particles with a particle size of 0.5 µm were released during 1 
minute about 100 mm below the largest operating lamp. Next, the particles were measured 
continuously at position Cmiddle for a period of about 5 minutes. The time needed to reduce the 
particle concentration in the middle of the wound area by a factor 100 is called the recovery time 
(VCCN RL7, 2014).  
 
However, determination of the recovery time as defined by the VCCN RL 7 was impossible in case of 
the ventilating blanket due to the local air supply around the wound area. Since the particle 
concentration has not been high enough to create such reductions just beneath the lamp (Figure 
3.1.7, left), the particle emission was replaced closer to the wound area (150mm above the wound 
area) as can be seen in Figure 3.1.7 (right). The recovery time measurements were executed 5 times.  
 

             
Figure 3.1.7: Particle emission 100 mm beneath the lamp (left) and 150 mm above the wound area (right) 

Comfort 
The comfort of the local ventilation system was analyzed for a surgeon who stands between the 
instrument table and the blanket. An air velocity sensor and air temperature sensor were positioned 
at 1.80 meter height in the middle between the table and the bed. Air velocity- and air temperature 
measurements were carried out for one hour with operating ventilation systems (blanket and 
instrument table), where the velocity and temperature were logged every second.  

Particle 
emission 

Particle 
emission 
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3.1.3 Validation study 
In the validation study, the uniformity of the air distribution over the supply surfaces of the 
prototypes and several particle concentration measurements were analyzed. The results are shortly 
discussed in this paragraph, all the other results of the validation study can be found in Appendix E.  
 
Air distribution 
For both the instrument table and the blanket, air velocity measurements with an omni-directional 
sensor were carried out to test the uniformity of the air distribution over the supply surfaces. These 
tests were executed with an air velocity of 0.40 m/s and 0.20 m/s for the table and the blanket 
respectively. The air supply of the instrument table was equally distributed over the supply surfaces: 
air velocities between 0.39 and 0.43 m/s were measured. The deviations between the different 
points were within the accuracy of the sensor. The differences in the air distribution of the 
ventilating blanket were not within the accuracy of the sensor: air velocities between 0.11 and 0.29 
m/s were measured. However, the differences were acceptable, as the manufacture of a perfect 
working blanket prototype has been very difficult in this phase of the research. 
 
HEPA-filter 
The efficiency of the HEPA-filter was tested several times during the full-scale study. The functioning 
of the HEPA-filters was tested by particle measurements just behind the supply surfaces before, 
during and at the end of the tests. These measurements revealed in all cases particle concentrations 
of 0%, which confirmed the proper functioning of the HEPA-filters. 
 
The positioning of the particle source and the particle counters 
The particle concentration in the periphery was not completely constant during the protection class 
measurements. Therefore, the influence of the particle source position and the reference counter 
position was investigated on the particle concentration in the periphery. Horizontal or vertical 
repositioning of the source and counter did not result in a constant particle concentration. Therefore, 
the measurement setup was maintained according to the VCCN (2014). 
 
Direction of the particle counters 
The influence of the direction of the particle counter in the wound area on the relative particle 
concentration also was investigated. A funnel in the wound area was connected to the particle 
counter via a tube. The direction of the funnel, facing upwards or downwards, was explored. The 
direction of the funnel (downwards or upwards) did not yield significant differences. Therefore, all 
the measurements of Ccorner and Cmiddle were managed with the funnel facing downwards because of 
practical reasons.  
 
Horizontal and vertical positioning of the particle counters 
In the wound area and on the instrument table, the influence of the horizontal and vertical 
repositioning of the particle counters was tested. Where the usual measurements of Ccorner and Cmiddle 
were performed at 35 mm above the wound area of the blanket, the low and high measurements 
were performed at 15 and 55 mm respectively (Figure 3.1.8, left). Regarding the instrument table the 
normal height of Ccorner and Cmiddle was 50 mm above the table top; the low and high measurements 
were performed on 15 and 85 mm above the table top respectively (Figure 3.1.8, right).  
 

    
Figure 3.1.8: The selected positions for the height measurements of the particle counters Ccorner and Cmiddle regarding the 
blanket (left) and the instrument table (right). 
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For both the blanket and the instrument table, the high measurements revealed significant higher 
relative particle concentrations than the low measurements (p<0.01). The low measurements of the 
blanket varied between 0.0 and 1.9%, while the high measurements varied between 0.5 and 34.5%. 
The low measurements of the instrument table varied between 0.5 and 0.9%, the high 
measurements between 0.6 and 3.3%.  
 
The particle counters also were horizontally repositioned for both the table and the blanket (Figure 
3.1.9). The horizontal repositioning on the instrument table did not reveal significant differences 
compared to the normal measurements (p>0.08). The horizontally repositioned measurements of the 
blanket yielded mostly significant differences.  

     
Figure 3.1.9: The selected positions for the horizontal repositioning of the particle counters Ccorner and Cmiddle regarding 
the blanket (left) and the instrument table (right). Cm,h = the repositioned Cmiddle, Cc,h = the repositioned Ccorner. 

3.1.4 Data analysis 
Relative particle concentration 
The relative particle concentration was calculated by comparing the Ccorner, Cmiddle and Csurgeon with the 
measured particle concentration in the periphery. The four particle concentrations were measured 
simultaneously for 20 minutes at which the first 5 minutes were used as transition period. Therefore, 
the relative particle concentration was calculated by 15 measurements of 1 minute by using the 
following formula: 
 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑀𝑒𝑑𝑖𝑎𝑛 
𝐶𝑥

𝐶𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑦
∗ 100% 

 
𝐶𝑥  =  𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑡 𝐶𝑐𝑜𝑟𝑛𝑒𝑟 ,𝐶𝑚𝑖𝑑𝑑𝑙𝑒  𝑜𝑟 𝐶𝑠𝑢𝑟𝑔𝑒𝑜𝑛 [𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑚3] 
𝐶𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑦  =  𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑦 [𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑚3]  

 
In this formula the median was used, because most the 15 relative particle concentrations were not 
normally distributed (Appendix F). The original measurement setup of the protection class was 
performed twice, which revealed a total of 30 measurements per position.  
 
Protection class 
The measured particle concentrations were used to calculate the protection class of the different 
measurement positions. The protection class is used as performance indicator in the VCCN RL7 
(2014) and was calculated by using the following formula: 
 

𝑃𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑙𝑎𝑠𝑠 = −𝑙𝑜𝑔 
𝐶𝑥

𝐶𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑦
 

 
𝐶𝑥  =  𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑡 𝐶𝑐𝑜𝑟𝑛𝑒𝑟 ,𝐶𝑚𝑖𝑑𝑑𝑙𝑒  𝑜𝑟 𝐶𝑠𝑢𝑟𝑔𝑒𝑜𝑛 [𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑚3] 
𝐶𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑦  =  𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑒𝑟𝑖𝑝ℎ𝑒𝑟𝑦 [𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑚3]  
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A protection class of 3 indicates a reduced particle concentration of factor 1,000 compared to the 
periphery, a protection class of 2 indicates a reduction factor of 100. In class 1 OTs (performance 
level 1), a protection class of 3 is prescribed in the middle of the clean area and a protection class of 
2 at the boundaries of the clean area (VCCN, 2014). These values are based on one clean area which 
encloses the operating table, instrument tables and operating team. For the local ventilation system, 
a protection class of 3 should be required for the whole clean area of the blanket and the instrument 
table, because the boundaries of the clean area are still nearby the wound or the instruments.  
 
Recovery time 
Although the recovery time should be measured only one time according to the VCCN RL7 (2014), the 
measurements were repeated 5 times to increase the reliability of the results. Each measurement 
yielded the same result; a reduction factor of 100 was achieved in the same time interval. Therefore, 
5 measurements were considered as a reliable amount of measurements.  
 
ISO class 
The ISO-class measurements were carried out at two different positions regarding the ventilating 
blanket and at one position regarding the ventilating instrument table. Due to time limitations, the 
amount of measurements prescribed in the VCCN (2014) were not achieved. Per position, the 
median of 5 measurements was used as particle concentration. The highest measured particle 
concentrations from the blanket were used for the ISO classification.  
 
Comfort 
The measurements of the air velocity and the air temperature were normally distributed (p=0.00). 
Therefore, the average values of these measurements were used to analyze the comfort of the 
system.  
 
Reproducibility 
The reproducibility of the protection class measurements was tested by conducting two series of 15 
measurements on different days. The 15 relative particle concentrations of the first series were 
compared with the 15 relative particle concentrations of the second series by using the Wilcoxon 
matched-pairs test (two-tailed). The Wilcoxon matched-pairs test was used because not all the data 
was normally distributed (tested by using the Kolmogorov-Smirnoff Lilliefors test, see Appendix F). 
The two-tailed test was used because the two sessions could differentiate in two directions. The 
formulated null hypothesis stated that the difference between the medians of the two pairs was 
zero; a significance level of 5% was used. The results of the Wilcoxon matched-pairs test revealed 
mostly a significant difference between series 1 and 2; all the results can be found in Appendix G1. 
These results demonstrated a low reproducibility of the protection class measurements regarding the 
blanket as well as the instrument table.  
 
Differences in measurement setup 
For the protection class measurements, differences in the measurement setup (positioning particle 
counters, robustness measurements, room ventilation, isothermal measurements) were compared 
to the original measurement setup by using the Wilcoxon matched-pairs test (one-tailed). The one-
tailed test was used because the differences were tested in one directions. The Wilcoxon matched-
pairs test was used because not all the data were normally distributed. The formulated null 
hypothesis stated that the difference between the medians of the two pairs was zero; a significance 
level of 5% was used. The differences in measurement setups (15 measurements) were compared 
separately with the two series of the original protection class measurements. The results of the 
comparisons can be found in chapter 3.2 and Appendix G2.   
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3.2 Results 
 
In this chapter, the results of the full-scale measurements of concept 1 are shown, which are divided 
in the results of the blanket and of the instrument table. An overview of all measurement results can 
be found in Appendix F.  

3.2.1 Blanket 
Protection class – original setup 
Table 3.2.1 shows the relative particle concentrations and the protection classes measured during 
the original measurement setup. In both series, the position Cc4 resulted in higher relative particle 
concentrations than the other Ccorner positions. The Cmiddle positions of series 1 exhibited higher 
relative particle concentrations than those of series 2 (the median of series 1 was 5.0% compared to 
0.9% of series 2). The results of series 1 and 2 yielded per measurement position significant different 
relative particle concentrations, except for Cc2, Cs1 and Cs2 (p>0.05). Therefore, the results are 
separately listed.  
 
Table 3.2.1: Blanket – original setup (non-isotherm), median (range) [%] of the relative particle concentration and 
median of the protection class [-] measured during the protection class measurements. The average amount of measured 
particles (≥0.5 µm) in the periphery was 28,300,547 particles/m3 during series 1 (n=15) and 14,234,893 particles/m3 
during series 2 (n=15). The measurement positions are shown next to the table; the medians of the four positions 
together (n=60) are given in bold.  

 

 
 
  

 
Position 

            Series 1 
Relative 
particle 
concentration 

 
Protection 
class 

            Series 2 
Relative 
particle 
concentration 

 
Protection 
class 

Ccorner 0.4% (0.0-4.3) 2.3 0.5% (0.0-26.6) 2.3 
Cc1 0.5% (0.4-0.7) 2.3 0.0% (0.0-0.0) 4.3 
Cc2 0.4% (0.1-1.0) 2.4 0.3% (0.0-0.7) 2.5 
Cc3 0.0% (0.0-0.1) 3.4 0.5% (0.4-0.8) 2.3 
Cc4 2.6% (0.6-4.3) 1.6 18.8% (14.0-26.6) 0.7 
     
Cmiddle 5.0% (1.0-10.5) 1.3 0.9% (0.2-6.7) 2.0 
Cm1 7.7% (4.8-10.5) 1.1 2.6% (1.6-6.7) 1.6 
Cm2 2.9% (1.6-7.1) 1.5 0.5% (0.2-1.8) 2.3 
Cm3 2.6% (1.3-5.4) 1.6 0.8% (0.5-1.5) 2.1 
Cm4 6.6% (1.0-10.2) 1.2 0.8% (0.4-1.3) 2.1 
     
Csurgeon 43.9% (3.4-100) 0.4 64.8% (6.8-100) 0.2 
Cs1 100% (81.7-100) 0.0 100% (79.9-100) 0.0 
Cs2 14.3% (3.4-41.4) 0.8 22.1% (6.8-44.2) 0.7 
Cs3 16.9% (5.9-28.9) 0.8 81.9% (58.4-100) 0.1 
Cs4 79.3% (46.3-100) 0.1 51.2% (15.6-75.4) 0.3 
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Protection class – perpendicular   
Table 3.2.2 shows the relative particle concentrations and the protection classes measured during 
the tests perpendicular to the wound area. The long and the short side of the blanket exhibited a 
different performance. The relative particle concentrations of Cc1 and Cc3 (short sides) were 
significantly lower than Cc2 and Cc4 (long sides) (p=0.00), while the Cm and Cs values of the short and 
long sides revealed no significant differences (p>0.23). The relative particle concentrations measured 
in the perpendicular setup were significantly different compared to both original series (p<0.02). 
 
Table 3.2.2: Blanket – perpendicular (non-isotherm), median (range) [%] of the relative particle concentration and 
median of the protection class [-] measured during the protection class measurements. The average amount of measured 
particles (≥0.5 µm) in the periphery was 15,166,938 particles/m3 (n=15). The measurement positions are shown next to 
the table; the medians of the four positions together (n=60) are given in bold.  

 

 
The smoke tests perpendicular to the ventilating blanket also showed a difference in airflows 
comparing the long side (Cc2 and Cc4) and the short side of the blanket (Cc1 and Cc3). Where at the 
short side the airflow had a more unidirectional character, the airflow at the long side had a more 
turbulent character (Figure 3.2.1).  
 

    
Figure 3.2.1: Blanket – perpendicular (non-isotherm), the smoke tests perpendicular to the wound area of the ventilating 
blanket: the long side Cc2 (left) and the short side Cc1 (right).  

Position Relative 
particle 
concentration 

Protection 
class 

Ccorner 2.0% (0.0-8.9) 1.7 
Cc1 0.6% (0.2-1.1) 2.2 
Cc2 6.2% (3.5-8.6) 1.2 
Cc3 0.2% (0.0-0.2) 2.8 
Cc4 5.5% (2.9-8.9) 1.3 
   
Cmiddle 0.9% (0.3-1.7) 2.0 
Cm1 0.8% (0.5-1.7) 2.1 
Cm2 0.8% (0.3-1.2) 2.1 
Cm3 1.1% (0.7-1.7) 2.0 
Cm4 1.3% (0.4-1.6) 1.9 
   
Csurgeon 37.5% (6.3-88.0) 0.4 
Cs1 45.8% (19.5-88.0) 0.3 
Cs2 32.2% (6.3-43.6) 0.5 
Cs3 33.0% (14.5-44.3) 0.5 
Cs4 58.1% (28.1-67.6) 0.2 
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Protection class – room ventilation 
Table 3.2.3 shows the relative particle concentrations and the protection classes measured during 
the tests with additional room ventilation (6 ACH). The relative particle concentrations of Cc2 and Cc4 
were significantly higher than the other Ccorner positions (p=0.00), which resulted in an overall median 
of 2.4% of Ccorner. The relative particle concentrations with room ventilation were significant different 
compared to both original series (p<0.01), except Cc3 and Cs4 of series 1 (p>0.38) and Cc1, Cc4 and Cm1 
of series 2 (p>0.05).    
 
Table 3.2.3: Blanket – room ventilation (non-isotherm), median (range) [%] of the relative particle concentration and 
median of the protection class [-] measured during the protection class measurements. The average amount of measured 
particles (≥0.5 µm) in the periphery was 8,553,978 particles/m3 (n=15). The measurement positions are shown next to 
the table; the medians of the four positions together (n=60) are given in bold.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Protection class – robustness  
The robustness tests were performed at position 2 and 3, at which Ccorner and Cmiddle were measured 
(see Table 3.2.4). The relative particle concentration of Ccorner and Cmiddle were 1.5% and 2.4%, 
respectively. The robustness results were significantly different compared to both original 
measurement series (p=0.00), except for the Cmiddle measured in the robustness tests compared to 
Cmiddle of positions 2 and 3 (n=30) of series 1 (p=0.06).  
 
 
 
 
 
 
 
 
 
 
 

Position Relative 
particle 
concentration 

Protection 
class 

Ccorner 2.4% (0.0-34.4) 1.9 
Cc1 0.2% (0.1-0.3) 2.6 
Cc2 10.8% (4.4-27.1) 1.0 
Cc3 0.0% (0.0-0.1) 3.5 
Cc4 23.4% (12.1-34.4) 0.6 
   
Cmiddle 1.0% (0.2-3.0) 2.0 
Cm1 2.4% (1.0-3.0) 1.6 
Cm2 0.8% (0.5-1.0) 2.1 
Cm3 0.3% (0.2-0.6) 2.5 
Cm4 1.6% (1.0-2.4) 1.8 
   
Csurgeon 49.7% (4.9-100) 0.3 
Cs1 100% (50.0-100) 0.0 
Cs2 29.0% (7.8-49.4) 0.5 
Cs3 28.4% (4.9-42.2) 0.5 
Cs4 84.3% (50.9-100) 0.1 
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Table 3.2.4: Blanket – robustness (non-isotherm), median (range) [%] of the relative particle concentration and median of 
the protection class [-] measured during the protection class measurements. The average amount of measured particles 
(≥0.5 µm) in the periphery was 11,777,930 particles/m3 (n=15). The measurement positions are shown next to the table; 
the medians of the two positions together (n=30) are given in bold. 

Position Relative 
particle 
concentration 

Protection 
class 

Ccorner 1.5% (0.0-10.2) 2.1 
Cc2 5.5% (2.7-10.2) 1.3 
Cc3 0.2% (0.0-0.3) 2.7 
   
Cmiddle 2.4% (0.2-7.8) 1.6 
Cm2 3.0% (0.7-7.8) 1.5 
Cm3 2.2% (0.2-3.3) 1.7 
 
Protection class – isotherm 
In order to analyze the influence of the supply air temp, isothermal measurements were performed 
at position 2 and 3 (see Table 3.2.5). The relative particle concentration of Ccorner, Cmiddle and Csurgeon 

counted 1.0%, 0.4% and 40.2%, respectively. The measurement results were significantly different 
compared to both original measurement series (p<0.02).  
 
Table 3.2.5: Blanket – isotherm, median (range) [%] of the relative particle concentration and median of the protection 
class [-] measured during the protection class measurements. The average amount of measured particles (≥0.5 µm) in the 
periphery was 16,046,503 particles/m3 (n=15). The measurement positions are shown next to the table; the medians of 
the two positions together (n=30) are given in bold. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
ISO class 
The results of the ISO classification measurements are shown in Table 3.2.6. The measurement 
positions were similar to those of the protection class measurements; only position 2 and 3 were 
tested. Per position, the amount of particles per m3 and the corresponding ISO class were indicated. 
In the wound area an ISO class of 6 was measured, whereas both in the periphery and at the 
surgeons position an ISO class 8 was measured.    
 

Position Relative 
particle 
concentration 

Protection 
class 

Ccorner 1.0% (0.0-3.8) 2.0 
Cc2 2.9% (2.0-3.8) 1.5 
Cc3 0.0% (0.0-0.0) 4.5 
   
Cmiddle 0.4% (0.1-0.5) 2.4 
Cm2 1.1% (0.5-1.5) 2.0 
Cm3 0.3% (0.1-0.4) 2.5 
   
Csurgeon 40.2% (14.6-59.4) 0.4 
Cs2 33.0% (14.6-57.0) 0.5 
Cs3 50.1% (32.7-59.4) 0.3 
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Table 3.2.6: Blanket – ISO class (non-isotherm), particle concentration [particles/m3] and the ISO class [-] measured 
during the ISO class measurements. The measurement positions are shown next to the table. The ISO class of the two 
measurement positions together are given in bold (highest values).  

Position Particles/m3 ISO class 
Ccorner  6 
Cc2 13,773 6 
Cc3 1,413 5 
   
Cmiddle  6 
Cm2 1,766 5 
Cm3 16,951 6 
   
Csurgeon  8 
Cs2 192,680 7 
Cs3 1,229,600 8 
   
Cperiphery  8 
Cp2 158,210 7 
Cp3 1,339,500 8 
 
Recovery time 
Figure 3.2.2 shows the results of 5 series of the recovery time measurements. All five series had a 
recovery time between 20 and 30 seconds. Further results of the recovery time measurements can 
be found in Appendix F1.  
 

 

Figure 3.2.2:  Blanket – recovery time, the relative particle concentration [%] measured during the recovery time 
measurements in the wound area for 5 series of the blanket (non-isotherm). The average amount of particles (≥0.5 µm) 
during the 100% measurement in the wound area was 284,950,200 particles/m3. 
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3.2.3 Instrument table 
Protection class – original setup 
Table 3.2.7 shows the relative particle concentrations and the protection classes measured during 
the original measurement setup. The medians of the relative particle concentrations of series 1 at 
Ccorner and Cmiddle were 1.8% and 1.7% respectively; those of series 2 were 0.8% and 0.7% respectively. 
Series 1 and 2 revealed significantly different relative particle concentrations per position (p<0.05), 
except at Cc3, Cm3 and Cm4 (p>0.06). Therefore, the results of the two series are separately listed.  
 
Table 3.2.7: Instrument table – original setup (isotherm), median (range) [%] of the relative particle concentration and 
median of the protection class [-] measured during the protection class measurements. The average amount of measured 
particles (≥0.5 µm) in the periphery was 20,656,620 particles/m3 during series 1 (n=15) and 17,890,163 particles/m3 
during series 2 (n=15). The measurement positions are shown next to the table; the medians of the four positions 
together (n=60) are given in bold.  

 

 
Protection class  - perpendicular  
Table 3.2.8 shows the relative particle concentrations and the protection classes measured during 
the tests perpendicular to the instrument table. Only position 3 and 4 were measured during the 
perpendicular measurements. Contrary to the perpendicular measurements of the blanket, the 
results of the instrument table showed no significant difference between the short side (Cc3 = 0.1%) 
and the long side (Cc4 = 0.3%) (p=0.50). Comparing the perpendicular measurements with both 
original measurement series yielded significant differences, except for the perpendicular Cmiddle 
compared to the Cmiddle at positions 3 and 4 of series 2 (p=0.06).  
  

 
Position 

            Series 1 
Relative 
particle 
concentration 

 
Protection 
class 

            Series 2 
Relative 
particle 
concentration 

 
Protection 
class 

Ccorner 1.8% (1.0-4.6) 1.7 0.8% (0.4-1.9) 2.1 
Cc1 2.0% (1.2-3.3) 1.7 0.5% (0.4-0.6) 2.3 
Cc2 2.4% (1.1-4.6) 1.6 0.6% (0.4-1.1) 2.2 
Cc3 1.4% (1.0-1.8) 1.8 1.3% (0.7-1.9) 1.9 
Cc4 1.7% (1.1-2.2) 1.8 1.2% (1.0-1.8) 1.9 
     
Cmiddle 1.7% (0.5-3.1) 1.8 0.7% (0.3-1.9) 2.2 
Cm1 2.2% (1.4-3.1) 1.7 0.6% (0.3-0.9) 2.2 
Cm2 1.9% (1.0-2.6) 1.7 0.6% (0.3-1.1) 2.2 
Cm3 0.7% (0.5-0.8) 2.2 0.6% (0.5-0.9) 2.2 
Cm4 1.7% (1.2-2.1) 1.8 1.1% (0.9-1.9) 1.9 
     
Csurgeon 60.6% (18.8-100) 0.2 37.1% (11.0-90.0) 0.4 
Cs1 100% (66.6-100) 0.0 20.8% (13.4-37.1) 0.7 
Cs2 56.8% (23.2-73.6) 0.2 37.8% (25.3-52.4) 0.4 
Cs3 34.8% (18.8-48.4) 0.5 31.6% (11.0-42.4) 0.5 
Cs4 86.3% (49.6-100) 0.1 71.3% (41.0-90.0) 0.1 
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Table 3.2.8: Instrument table – perpendicular (isotherm), median (range) [%] of the relative particle concentration and 
median of the protection class [-] measured during the protection class measurements. The average amount of measured 
particles (≥0.5 µm) in the periphery was 20,601,190 particles/m3 (n=15). The measurement positions are shown next to 
the table; the medians of the two positions together (n=30) are given in bold. 

 

 
The results of the perpendicular measurements were confirmed by the smoke tests of the 
instrument table, because no differences were observed between the airflow of the long and the 
short sides. Figure 3.2.3 shows a picture of the airflow from the instrument table.   
 

 
Figure 3.2.3: Instrument table – perpendicular (isotherm), the smoke test perpendicular to the instrument table. 

Protection class – room ventilation 
Table 3.2.9 shows the relative particle concentrations and the protection classes measured during 
the tests with additional room ventilation (6 ACH). The relative particle concentration at the Ccorner, 
Cmiddle and Csurgeon positions were 1.0%, 0.4% and 40.2%, respectively. The relative particle 
concentrations with room ventilation were significantly different compared to both original series 
(p<0.03), except Cc4 and Cm4 compared to Cc4 and Cm4 of series 2 (p>0.16).    
  

Position Relative 
particle 
concentration 

Protection 
class 

Ccorner 0.1% (0.0-0.4) 2.9 
Cc3 0.1% (0.0-0.1) 3.1 
Cc4 0.3% (0.1-0.4) 2.6 
   
Cmiddle 1.0% (0.3-2.0) 2.0 
Cm3 0.8% (0.3-1.0) 2.1 
Cm4 1.3% (0.7-2.0) 1.9 
   
Csurgeon 48.1% (6.6-69.7) 0.3 
Cs3 41.0% (6.6-54.6) 0.4 
Cs4 52.0% (16.9-69.7) 0.3 
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Table 3.2.9: Instrument table – room ventilation (isotherm), median (range) [%] of the relative particle concentration and 
median of the protection class [-] measured during the protection class measurements. The average amount of measured 
particles (≥0.5 µm) in the periphery was 9,491,843 particles/m3 (n=15). The measurement positions are shown next to 
the table; the medians of the two positions together (n=30) are given in bold.  

 

 
ISO class 
The results of the ISO classification measurements are shown in Table 3.2.10. The measurement 
positions were similar to the protection class measurements of position 3. The amount of particles 
per m3 and the corresponding ISO class were indicated. On the table top an ISO class of 6 was 
measured, whereas in the periphery and at the surgeons position an ISO class of 7 and 8 was 
measured, respectively.  
 
Table 3.2.10: Instrument table – ISO class (isotherm), particle concentration [particles/m3] and the ISO class [-] measured 
during the ISO class measurements. The measurement positions are shown next to the table.  

Position Particles/m3 ISO class 
Ccorner  6 
Cc3 27,404 6 
   
Cmiddle  6 
Cm3 17,304 6 
   
Csurgeon  8 
Cs3 359,720 8 
   
Cperiphery  7 
Cp3 269,450 7 
 
  

Position Relative 
particle 
concentration 

Protection 
class 

Ccorner 1.5% (0.7-4.5) 1.8 
Cc3 2.7% (1.7-4.5) 1.6 
Cc4 0.9% (0.7-1.2) 2.0 
   
Cmiddle 1.3% (0.6-2.2) 1.9 
Cm3 1.2% (0.6-2.2) 1.9 
Cm4 1.3% (1.0-1.9) 1.9 
   
Csurgeon 55.5% (14.0-100) 0.3 
Cs3 59.8% (14.0-100) 0.2 
Cs4 54.6% (23.2-70.4) 0.3 
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3.3 Discussion and conclusion 
 
In this chapter, the method and results of the full-scale experimental study of concept 1 are 
discussed. The results of the full-scale experiments of concept 2 (Loogman, 2014) are also discussed. 
Finally, a conclusion is given.  

3.3.1 Study limitations 
Prototypes 
The uniformity of the air distribution over the supply surfaces of the blanket has been assessed as 
sufficient in the validation study, however, the smoke tests revealed a different airflow between the 
long side and the short side of the wound area. At the long sides, more turbulence occurred than at 
the short sides due to the internal structure of the used airbed. A different internal structure in the 
ventilating blanket could solve this problem in a further design.  
 
The dimensions of the supply ducts of the blanket were reason to perform the measurements with a 
simplified dummy. The topside of the dummy was a horizontal plane to enhance the reproducibility 
of the measurements, although the operating area is in practice less flat. In a further design the 
supply ducts should have smaller dimensions and could, for instance, be integrated in the operating 
table. Hence, the blanket might be tested on a real dummy. However, the outcomes give rise to 
assume that the ventilating blanket could be applied in real operations, provided that the patient will 
not be moved during the operation and the wound area is a small flat surface (e.g. spine operations 
or laparoscopic operations).  
 
The active warming capacity of the blanket to control the temperature of the patient was not 
included in the prototype. In common warming devices (Bair Hugger, 2013) the bottom of the 
blanket is perforated, which makes it possible to control the body temperature of the patient. 
However, the introduction of such a system would have been too complex in this research.  
 
Temperature difference 
The temperature difference between the HEPA-filtered air of the blanket and the room temperature 
was lower than prescribed in the measurement protocol. A temperature difference of 16oC is 
desired, however, due to the high room temperature it was only 11oC. A larger temperature 
difference was not possible due to limitations of the air heater’s capacity and the absence of room 
ventilation during the measurements. Therefore, the influence of a temperature difference above 
11oC has not been measured in the full-scale study.  
 
Particle concentrations 
The particle concentrations which were measured in the periphery during the protection class 
measurements, were not stable and were therefore not stable and therefore not normally 
distributed. This irregular contaminated airflow was probably caused by the usage of a lower air 
volume with only the local ventilation devices in the OT (600 m3/h compared to approximately 
10,000 m3/h in case of a vertical UDF ventilated OT). Smoke tests visualized that the particles, which 
were produced by the particle source, were not equally distributed over the room. The 
contamination came in parts, while actually a constant contaminated airflow was desired. The lower 
volume of air used probably caused more influence of buoyancy forced airflows by temperature 
differences in the room (furniture, wall temperatures, supply temperature blanket) compared to a 
vertical UDF ventilated OT. The unstable particle concentration in the periphery resulted in non-
normally distributed relative particle concentrations in the wound area and on the instrument table. 
The reproducibility was probably negatively influenced by this irregular contamination as well.  
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Other possible reasons for the low reproducibility and the non-normal distribution of the results 
could be differences in the measurement setup. The particle counters and ventilating blanket were 
repositioned manually for the different measurement series. However, these deviations were 
considered as negligible. The turbulence inside the blanket also could have induced the variable 
results regarding the protection class measurements. Due to the significant differences between the 
two different series of the protection class measurements, the statistical analysis compared to other 
differences in the setup (perpendicular, room ventilation, robustness, isotherm and height 
measurements) was not very valuable. However, an assessment of the performance of the local 
ventilation system can still be made.  
 
At rest measurements 
The particle measurements in the OT were performed conform the VCCN RL7 (2014) guideline in an 
at rest situation. However, an in use measurement setup should give more reliable information of 
the system’s performance during an actual operation. Sham operations were performed in several 
studies (Friberg et al., 1996; Thore and Burman, 2006) as well as monitoring during real operations 
(Friberg et al., 2003; Pasquarella et al., 2003; Stocks et al., 2011). However, the in use measurements 
are not prescribed according to the VCCN (2014). Therefore, a first indication of the performance of 
the ventilating blanket in a real situation has been created by the robustness measurements.  
 
Although the arm movement of the surgeon was included, the head loads of the operating team 
were not included in the measurement setup. Contrary to the German VDI 2167 guideline (2007), the 
head loads of the operating team are not prescribed in the VCCN guideline (2014) and were 
therefore not included in the full-scale measurement setup.  

3.3.2 Blanket 
As mentioned before, the protection class measurements displayed high differences, especially 
corner 4 showed a high range in the two original measurement series. This high variance was caused 
by an imperfectness inside the blanket nearby the corner of position 4. Overall, a relative particle 
concentration of about 1% has been possible when a proper working blanket is used, which means a 
protection class of 2 (regarding the corners as well as the middle of the clean area). The 
perpendicular measurements confirmed this, because the relative particle concentrations measured 
at the short sides of the blanket were about 1%. A protection class of 2 in the middle of the clean 
area is not sufficient if a class 1 OT with performance level 1 has to be achieved (WIP, 2014). 
Therefore, the ventilating blanket should be applied for operations where the 1% relative particle 
concentration is sufficient. This means a class 1 OT with a performance level of 2 or a class 2 OT. 
Otherwise, additional room ventilation is needed to create a protection class of 3 in the clean area.  
 
Similar to the robustness test in the experimental parameter study, the performance of the 
robustness test has been positively assessed. The results were comparable to the results of the 
original measurement setup, which confirmed the high potential of the system in an in use situation.   
 
The observed differences in the height measurements were confirmed by the performed smoke 
tests: the lower the position, the lower the relative particle concentration. The main reason for this 
difference may be explained by the induced airflow, as already mentioned in the experimental 
parameter study. Especially at the boundaries of the wound area, contaminated air was induced by 
the HEPA-filtered air, which negatively influenced the air quality in the wound area. In a further 
design, the HEPA-filtered air supply surface should be extended to the top of the blanket to prevent 
the induced airflow in the wound area (a combination concept 1 and 2).   
 
It was expected that the isothermal measurements would show lower relative particle 
concentrations than the non-isothermal setup, similar to the experimental parameter study. 
However, only at Cmiddle the relative particle concentration was lower, at Ccorner it was higher. The 
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differences with the experimental parameter study were probably caused by the lower temperature 
difference applied in the full-scale study.  
 
By introducing additional room ventilation (ACH of 6) in combination with the local ventilation 
system (ACH of 5) an improvement of the results was expected. However, the results were not 
significantly improved. This might be declared by the directions of the air flow, which came from the 
plenum in the ceiling of the room (0.03 m/s downwards), while the airflow direction of the local 
ventilation devices was in a contrary direction (0.40 m/s upwards). A mixed ventilation system with 
supply at the side walls of the room would probably yield improvement. Secondly, the relative 
particle concentration measured in the periphery was still not stable which could have been more 
stable with sideways additional air supply.  
 
The measurements at the surgeons position, between the blanket and the instrument table, showed 
relative particle concentrations of about 50%, also applied with additional room ventilation. Although 
no standard is defined for this position, the particle reduction is considered as low at the surgeons 
positions. On the other hand, the exposure time of the instruments between the instrument table 
and the wound area is very short, which makes the infection risk low. A proper working additional 
room ventilation could reduce the infection risk when instruments are transported by the surgeon.  
 
The recovery time was below 30 seconds and was sufficient to achieve the performance level 1 of a 
class 1 OT according to the VCCN RL7 guideline (recovery time < 3 minutes). The analysis of the 
recovery time as prescribed in the guideline (particle emission underneath the operating lamp) was 
even not possible because not enough particles reached the wound area, which is a promising 
observation. The ISO class measurements in the clean areas were not sufficient to reach performance 
level 1 of class 1 OTs (ISO class 5), but were below the prescribed ISO class 7 to achieve performance 
level 2 of class 1 OTs (WIP, 2014). The ISO class was negatively influenced by the lower air volume 
used with the local ventilation devices. Therefore, the particle concentrations were still decreasing 
during the measurements.  
 
The comfort measurements were not reliable due to the not-controlled high room temperature (26 
oC). Therefore, the air temperature nearby the head of the surgeon also was 26 oC, although this 
temperature can be easily controlled using an additional room ventilation system. By using an 
additional room ventilation, the surgeon’s comfort level and the patient’s body temperature can be 
controlled separately. The air velocity nearby the surgeons head was 0.04 m/s, which was far below 
the prescribed 0.35 m/s to prevent draught (Loogman and De Visser, 2014; De Haan, 2005).  
 
The energy consumption of the local ventilation system was much lower than a vertical UDF system. 
Where a vertical UDF system uses approximately 10,000 m3/hour air, the local ventilation system 
uses just 200 m3/hour air (only the blanket). By adding several ventilating instrument tables to these 
measurements (400 m3/hour per table), the used air volume of the local devices is still lower than 
with a vertical UDF system.  
 
The usability and positive attitude towards the ventilating blanket is expected to be high, since active 
warming devices have already been used during operations. However, the supply ducts of the 
blanket should be properly integrated in for instance the operating table to make sure that the 
surgeons are not bothered by it. Besides the use in an OT, the ventilating blanket could be applied 
during operations outside the OT, i.e. in case of field operations or operations in treatment rooms.  

3.3.3 Instrument table 
The variance between the two measurement series of the protection class was less than the blanket 
showed, although most results were still significantly different. The consistent results were probably 
caused by the higher air volume used (400 m3/hour instead of 200 m3/hour in case of the blanket), 
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the exacter positioning, no temperature differences and a more unidirectional airflow. The more 
unidirectional airflow was proved during the perpendicular measurements and the smoke tests. The 
results showed that a relative particle concentration of about 1% is feasible, which results in a 
protection class of 2. The instrument table revealed an ISO class of 6, similar to the blanket. This 
means the instrument table did not meet the standard for a class 1 OT with performance level 1, 
similar to the blanket. However, the air quality is sufficient to reach a performance level 2 of class 1 
OTs, or a class 2 OT (WIP, 2014).  
 
Similar to the blanket, the instrument table performed not significantly better with additional room 
ventilation, which was probably caused by the contrary airflows. Also the height measurements 
showed an induced airflow. The usability of the ventilating instrument table is considered as high and 
also could function as an addition to OTs with vertical UDF systems. It would be allowed to place the 
table outside the clean area, to enlarge the clean area in the OT. Nowadays, in 46.2% of all 
operations the instrument tables are (partly) placed outside the clean area, although the clean area 
is marked on the floor (De Korne et al., 2012).  

3.3.4 Concept 2 
The performance of concept 2 was investigated by Loogman (2014) in a full-scale experimental study. 
The ventilating blanket showed relative particle concentrations between 1 and 11% in the centre of 
the wound area; 0 and 5% at the corners of the wound area; 23 and 36% at the corners of the 
ventilating blanket. Similar to concept 1, the results between the different measurement series 
revealed significant differences. The results of the instrument table of concept 2 showed stable 
relative particle concentrations (no significant differences): 0% at the center of the tabletop. 
Therefore, the protection class of the table was higher than 3. ISO classes of 6 and 5 were measured 
for the wound area of the blanket and the instrument table respectively. The protection class 
measurements with additional room ventilation of 6 ACH resulted only for the blanket in higher 
relative particle concentrations. The recovery time of the blanket was not within the prescribed 3 
minutes according the VCCN (2014) to achieve performance level 1 of class 1 OTs. Robustness 
measurements showed increased relative particle concentrations in the middle of the clean area: 
18.8% and 54.2% for positions 2 and 3 respectively.  
 
In conclusion, the instrument table of concept 2 performed significantly better than the instrument 
table of concept 1 (p=0.00). The standard for a class 1 OT with performance level 1 was met for the 
table of concept 2 (WIP, 2014). The blanket of concept 2 showed significantly higher relative particle 
concentrations in the wound area than concept 1 (p=0.00), although both concepts of the blanket did 
not achieve performance level 1 of class 1 OTs (WIP, 2014). As mentioned before, regarding the 
blanket a combination of concept 1 and 2 could give promising results.  

3.3.5 Conclusion 
The performance of the local ventilation system was tested on the relative particle concentrations in 
a full-scale study. An overview of the measurement results of concept 1 are shown in Table 3.3.1 and 
Figure 3.3.2, the measurements regarding concept 2 were performed by Loogman (2014). Regarding 
concept 1, the protection class measurements of both the table and the blanket did not achieve 
performance level 1 of class 1 OTs (WIP, 2014). However, the protection class measurements have 
proved that a relative particle concentration of about 1.0% (protection class 2) is feasible for both the 
blanket and the table, which are promising results. An optimization of the blanket (combination 
concept 1 and 2) could even yield lower relative particle concentrations in the wound area.  



 

40 
 

Table 3.3.1: Blanket and instrument table – original setup, median (range) [%] of the relative particle concentration and 
median of the protection class [-] of the four positions together (n=60) during the protection class measurements. The 
measurement positions are shown next to the table. 

 

 
 
With regard to the robustness tests the performance of the blanket was comparable to the original 
measurement setup without the moving arm above the wound area. The tests indicated a high 
robustness and therefore a high potential of the local ventilation system during a real operation. The 
comfort measurement at head level of the surgeon showed no draught problems by the local 
ventilation devices. The energy consumption of the local ventilation system is about one tenth of a 
vertical UDF system, since the used air volume is much lower.  

 
Figure 3.3.2: An overview of the full-scale measurements regarding concept 1. Vh = the HEPA-filtered air velocity [m/s].   

Overall, the local ventilation applications could be promising alternative ventilation systems for class 
1 OTs with performance level 2. The local ventilation system could be applied for operations where 
the patient is not moved during the operation (i.e. laparoscopic operations). Operations which deal 
with implantation of (endo)prosthesis (comparable to joint prosthesis) are not suitable for this 
system (WIP, 2014). Apart from the use inside an OT, the blanket and table could be used as 
ventilation system outside the OT, so operations can occur safely outside the OT as well (i.e. during 
field operations, operations in treatment rooms or even in developing countries with a lack of OTs). 
Furthermore, especially the ventilating instrument table could be used as addition to a vertical UDF 
system: the clean area of the OT could be enlarged by placing the ventilating instrument table 
outside the OT.   

 
Position 

            Series 1 
Relative 
particle 
concentration 

 
Protection 
class 

            Series 2 
Relative 
particle 
concentration 

 
Protection 
class 

Blanket     
Ccorner 0.4% (0.0-4.3) 2.3 0.5% (0.0-26.6) 2.3 
Cmiddle 5.0% (1.0-10.5) 1.3 0.9% (0.2-6.7) 2.0 
Csurgeon 43.9% (3.4-100) 0.4 64.8% (6.8-100) 0.2 
Table     
Ccorner 1.8% (1.0-4.6) 1.7 0.8% (0.4-1.9) 2.1 
Cmiddle 1.7% (0.5-3.1) 1.8 0.7% (0.3-1.9) 2.2 
Csurgeon 60.6% (18.8-100) 0.2 37.1% (11.0-90.0) 0.4 
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4. Conclusion 
 
In this chapter, an answer to the research question is given. Finally, practical implications and 
recommendations for further research are given.  

4.1 Conclusion 
The objective of this study was to investigate the performance of the local ventilation devices on the 
selected key performances. This was first performed by an experimental parameter study for concept 
1 and 2 and secondly, by a full-scale experimental study for concept 1. The main research question 
was: What is the performance of the local ventilation system on the selected key performance 
indicators (particles in air, air velocity, air temperature, robustness and energy use)? 
 
In the experimental parameter study, the influence of the parameters air velocity, air temperature 
and air openings on the particles in the air in the wound area were investigated for concept 1 and 2. 
The relative particle concentrations of concept 1 (C1.4, isotherm) with HEPA-filtered air velocity of 
0.40 m/s varied between 0 and 11% (contaminated air velocity varied between 0.10 and 0.90 m/s 
respectively) and for concept 2 this varied between 0 and 1% at a HEPA-filtered air velocity of 0.30 
m/s. Regarding concept 1 (C1.4), the lower air velocities of the HEPA-filtered air and the higher 
supply temperature revealed in significant higher relative particle concentrations (p<0.04). Regarding 
concept 2, the lower HEPA-filtered air velocity and the non-isothermal measurements yielded no 
significant differences. Two supply openings for concept 1 (C1.2) revealed significant higher relative 
particle concentrations compared to four supply openings (C1.4).  
 
In the experimental full-scale study, the particle in air measurements of both the table and the 
blanket of concept 1 did not meet the standard of performance level 1 for class 1 OTs (WIP, 2014). 
The protection class measurements of the blanket were between 1.3 and 2.3 in the wound area, 
where a protection class of 3 is prescribed in the WIP (2014). Protection classes between 1.7 and 2.2 
were measured with regard to the instrument table. An ISO class of 6 was measured for both the 
blanket and table of concept 1, where an ISO class of 5 is prescribed (WIP, 2014). The recovery time 
measurements were within 3 minutes and achieved performance level 1. The ventilating instrument 
table of concept 2 met the standard of a class 1 OT with performance level 1 (WIP, 2014) and showed 
significantly lower relative particle concentrations than the instrument table of concept 1. The 
blanket of concept 2 did not met this standard and showed significantly higher relative particle 
concentrations in the wound area than concept 1. Figure 4.1.1 shows an overview of the particles in 
air measurements for concept 1 and concept 2 (Loogman, 2014). 
 

 
Figure 4.1.1: Overview of the particle in air measurements, performed in the experimental full-scale study. Vh = the air 
velocity of the HEPA-filtered air [m/s].  



 

42 
 

Regarding concept 1, the performance of the blanket on the robustness tests were comparable to 
the measurements without the moving arm above the wound area. The comfort measurements 
showed no draught problems at the surgeon’s position and an air temperature of 26 oC was 
measured due to the uncontrolled room temperature. The energy use of the local ventilation system 
was lower than a vertical UDF system.  
  
The hypothesis that the relative particle concentrations in the clean areas of the local ventilation 
system would be comparable to the air quality at wound level in a vertical UDF ventilated OT was not 
confirmed in the full-scale measurements, except in case of the instrument table of concept 2. 
However, the experimental parameter study as well as the full-scale experimental study showed 
promising facets to use the local ventilation systems as alternatives to reduce the number of SSIs 
during surgical operations.   

4.2 Practical implications 
The ventilating blanket and ventilating instrument table could be used as alternative for the 
traditional ventilation systems in OTs. Although the standard of class 1 OT with performance level 1 
was not met, the local ventilation system may be a promising alternative for class 1 OTs with 
performance level 2. The local ventilation system might be applied for operations where the patient 
is not moved during the operation (i.e. laparoscopic operations), excluding operations which deal 
with implantation of (endo)prosthesis (comparable to joint prosthesis). The blanket and table could 
also  be used as ventilation system outside the OT, so operations can occur safely outside the OT as 
well (i.e. during field operations, operations in treatment rooms or even in developing countries with 
a lack of OTs). 
 
The ventilating instrument table could be used as addition to a vertical UDF system: the clean area of 
the OT could be enlarged by placing the ventilating instrument table outside the OT. The ventilating 
blanket and table could also be used as addition in an OT with mixed ventilation, to improve the air 
quality at the wound level and around the instruments. 
 
Applying the local ventilation system in an OT instead of a total volume system decreases the energy 
use because the volume of air used is less. Thereby, the body temperature of the patient can also be 
controlled with the help of the ventilated blanket. Therefore, other (active) warming devices are 
unnecessary. In addition, with the use of an additional room ventilation, the comfort of the surgeon 
(air temperature) can be controlled separately of the patient’s body temperature.  

4.3 Further research 
In the parameter study, a square wound area was investigated, while in further research also other 
layouts (i.e. circle or ellipse) of the wound area could be investigated. Also increased or decreased 
dimensions of the gap could be investigated. Especially a decreased dimension of the gap may be 
desirable for operations with small wound surfaces (e.g. laparoscopic operations) and the 
performance of the system could possibly be improved.   
 
In the full-scale study, measurements with a more uniform contamination should be conducted to 
create more reliable results. Measurements with an increased temperature difference could be 
further examined as well, to investigate the influence of the supply temperature. Measurements 
with additional ventilation which is supplied from the side walls of the room could be explored to 
analyze if the relative particle concentrations at the surgeons position could be decreased.  
 
Apart from these measurements, an optimization of the ventilating blanket may be further studied. 
Although a combination of concept 1 and 2 has not been tested in this study, it might have potential 
and should therefore be investigated in a full-scale experimental setup. Furthermore, in use 
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measurements (sham operation) could be explored to investigate the performance of the local 
ventilation devices during an operation.  
 
As mentioned before, the arrangement of the ventilating instrument table outside the clean area of a 
vertical UDF ventilated OT would be a relevant possibility. Therefore, the performance of the 
ventilating instrument table outside as well as on the boundaries of the clean area of a vertical UDF 
ventilated OT should be investigated. Finally, for both the blanket and the instrument table the 
usability and feasibility of applying the local ventilating devices in or outside the OT should be 
analyzed.  
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Appendix A: Validation study experimental parameter study 
 
1. Air distribution  
Measurements were performed for 3 minutes, with 10 measurements per second. Measurements 
were executed with the omni-directional Sensor electronics 5132SF (accuracy: +- 0.01 m/s for air 
velocity < 0.6 m/s), which was repositioned manually.  
 
Air distribution - contaminated airflow 
Measurements were conducted 100 mm from the supply surface. An reduced air velocity was 
measured for column C and row 3 (before the HPL-frame on which the CG-cloth is connected). The 
reduced velocity was not measured 50 mm alongside the cross.  
 

          
Figure A1: Measurement grid and numbering of the air distribution measurements of the contaminated air (left) and a 
picture of the supply surface of the contaminated air (right) 

Table A1: Air velocities [m/s] for the air distribution measurements of series 1 (left) and series 2 (right) of the 
contaminated airflow 

  
A 

 
B 

Series1 
C 

 
D 

 
E 

  
A 

 
B 

Series2 
C 

 
D 

 
E 

1 0.33 0.33 0.15 0.34 0.34  1 - 0.49 0.22 0.50 0.50 
2 0.33 0.33 0.16 0.33 0.33 2 0.49 0.50 0.23 0.50 0.49 
3 0.16 0.14 0.11 0.16 0.18 3 0.24 0.07 0.17 0.24 0.25 
4 0.33 0.33 0.15 0.33 0.33 4 0.50 0.49 0.24 0.50 0.50 
5 0.34 0.32 0.14 0.32 0.33 5 0.50 0.49 0.28 0.49 0.49 
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Air distribution - HEPA-filtered airflow (concept 1) 
Measurements were conducted 50 mm from the supply surface. Each of the four supply surfaces was 
measured separately; the other three supply surfaces were closed during the measurement series of 
one surface (see Figure A2, right).  

  
Figure A2: Measurement grid HEPA-filtered air, concept 1 (left), the numbering of the measurement positions (middle) 
and a picture of the air distribution measurements for concept 1 (right).  

Table A2: Air velocities [m/s] for the air distribution measurements of series 1 (left) and series 2 (right) of the HEPA-
filtered airflow, concept 1. 

  
1 

Series1 
2 

 
3 

 
4 

  
1 

Series2 
2 

 
3 

 
4 

A 0.33 0.34 0.31 0.33 A 0.11 0.12 0.13 0.13 
B 0.37 0.35 0.32 0.32 B 0.14 0.15 0.15 0.16 
C 0.33 0.35 0.31 0.42 C 0.18 0.19 0.19 - 
D 0.32 0.34 0.33 0.34 D - - - - 

 
 
Air distribution - HEPA-filtered airflow (concept 2) 
Measurements were performed 100 mm from the supply surface. An reduced air velocity was 
measured for column C and G (above the HPL-frame on which the CG-cloth is connected).  
 

                
Figure A3: Measurement grid and numbering HEPA-filtered air, concept 2 (left) and a picture of the supply surface of the 
HEPA-filtered air of concept 2 (right) 
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Table A3: Air velocities [m/s] for the air distribution measurements of series 1 of the HEPA-filtered airflow, concept 2. 

 A B C D E F G H I 

1 0.34  0.10  0.34  0.08  0.35 

2  0.31  0.33  0.35  0.32  

3 0.32        0.32 

4  0.32      0.33  

5 0.32        0.32 

6  0.33      0.34  

7 0.31        0.31 

8  0.31  0.31  0.32  0.31  

9 0.31  0.11  0.29  0.13  0.30 

 
Table A4: Air velocities [m/s] for the air distribution measurements of series 2 of the HEPA-filtered airflow, concept 2. 

 A B C D E F G H I 

1 0.10 
 

0.04 
 

0.11 
 

0.04 
 

0.11 
2 

 
0.10 

 
0.11 

 
0.11 

 
0.11 

 3 0.11 
       

0.10 
4 

 
0.11 

     
0.11 

 5 0.11 
       

0.11 
6 

 
0.11 

     
0.11 

 7 0.11 
       

0.11 
8 

 
0.10 

 
0.11 

 
0.11 

 
0.11 

 9 0.10 
 

0.08 
 

0.10 
 

0.08 
 

0.10 
 
2. Filter function CG-cloth 
The particle concentration in front of and behind the CG-cloth of the contaminated airflow was 
measured to analyze the filtering of the cloth (see Figure A4). Particle counter 2 was continuously 
measuring in front of the CG-cloth, while particle counter 1 was replaced in front of and behind the 
cloth. In Figure A5 the results of these four hours measurements are shown, in which every 30 
seconds were logged. The results showed a significant difference for the particles >10 µm (p=0.02; 
paired t-test, one-tailed), the other particle sizes yielded no significant differences (p>0.05). In 
conclusion, the particles >10 µm were partly filtered by the CG-cloth.  
 

 
Figure A4: Measurement positions filter-functioning CG-cloth. 
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Figure A5: Ratio (particle counter 1 divided by particle counter 2) [-] for the different particle sizes, where counter 1 was 
placed before (blue) and after (red) the CG-cloth and counter 2 was placed after the CG-cloth (n=240). 

The particle concentration behind the CG-cloth and at the wound area was measured to analyze if 
the contaminated airflow reached the wound area (see Figure A4). The measurement setup was 
similar to the measurements in front of and behind the CG-cloth. The results showed no significant 
differences for the results behind the CG-cloth and at the wound area (p>0.36; paired t-test, one-
tailed). 

 
Figure A6: Ratio (particle counter 1 divided by particle counter 2) [-] for the different particle sizes, where counter 1 was 
placed after the CG-cloth (blue) and at the wound area (red) and counter 2 was placed after the CG-cloth (n=240) 
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3. Height measurement 
The influence of the height of the particle counter was investigated by vertical replacement of the 
particle counter in the wound area. Particle concentrations were measured high, middle and low 
(120, 85 and 50 mm above the wound surface) for several air velocities (n=15). The measurements 
were performed without funnel on the particle counter in the wound area (see Figure A7, middle), 
where the other relative particle concentrations in the research were measured with funnel at a 
height of 120 mm above the wound surface (Figure A7, right).    
 

 
Figure A7: Measurement positions height measurements (left), picture of the particle counter in the wound area during a 
height measurement at 85mm above the wound surface (middle) and picture of the particle counter in the wound area 
during the particle measurements in the results part (with funnel at 120 mm height) (right).  

Regarding concept 1 (isotherm and non-isotherm), the high position resulted in significant higher 
particle concentrations than the low position (p=0.04). The middle position showed no significant 
differences (p>0.05). The height measurements for concept 2 did not result in significant differences 
(p>0.09).  
 
Table A5: Concept 1 (C1.4, isotherm), median (range) [%] of the particle concentration (0.5-0.7 µm) measured in the 
wound area (n=15). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

 High Middle Low 
Vc =0.3   Vh =0.2 11% (4-15) 1% (0-1) 0% (0-3) 
Vc =0.3   Vh =0.3 1% (0-2) 1% (0-3) 0% (0-1) 
Vc =0.5   Vh =0.3 8% (6-18) 1% (0-3) 1% (0-3) 
Vc =0.7   Vh =0.2 25% (21-88) 0% (0-10) 1% (0-4) 
Vc =0.7   Vh =0.4 3% (2-28) 0% (0-3) 0% (0-100) 
 

 
Figure A8: Concept 1 (C1.4, isotherm), median of the particle concentration [%] (0.5-0.7 µm) at wound area for different 
heights of the particle counter (n=15). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered 
air [m/s]. 
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Table A6: Concept 1 (C1.4, non-isotherm), median (range) [%] of the particle concentration (0.5-0.7 µm) measured in the 
wound area (n=15). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

 High Low 
Vc =0.1    Vh =0.1 54% (38-67) 33% (29-46) 
Vc =0.1   Vh =0.3 0% (0-3) 0% (0-1) 
Vc =0.3   Vh =0.2 47% (42-60) 8% (3-15) 
Vc =0.3   Vh =0.4 1% (0-2) 1% (0-3) 
Vc =0.5   Vh =0.4 23% (18-32) 0% (0-3) 

 
Figure A9: Concept 1 (C1.4, non-isotherm), median of the particle concentration [%] (0.5-0.7 µm) at wound area for 
different heights of the particle counter (n=15). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the 
HEPA-filtered air [m/s]. 

Table A7: Concept 2 (isotherm), median (range) [%] of the particle concentration (0.5-0.7 µm) measured in the wound 
area (n=15). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

 High Middle Low 
Vc =0.1    Vh =0.2 0% (0-2) 1% (0-1) 1% (0-2) 
Vc =0.1   Vh =0.3 0% (0-0) 0% (0-0) 0% (0-0) 
Vc =0.3   Vh =0.2 0% (0-1) 1% (0-2) 1% (0-2) 
Vc =0.5   Vh =0.1 0% (0-2) 0% (0-3) 0% (0-1) 
Vc =0.5   Vh =0.3 0% (0-2) 0% (0-3) 0% (0-2) 

 
Figure A10: Concept 2 (isotherm), median of the particle concentration [%] (0.5-0.7 µm) at wound area for different 
heights of the particle counter (n=15). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered 
air [m/s]. 

0% 
10% 
20% 
30% 
40% 
50% 
60% 
70% 
80% 
90% 

100% 

Vc=0.1 
Vh=0.1 

Vc=0.1 
Vh=0.3 

Vc=0.3 
Vh=0.2 

Vc=0.3 
Vh=0.4 

Vc=0.5 
Vh=0.4 

Pa
rt

ic
le

 c
on

ce
nt

ra
tio

n 
[%

] 

Air velocities [m/s] 

High 

Low 

0% 
1% 
2% 
3% 
4% 
5% 
6% 
7% 
8% 
9% 

10% 

Vc=0.1 
Vh=0.2 

Vc=0.1 
Vh=0.3 

Vc=0.3 
Vh=0.2 

Vc=0.5 
Vh=0.1 

Vc=0.5 
Vh=0.3 

Pa
rt

ic
le

 c
on

ce
nt

ra
tio

n 
[%

] 

Air velocities [m/s] 

High 

Middle 

Low 



 

55 
 

Appendix B: Results experimental parameter study 
 
Concept 1 (C1.2) – isotherm 
 
Table B1: Concept 1 (C1.2, isotherm), median (range) [%] of the relative particle concentration (0.5-0.7 µm) measured in 
the wound area. Average amount of particles (0.5-0.7 µm) contaminated air = 2145 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 33% (11-59) 56% (46-69) 75% (59-98) 75% (66-83) 85% (74-98) 
0.20 45% (36-86) 13% (6-28) 48% (27-60) 59% (39-80) 70% (62-79) 
0.30 3% (0-14) 15% (8-24) 9% (4-13) 23% (11-47) 44% (36-55) 
0.40 1% (0-3) 19% (11-32) 4% (1-7) 10% (2-20) 15% (12-19) 
 
Table B2: Concept 1 (C1.2, isotherm), median (range) [%] of the relative particle concentration (0.7-2.5 µm) measured in 
the wound area. Average amount of particles (0.7-2.5 µm) contaminated air = 1660 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 34% (11-56) 55% (44-68) 75% (58-100) 75% (63-84) 83% (72-96) 
0.20 46% (35-86) 13% (5-29) 48% (24-59) 59% (39-83) 70% (61-79) 
0.30 3% (0-15) 15% (8-23) 8% (3-12) 22% (10-48) 43% (36-55) 
0.40 1% (0-3) 19% (12-32) 4% (1-7) 10% (2-20) 15% (11-19) 
 
Table B3: Concept 1 (C1.2, isotherm), median (range) [%] of the relative particle concentration (2.5-10 µm) measured in 
the wound area. Average amount of particles (2.5-10 µm) contaminated air = 88 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 23% (5-61) 56% (23-100) 67% (40-100) 69% (38-100) 77% (46-100) 
0.20 52% (27-92) 12% (2-40) 40% (6-69) 56% (28-100) 77% (39-100) 
0.30 3% (0-28) 17% (0-44) 7% (0-20) 24% (6-69) 46% (32-95) 
0.40 0% (0-4) 18% (5-30) 2% (0-10) 9% (0-23) 17% (4-38) 
 
Table B4: Concept 1 (C1.2, isotherm), median (range) [%] of the relative particle concentration (>10 µm) measured in the 
wound area. Average amount of particles (>10 µm) contaminated air = 17 particles per Liter during the measurements 
(n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 20% (0-67) 56% (11-100) 69% (0-100) 69% (0-100) 68% (27-100) 
0.20 56% (0-100) 13% (0-50) 33% (0-100) 59% (0-100) 93% (0-100) 
0.30 0% (0-67) 13% (0-100) 0% (0-32) 25% (0-100) 40% (0-100) 
0.40 0% (0-15) 15% (0-46) 0% (0-29) 0% (0-57) 13% (0-60) 
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Concept 1 (C1.4) – isotherm  
 
Table B5: Concept 1 (C1.4, isotherm), median (range) [%] of the relative particle concentration (0.5-0.7 µm) measured in 
the wound area. Average amount of particles (0.5-0.7 µm) contaminated air = 2548 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 12% (0-94) 43% (15-84) 66% (57-74) 69% (63-78) 77% (67-86) 
0.20 1% (0-3) 12% (1-24) 30% (21-43) 49% (36-59) 63% (56-72) 
0.30 1% (0-3) 2% (0-11) 12% (7-15) 17% (10-23) 35% (29-44) 
0.40 0% (0-4) 0% (0-3) 1% (0-3) 7% (4-12) 11% (9-14) 
 
Table B6: Concept 1 (C1.4, isotherm), median (range) [%] of the relative particle concentration (0.7-2.5 µm) measured in 
the wound area. Average amount of particles (0.7-2.5 µm) contaminated air = 1826 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 10% (0-93) 44% (15-83) 67% (58-76) 70% (63-78) 75% (66-85) 
0.20 1% (0-2) 12% (1-25) 29% (22-44) 51% (37-60) 63% (58-72) 
0.30 1% (0-3) 2% (0-10) 11% (6-16) 16% (9-24) 35% (28-44) 
0.40 0% (0-4) 0% (0-3) 1% (0-3) 7% (3-11) 11% (9-14) 
 
Table B7: Concept 1 (C1.4, isotherm), median (range) [%] of the relative particle concentration (2.5-10 µm) measured in 
the wound area. Average amount of particles (2.5-10 µm) contaminated air = 76 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 1% (0-100) 46% (7-100) 73% (29-100) 67% (39-100) 73% (53-100) 
0.20 0% (0-17) 11% (0-29) 30% (13-64) 48% (15-85) 67% (39-88) 
0.30 0% (0-8) 0% (0-15) 13% (2-20) 14% (4-31) 32% (13-57) 
0.40 0% (0-0) 0% (0-7) 0% (0-11) 10% (0-22) 9% (0-31) 
 
Table B8: Concept 1 (C1.4, isotherm), median (range) [%] of the relative particle concentration (>10 µm) measured in the 
wound area. Average amount of particles (>10 µm) contaminated air = 16 particles per Liter during the measurements 
(n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 0% (0-100) 29% (0-100) 60% (20-100) 67% (18-100) 63% (35-100) 
0.20 0% (0-33) 0% (0-57) 21% (0-80) 53% (0-100) 68% (21-100) 
0.30 0% (0-0) 0% (0-27) 4% (0-22) 17% (0-38) 29% (9-82) 
0.40 0% (0-0) 0% (0-0) 0% (0-89) 0% (0-60) 9% (0-35) 
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Concept 1 (C1.4) – non-isotherm  
 
Table B9: Concept 1 (C1.4, non-isotherm), median (range) [%] of the relative particle concentration (0.5-0.7 µm) 
measured in the wound area. Average amount of particles (0.5-0.7 µm) contaminated air = 6920 particles per Liter during 
the measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 86% (73-100) 97% (88-100) 89% (75-100) 78% (69-93) 81% (73-95) 
0.20 58% (29-73) 91% (83-100) 80% (70-90) 73% (61-87) 75% (70-88) 
0.30 17% (1-44) 60% (43-72) 61% (48-72) 59% (44-74) 55% (49-68) 
0.40 0% (0-4) 6% (3-9) 30% (22-38) 31% (27-45) 47% (39-58) 
 
Table B10: Concept 1 (C1.4, non-isotherm), median (range) [%] of the relative particle concentration (0.7-2.5 µm) 
measured in the wound area. Average amount of particles (0.7-2.5 µm) contaminated air = 4695 particles per Liter during 
the measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 86% (72-100) 97% (87-100) 88% (75-100) 76% (68-93) 81% (69-93) 
0.20 55% (28-74) 90% (82-100) 79% (69-91) 73% (61-88) 76% (66-87) 
0.30 17% (1-43) 60% (41-73) 60% (49-70) 59% (44-75) 55% (48-67) 
0.40 0% (0-5) 6% (2-8) 29% (22-37) 30% (27-46) 48% (40-60) 
 
Table B11: Concept 1 (C1.4, non-isotherm), median (range) [%] of the relative particle concentration (2.5-10 µm) 
measured in the wound area. Average amount of particles (2.5-10 µm) contaminated air = 57 particles per Liter during 
the measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 81% (47-100) 90% (56-100) 85% (50-100) 77% (39-100) 70% (43-100) 
0.20 53% (26-83) 78% (54-100) 81% (50-90) 84% (39-100) 72% (30-100) 
0.30 16% (0-70) 55% (39-98) 56% (13-100) 69% (33-90) 59% (24-98) 
0.40 0% (0-19) 5% (2-12) 27% (14-57) 23% (0-46) 65% (24-94) 
 
Table B12: Concept 1 (C1.4, non-isotherm), median (range) [%] of the relative particle concentration (>10 µm) measured 
in the wound area. Average amount of particles (>10 µm) contaminated air = 12 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 91% (18-100) 78% (38-100) 91% (25-100) 75% (0-100) 72% (29-100) 
0.20 50% (17-100) 75% (13-100) 59% (0-100) 80% (0-100) 77% (31-100) 
0.30 0% (0-100) 57% (0-100) 60% (0-100) 75% (0-100) 67% (13-100) 
0.40 0% (0-30) 0% (0-29) 23% (0-80) 20% (0-100) 62% (14-100) 
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Concept 2 – isotherm  
 
Table B13: Concept 2 (isotherm), median (range) [%] of the relative particle concentration (0.5-0.7 µm) measured in the 
wound area. Average amount of particles (0.5-0.7 µm) contaminated air = 1352 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 0% (0-2) 0% (0-2) 0% (0-4) 1% (0-6) 17% (8-21) 
0.20 0% (0-2) 0% (0-1) 0% (0-3) 0% (0-4) 1% (0-4) 
0.30 0% (0-3) 0% (0-5) 0% (0-1) 0% (0-3) 1% (0-2) 
 
Table B14: Concept 2 (isotherm), median (range) [%] of the relative particle concentration (0.7-2.5 µm) measured in the 
wound area. Average amount of particles (0.7-2.5 µm) contaminated air = 972 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 0% (0-2) 0% (0-2) 0% (0-3) 2% (0-6) 16% (8-21) 
0.20 0% (0-2) 0% (0-2) 0% (0-4) 0% (0-4) 1% (0-4) 
0.30 0% (0-3) 0% (0-4) 0% (0-1) 0% (0-3) 1% (0-1) 
 
Table B15: Concept 2 (isotherm), median (range) [%] of the relative particle concentration (2.5-10 µm) measured in the 
wound area. Average amount of particles (2.5-10 µm) contaminated air = 68 particles per Liter during the measurements 
(n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 0% (0-5) 0% (0-0) 0% (0-18) 1% (0-11) 13% (6-23) 
0.20 0% (0-5) 0% (0-0) 0% (0-13) 0% (0-3) 0% (0-5) 
0.30 0% (0-22) 0% (0-9) 0% (0-0) 0% (0-11) 0% (0-3) 
 
Table B16: Concept 2 (isotherm), median (range) [%] of the relative particle concentration (>10 µm) measured in the 
wound area. Average amount of particles (>10 µm) contaminated air = 27 particles per Liter during the measurements 
(n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 0% (0-0) 0% (0-0) 0% (0-0) 0% (0-17) 14% (2-28) 
0.20 0% (0-0) 0% (0-0) 0% (0-0) 0% (0-0) 0% (0-4) 
0.30 0% (0-0) 0% (0-0) 0% (0-0) 0% (0-6) 0% (0-4) 
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Concept 2 – non-isotherm  
 
Table B17: Concept 2 (non-isotherm), median (range) [%] of the relative particle concentration (0.5-0.7 µm) measured in 
the wound area. Average amount of particles (0.5-0.7 µm) contaminated air = 4390 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 0% (0-3) 0% (0-3) 0% (0-2) 1% (0-1) 8% (5-11) 
0.20 1% (0-3) 0% (0-5) 0% (0-1) 1% (0-3) 1% (0-6) 
0.30 1% (0-2) 1% (0-2) 1% (0-4) 0% (0-1) 0% (0-2) 
 
Table B18: Concept 2 (non-isotherm), median (range) [%] of the relative particle concentration (0.7-2.5 µm) measured in 
the wound area. Average amount of particles (0.7-2.5 µm) contaminated air = 2724 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 0% (0-3) 0% (0-2) 0% (0-2) 1% (0-2) 8% (5-12) 
0.20 1% (0-4) 0% (0-5) 0% (0-1) 1% (0-4) 1% (0-7) 
0.30 1% (0-2) 0% (0-2) 1% (0-5) 0% (0-1) 0% (0-2) 
 
Table B19: Concept 2 (non-isotherm), median (range) [%] of the relative particle concentration (2.5-10 µm) measured in 
the wound area. Average amount of particles (2.5-10 µm) contaminated air = 57 particles per Liter during the 
measurements (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 0% (0-21) 0% (0-2) 0% (0-6) 0% (0-9) 7% (2-13) 
0.20 0% (0-33) 0% (0-25) 0% (0-8) 0% (0-8) 0% (0-18) 
0.30 0% (0-12) 0% (0-11) 0% (0-22) 0% (0-2) 0% (0-25) 
 
Table B20: Concept 2 (non-isotherm), median (range) [%] of the relative particle concentration (>10 µm) measured in the 
wound area. Average amount of particles (>10 µm) contaminated air = 19 particles per Liter during the measurements 
(n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 0% (0-0) 0% (0-0) 0% (0-20) 0% (0-12) 7% (0-19) 
0.20 0% (0-100) 0% (0-33) 0% (0-25) 0% (017) 0% (0-16) 
0.30 0% (0-25) 0% (0-25) 0% (0-50) 0% (0-6) 0% (0-0) 
 
 
 



 

60 
 

Robustness measurements for concept 1 and 2 
 
Robustness measurements were conducted for concept 1 (C1.4), isotherm and non-isotherm, with 
HEPA-filtered air velocity of 0.40 m/s. For concept 2, the robustness measurements were conducted 
isothermally with a HEPA-filtered air velocity of 0.30 m/s. The contaminated airflow was turned off 
(series 1) and turned on with an air velocity of 0.10 m/s.  
 
Table B21: Robustness for concept 1 (C1.4, isotherm and non-isotherm) and concept 2 (non-isotherm), median (range) 
[%] of the relative particle concentration (0.5-0.7 µm) measured in the wound area (n=30). Vc = air velocity of the 
contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

 Vc [m/s]  
 0.00 0.10 
Concept 1 (C1.4, isotherm) 1% (0-4) 0% (0-1) 
Concept 1 (C1.4, non-isotherm) 1% (0-19) 0% (0-2) 
Concept 2 (isotherm) 11% (6-22) 6% (2-17) 
 
Table B22: Robustness for concept 1 (C1.4, isotherm and non-isotherm) and concept 2 (non-isotherm), median (range) 
[%] of the relative particle concentration (0.7-2.5 µm) measured in the wound area (n=30). Vc = air velocity of the 
contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

 Vc [m/s]  
 0.00 0.10 
Concept 1 (C1.4, isotherm) 2% (0-3) 0% (0-2) 
Concept 1 (C1.4, non-isotherm) 1% (0-18) 0% (0-2) 
Concept 2 (isotherm) 10% (6-23) 6% (3-19) 
 
Table B23: Robustness for concept 1 (C1.4, isotherm and non-isotherm) and concept 2 (non-isotherm), median (range) 
[%] of the relative particle concentration (2.5-10 µm) measured in the wound area (n=30). Vc = air velocity of the 
contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

 Vc [m/s]  
 0.00 0.10 
Concept 1 (C1.4, isotherm) 0% (0-7) 0% (0-30) 
Concept 1 (C1.4, non-isotherm) 0% (0-51) 0% (0-9) 
Concept 2 (isotherm) 9% (0-40) 6% (0-30) 
 
Table B24: Robustness for concept 1 (C1.4, isotherm and non-isotherm) and concept 2 (non-isotherm), median (range) 
[%] of the relative particle concentration (>10 µm) measured in the wound area (n=30). Vc = air velocity of the 
contaminated air [m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

 Vc [m/s]  
 0.00 0.10 
Concept 1 (C1.4, isotherm) 0% (0-8) 0% (0-40) 
Concept 1 (C1.4, non-isotherm) 0% (0-77) 0% (0-25) 
Concept 2 (isotherm) 12% (0-45) 17% (0-100) 
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Appendix C: Data analysis experimental parameter study 
 

1. Normality tests 
The data of Appendix B was analyzed on a normal distribution by using the Kolmogorov-Smirnov 
Lilliefors test. For these tests, the null hypothesis was that the relative particle concentration was 
normally distributed (n=30); a significance level of 5% was used. In the tables below, the non-
normally distributed relative particle concentrations are shown in bold.  
 

Concept 1 (C1.2) – isotherm 
Table C1: Concept 1 (C1.2, isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (0.5-0.7 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.20 p=0.20 p=0.09 p=0.18 p=0.05 
0.20 p=0.02 p=0.20 p=0.01 p=0.20 p=0.05 
0.30 p=0.00 p=0.20 p=0.20 p=0.00 p=0.20 
0.40 p=0.00 p=0.17 p=0.02 p=0.00 p=0.19 
 
Table C2: Concept 1 (C1.2, isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (0.7-2.5 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.20 p=0.20 p=0.20 p=0.20 p=0.20 
0.20 p=0.01 p=0.04 p=0.04 p=0.14 p=0.20 
0.30 p=0.00 p=0.16 p=0.20 p=0.00 p=0.20 
0.40 p=0.00 p=0.20 p=0.01 p=0.00 p=0.20 
 
Table C3: Concept 1 (C1.2, isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (2.5-10 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.11 p=0.20 p=0.01 p=0.20 p=0.20 
0.20 p=0.02 p=0.13 p=0.20 p=0.07 p=0.20 
0.30 p=0.00 p=0.20 p=0.20 p=0.14 p=0.01 
0.40 p=0.00 p=0.17 p=0.04 p=0.20 p=0.20 
 
Table C4: Concept 1 (C1.2, isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (>10 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.02 p=0.12 p=0.05 p=0.20 p=0.00 
0.20 p=0.00 p=0.00 p=0.00 p=0.00 p=0.08 
0.30 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
0.40 p=0.00 p=0.01 p=0.00 p=0.00 p=0.00 
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Concept 1 (C1.4) – isotherm 
 
Table C5: Concept 1 (C1.4, isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (0.5-0.7 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.00 p=0.00 p=0.20 p=0.20 p=0.20 
0.20 p=0.00 p=0.03 p=0.20 p=0.03 p=0.20 
0.30 p=0.00 p=0.00 p=0.08 p=0.07 p=0.03 
0.40 p=0.00 p=0.00 p=0.00 p=0.02 p=0.01 
 
Table C6: Concept 1 (C1.4, isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (0.7-2.5 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.00 p=0.00 p=0.20 p=0.20 p=0.20 
0.20 p=0.00 p=0.04 p=0.02 p=0.01 p=0.20 
0.30 p=0.00 p=0.00 p=0.20 p=0.20 p=0.10 
0.40 p=0.00 p=0.00 p=0.00 p=0.00 p=0.16 
 
Table C7: Concept 1 (C1.4, isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (2.5-10 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.00 p=0.13 p=0.12 p=0.08 p=0.20 
0.20 p=0.00 p=0.01 p=0.20 p=0.20 p=0.20 
0.30 p=0.00 p=0.00 p=0.05 p=0.12 p=0.15 
0.40 p=1.00 p=0.00 p=0.00 p=0.20 p=0.04 
 
Table C8: Concept 1 (C1.4, isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (>10 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.00 p=0.02 p=0.01 p=0.01 p=0.11 
0.20 p=0.00 p=0.00 p=0.05 p=0.06 p=0.20 
0.30 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
0.40 p=1.00 p=1.00 p=0.00 p=0.00 p=0.00 
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Concept 1 (C1.4) – non-isotherm 
 
Table C9: Concept 1 (C1.4, non-isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (0.5-0.7 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.15 p=0.05 p=0.20 p=0.20 p=0.20 
0.20 p=0.20 p=0.18 p=0.20 p=0.06 p=0.00 
0.30 p=0.00 p=0.14 p=0.20 p=0.08 p=0.08 
0.40 p=0.00 p=0.00 p=0.05 p=0.04 p=0.14 
 
Table C10: Concept 1 (C1.4, non-isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (0.7-2.5 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.15 p=0.13 p=0.20 p=0.20 p=0.20 
0.20 p=0.14 p=0.04 p=0.20 p=0.20 p=0.18 
0.30 p=0.00 p=0.05 p=0.20 p=0.06 p=0.04 
0.40 p=0.00 p=0.00 p=0.20 p=0.00 p=0.20 
 
Table C11: Concept 1 (C1.4, non-isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (2.5-10 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.20 p=0.11 p=0.20 p=0.20 p=0.20 
0.20 p=0.20 p=0.20 p=0.20 p=0.15 p=0.20 
0.30 p=0.01 p=0.02 p=0.20 p=0.01 p=0.20 
0.40 p=0.00 p=0.00 p=0.04 p=0.20 p=0.20 
 
Table C12: Concept 1 (C1.4, non-isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (>10 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.20 p=0.01 p=0.20 p=0.20 p=0.02 
0.20 p=0.05 p=0.05 p=0.08 p=0.01 p=0.10 
0.30 p=0.00 p=0.20 p=0.05 p=0.00 p=0.14 
0.40 p=0.00 p=0.00 p=0.00 p=0.00 p=0.03 
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Concept 2 – isotherm 
 
Table C13: Concept 2 (isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle concentrations 
(0.5-0.7 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the 
HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
0.20 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
0.30 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
 
Table C14: Concept 2 (isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle concentrations 
(0.7-2.5 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the 
HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.00 p=0.00 p=0.00 p=0.00 p=0.03 
0.20 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
0.30 p=0.00 p=0.00 p=0.00 p=0.01 p=0.00 
 
Table C15: Concept 2 (isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle concentrations 
(2.5-10 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the 
HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.00 p=1.00 p=0.00 p=0.00 p=0.20 
0.20 p=0.00 p=1.00 p=1.00 p=0.00 p=0.00 
0.30 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
 
Table C16: Concept 2 (isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle concentrations 
(>10 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air velocity of the 
HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=1.00 p=1.00 p=1.00 p=1.00 p=0.20 
0.20 p=1.00 p=1.00 p=1.00 p=0.00 p=0.00 
0.30 p=1.00 p=1.00 p=0.00 p=0.00 p=0.00 
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Concept 2 – non-isotherm  
 
Table C17: Concept 2 (non-isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (0.5-0.7 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
0.20 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
0.30 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
 
Table C18: Concept 2 (non-isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (0.7-2.5 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.00 p=0.00 p=0.00 p=0.00 p=0.01 
0.20 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
0.30 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
 
Table C19: Concept 2 (non-isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (2.5-10 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
0.20 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
0.30 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
 
Table C20: Concept 2 (non-isotherm), p-value of the normality test (K-S Lilliefors test) for the relative particle 
concentrations (>10 µm) measured in the wound area (n=30). Vc = air velocity of the contaminated air [m/s], Vh = air 
velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 p=1.00 p=1.00 p=0.00 p=0.00 p=0.00 
0.20 p=0.00 p=0.00 p=0.00 p=0.00 p=0.00 
0.30 p=0.00 p=0.00 p=0.00 p=0.00 p=1.00 
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2. Reproducibility tests 
The Wilcoxon matched-pairs test (two-tailed) was performed to test the reproducibility of the 
parameter study by comparing series 1 and series 2 of the relative particle concentrations (n=30). 
The Z-value (p-value) are given, in bold the significant values are given. The null hypothesis was that 
the difference between the medians of the two pairs was zero; a significance level of 5% was used. 
 
Concept 1 (C1.2) – isotherm 
Table C21: Concept 1 (C1.2, isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of 
the relative particle concentration (0.5-0.7 µm) measured in the wound area. Vc = air velocity of the contaminated air 
[m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -2.8 (p=0.01) -1.9 (p=0.06) -3.4 (p=0.00) -1.3 (p=0.18) -1.4 (p=0.16) 
0.20 -3.4 (p=0.00) -3.2 (p=0.00) -3.4 (p=0.00) -3.4 (p=0.00) -3.0 (p=0.00) 
0.30 -3.4 (p=0.00) -0.4 (p=0.71) -1.3 (p=0.20) -3.4 (p=0.00) -1.7 (p=0.09) 
0.40 0.0 (p=1.00) -1.5 (p=0.14) -2.1 (p=0.04) -0.4 (p=0.70) -0.2 (p=0.85) 
 
Table C22: Concept 1 (C1.2, isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of 
the relative particle concentration (0.7-2.5 µm) measured in the wound area. Vc = air velocity of the contaminated air 
[m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -2.9 (p=0.00) -2.3 (p=0.02) -3.4 (p=0.00) -1.4 (p=0.16) -1.0 (p=0.33) 
0.20 -3.4 (p=0.00) -3.4 (p=0.00) -3.4 (p=0.00) -3.4 (p=0.00) -2.4 (p=0.02) 
0.30 -3.4 (p=0.00) -0.1 (p=0.94) -1.4 (p=0.15) -3.4 (p=0.00) -1.4 (p=0.17) 
0.40 -1.5 (p=0.13) -1.1 (p=0.26) -2.2 (p=0.03) -0.7 (p=0.44) -0.4 (p=0.70) 
 
Table C23: Concept 1 (C1.2, isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of 
the relative particle concentration (2.5-10 µm) measured in the wound area. Vc = air velocity of the contaminated air 
[m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -2.8 (p=0.01) -2.7 (p=0.01) -3.1 (p=0.00) -2.5 (p=0.01) -3.3 (p=0.00) 
0.20 -2.7 (p=0.01) -3.3 (p=0.00) -2.6 (p=0.01) -2.9 (p=0.00) -0.1 (p=0.94) 
0.30 -3.2 (p=0.00) -0.1 (p=0.89) -0.5 (p=0.65) -3.4 (p=0.00) -0.2 (p=0.86) 
0.40 -1.6 (p=0.11) -0.8 (p=0.40) -1.5 (p=0.15) -2.2 (p=0.03) -0.0 (p=0.98) 
 
Table C24: Concept 1 (C1.2, isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of 
the relative particle concentration (>10 µm) measured in the wound area. Vc = air velocity of the contaminated air [m/s], 
Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -2.0 (p=0.05) -0.4 (p=0.71) -2.0 (p=0.04) -1.5 (p=0.13) -3.4 (p=0.00) 
0.20 -0.8 (p=0.43) -2.1 (p=0.03) -1.5 (p=0.15) -2.7 (p=0.01) -0.0 (p=0.98) 
0.30 -1.9 (p=0.06) -0.0 (p=0.98) -0.9 (p=0.37) -1.9 (p=0.05) -0.4 (p=0.70) 
0.40 -1.0 (p=0.32) -0.3 (p=0.75) -1.8 (p=0.07) -0.3 (p=0.74) 0.0 (p=1.00) 
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Concept 1 (C1.4) – isotherm 
 
Table C25: Concept 1 (C1.4, isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of 
the relative particle concentration (0.5-0.7 µm) measured in the wound area. Vc = air velocity of the contaminated air 
[m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -3.4 (p=0.00) -3.4 (p=0.00) -1.1 (p=0.28) -1.7 (p=0.08) -1.8 (p=0.07) 
0.20 -2.4 (p=0.02) -3.4 (p=0.00) -3.3 (p=0.00) -3.3 (p=0.00) -2.3 (p=0.02) 
0.30 -2.4 (p=0.02) -3.3 (p=0.00) -1.6 (p=0.12) -3.4 (p=0.00) -3.2 (p=0.00) 
0.40 -3.5 (p=0.00) -1.7 (p=0.09) 0.0 (p=1.00) -2.3 (p=0.02) -0.1 (p=0.89) 
 
Table C26: Concept 1 (C1.4, isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of 
the relative particle concentration (0.7-2.5 µm) measured in the wound area. Vc = air velocity of the contaminated air 
[m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -3.4 (p=0.00) -3.4 (p=0.00) -0.5 (p=0.65) -1.9 (p=0.06) -2.3 (p=0.02) 
0.20 -2.9 (p=0.00) -3.4 (p=0.00) -3.4 (p=0.00) -3.3 (p=0.00) -1.8 (p=0.07) 
0.30 -2.2 (p=0.03) -3.3 (p=0.00) -1.6 (p=0.12) -3.4 (p=0.00) -3.1 (p=0.00) 
0.40 -3.5 (p=0.00) -1.4 (p=0.16) -0.9 (p=0.37) -1.9 (p=0.06) -0.3 (p=0.75) 
 
Table C27: Concept 1 (C1.4, isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of 
the relative particle concentration (2.5-10 µm) measured in the wound area. Vc = air velocity of the contaminated air 
[m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -3.3 (p=0.00) -3.4 (p=0.00) -2.2 (p=0.03) -2.8 (p=0.01) -2.6 (p=0.01) 
0.20 -1.3 (p=0.18) -2.3 (p=0.02) -0.8 (p=0.41) -3.0 (p=0.00) -1.8 (p=0.08) 
0.30 -0.5 (p=0.66) -3.2 (p=0.00) -0.3 (p=0.80) -2.5 (p=0.01) -1.4 (p=0.17) 
0.40 0.0 (p=1.00) -1.0 (p=0.32) -0.7 (p=0.46) -1.4 (p=0.17) -2.0 (p=0.05) 
 
Table C28: Concept 1 (C1.4, isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of 
the relative particle concentration (>10 µm) measured in the wound area. Vc = air velocity of the contaminated air [m/s], 
Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -2.5 (p=0.01) -3.4 (p=0.00) -0.6 (p=0.53) -2.4 (p=0.02) -2.6 (p=0.01) 
0.20 -1.0 (p=0.32) -0.26 (p=0.80) -0.6 (p=0.55) -2.3 (p=0.02) -0.8 (p=0.44) 
0.30 0.0 (p=1.00) -2.3 (p=0.02) -0.4 (p=0.66) -0.7 (p=0.46) -0.5 (p=0.61) 
0.40 0.0 (p=1.00) 0.0 (p=1.00) -1.1 (p=0.29) -1.5 (p=0.14) -2.4 (p=0.02) 
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Concept 1 (C1.4) – non-isotherm 
 
Table C29: Concept 1 (C1.4, non-isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 
of the relative particle concentration (0.5-0.7 µm) measured in the wound area. Vc = air velocity of the contaminated air 
[m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -3.4 (p=0.00) -2.2 (p=0.03) -3.4 (p=0.00) -3.0 (p=0.00) -2.0 (p=0.05) 
0.20 -2.1 (p=0.04) -1.9 (p=0.05) -0.1 (p=0.96) -3.1 (p=0.00) -2.8 (p=0.01) 
0.30 -3.4 (p=0.00) -3.3 (p=0.00) -3.4 (p=0.00) -3.4 (p=0.00) -3.0 (p=0.00) 
0.40 -3.0 (p=0.00) -2.9 (p=0.00) -3.1 (p=0.00) -3.4 (p=0.00) -0.5 (p=0.62) 
 
Table C30: Concept 1 (C1.4, non-isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 
of the relative particle concentration (0.7-2.5 µm) measured in the wound area. Vc = air velocity of the contaminated air 
[m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -3.4 (p=0.00) -1.2 (p=0.25) -3.4 (p=0.00) -3.3 (p=0.00) -1.5 (p=0.12) 
0.20 -2.1 (p=0.04) -1.5 (p=0.12) -0.1 (p=0.96) -3.4 (p=0.00) -1.5 (p=0.13) 
0.30 -3.4 (p=0.00) -3.4 (p=0.00) -3.3 (p=0.00) -3.2 (p=0.00) -3.2 (p=0.00) 
0.40 -3.1 (p=0.00) -2.5 (p=0.01) -2.9 (p=0.00) -3.4 (p=0.00) -0.6 (p=0.55) 
 
Table C31: Concept 1 (C1.4, non-isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 
of the relative particle concentration (2.5-10 µm) measured in the wound area. Vc = air velocity of the contaminated air 
[m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -1.1 (p=0.29) -0.1 (p=0.93) -0.4 (p=0.67) -2.2 (p=0.03) -1.4 (p=0.16) 
0.20 -2.2 (p=0.03) -2.0 (p=0.05) -2.8 (p=0.00) -0.6 (p=0.57) -0.8 (p=0.44) 
0.30 -3.4 (p=0.00) -1.9 (p=0.05) -0.4 (p=0.69) -0.7 (p=0.50) -1.4 (p=0.17) 
0.40 -1.8 (p=0.07) -1.2 (p=0.23) -0.7 (p=0.43) -0.1 (p=0.89) -1.8 (p=0.08) 
 
Table C32: Concept 1 (C1.4, non-isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 
of the relative particle concentration (>10 µm) measured in the wound area. Vc = air velocity of the contaminated air 
[m/s], Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -1.5 (p=0.13) -1.1 (p=0.26) -0.7 (p=0.46) -0.7 (p=0.51) -2.4 (p=0.02) 
0.20 -2.2 (p=0.03) -2.2 (p=0.03) -1.3 (p=0.19) -1.3 (p=0.20) -1.4 (p=0.16) 
0.30 -3.0 (p=0.00) -1.8 (p=0.07) -1.4 (p=0.17) -2.1 (p=0.04) -1.7 (p=0.09) 
0.40 -1.6 (p=0.10) -0.3 (p=0.76) -0.9 (p=0.35) -0.8 (p=0.43) -2.7 (p=0.01) 
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Concept 2 – isotherm 
 
Table C33: Concept 2 (isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of the 
relative particle concentration (0.5-0.7 µm) measured in the wound area. Vc = air velocity of the contaminated air [m/s], 
Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -1.1 (p=0.26) -1.3 (p=0.19) -0.2 (p=0.85) -0.4 (p=0.72) -3.3 (p=0.00) 
0.20 -1.9 (p=0.06) -2.0 (p=0.05) -0.3 (p=0.76) -2.2 (p=0.03) -3.0 (p=0.00) 
0.30 -1.3 (p=0.21) -1.7 (p=0.08) -1.0 (p=0.32) -0.8 (p=0.43) -2.7 (p=0.01) 
 
Table C34: Concept 2 (isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of the 
relative particle concentration (0.7-2.5 µm) measured in the wound area. Vc = air velocity of the contaminated air [m/s], 
Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -0.9 (p=0.37) -1.6 (p=0.10) -0.2 (p=0.85) -0.9 (p=0.38) -3.3 (p=0.00) 
0.20 -1.4 (p=0.16) -2.1 (p=0.03) -0.2 (p=0.84) -2.5 (p=0.01) -2.8 (p=0.01) 
0.30 -0.9 (p=0.36) -1.1 (p=0.26) -1.0 (p=0.32) -0.7 (p=0.47) -2.6 (p=0.01) 
 
Table C35: Concept 2 (isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of the 
relative particle concentration (2.5-10 µm) measured in the wound area. Vc = air velocity of the contaminated air [m/s], 
Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -1.4 (p=0.16) 0.0 (p=1.00) -1.0 (p=0.32) -2.1 (p=0.04) -3.4 (p=0.00) 
0.20 -1.0 (p=0.32) 0.0 (p=1.00) -1.4 (p=0.16) -0.6 (p=0.56) -0.1 (p=0.92) 
0.30 -1.6 (p=0.10) -1.3 (p=0.18) 0.0 (p=1.00) 0.0 (p=1.00) -1.3 (p=0.18) 
 
Table C36: Concept 2 (isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of the 
relative particle concentration (>10 µm) measured in the wound area. Vc = air velocity of the contaminated air [m/s], Vh = 
air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 0.0 (p=1.00) 0.0 (p=1.00) 0.0 (p=1.00) -2.3 (p=0.02) -2.7 (p=0.01) 
0.20 0.0 (p=1.00) 0.0 (p=1.00) 0.0 (p=1.00) 0.0 (p=1.00) -0.4 (p=0.66) 
0.30 0.0 (p=1.00) 0.0 (p=1.00) 0.0 (p=1.00) -1.0 (p=0.32) -1.0 (p=0.32) 
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Concept 2 – non-isotherm  
 
Table C37: Concept 2 (non-isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of the 
relative particle concentration (0.5-0.7 µm) measured in the wound area. Vc = air velocity of the contaminated air [m/s], 
Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -1.6 (p=0.11) -1.6 (p=0.11) -1.1 (p=0.26) -3.2 (p=0.00) -3.2 (p=0.00) 
0.20 -0.6 (p=0.54) -2.5 (p=0.01) -0.8 (p=0.41) -2.4 (p=0.02) -3.2 (p=0.00) 
0.30 -3.3 (p=0.00) -1.0 (p=0.32) -1.3 (p=0.19) -1.6 (p=0.10) -2.2 (p=0.03) 
 
Table C38: Concept 2 (non-isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of the 
relative particle concentration (0.7-2.5 µm) measured in the wound area. Vc = air velocity of the contaminated air [m/s], 
Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -1.7 (p=0.10) -1.3 (p=0.18) -1.9 (p=0.06) -2.9 (p=0.00) -3.1 (p=0.00) 
0.20 -1.3 (p=0.20) -2.3 (p=0.02) -0.4 (p=0.66) -2.3 (p=0.02) -3.1 (p=0.00) 
0.30 -2.7 (p=0.01) -0.5 (p=0.60) -1.6 (p=0.11) -1.6 (p=0.10) -2.5 (p=0.01) 
 
Table C39: Concept 2 (non-isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of the 
relative particle concentration (2.5-10 µm) measured in the wound area. Vc = air velocity of the contaminated air [m/s], 
Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 -1.3 (p=0.18) -1.0 (p=0.32) 0.0 (p=1.00) -0.6 (p=0.58) -0.8 (p=0.41) 
0.20 -0.9 (p=0.34) -1.3 (p=0.18) -1.0 (p=0.32) -1.6 (p=0.11) -2.3 (p=0.02) 
0.30 -2.0 (p=0.04) -2.0 (p=0.04) -0.5 (p=0.60) -2.0 (p=0.05) -1.6 (p=0.11) 
 
Table C40: Concept 2 (non-isotherm), z-value (p-value) of the Wilcoxon matched-pairs test for series 1 and series 2 of the 
relative particle concentration (>10 µm) measured in the wound area. Vc = air velocity of the contaminated air [m/s], Vh = 
air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] Vc [m/s] 
 0.10 0.30 0.50 0.70 0.90 
0.10 0.0 (p=1.00) 0.0 (p=1.00) -1.0 (p=0.32) -1.1 (p=0.28) -1.7 (p=0.08) 
0.20 -1.3 (p=0.18) -1.0 (p=0.32) -1.0 (p=0.32) -0.4 (p=0.71) -2.0 (p=0.04) 
0.30 -1.4 (p=0.16) -1.1 (p=0.28) 0.0 (p=1.00) -1.4 (p=0.16) 0.0 (p=1.00) 
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3. Particle sizes 
The results of the particle size 0.5-0.7 µm were compared to the other particle sizes using the paired 
t-test (two-tailed). For these tests, the null hypothesis was that the difference between the means of 
the two pairs was zero; a significance level of 5% was used. The t-tests were performed for all Vcs 
together (n=150). The average differences (p-value) are given, in bold the significant values are given. 
 
Table C41: Concept 1 (C1.4, isotherm), average differences (p-value) between the relative particle concentrations of 0.5-
0.7 µm and the other particle sizes, measured in the wound area (n=150). Vh = air velocity of the HEPA-filtered air [m/s].  

Vh [m/s] 0.7-2.5 µm 2.5-10 µm >10 µm 
0.10 0.2 (p=0.80) 1.4 (p=0.67) 9.6 (p=0.02) 

0.20 -0.2 (p=0.70) -0.2 (p=0.85) 2.6 (p=0.49) 

0.30 0.4 (p=0.18) 1.6 (p=0.10) 3.4 (p=0.09) 

0.40 0.0 (p=1.00) 0.0 (p=1.00) 2.0 (p=0.20) 

 
Table C42: Concept 2 (isotherm), average differences (p-value) between the relative particle concentrations of 0.5-0.7 µm 
and the other particle sizes, measured in the wound area (n=150). Vh = air velocity of the HEPA-filtered air [m/s]. 

Vh [m/s] 0.7-2.5 µm 2.5-10 µm >10 µm 
0.10 0.0 (p=1.00) 0.8 (p=0.37) 0.8 (p=0.24) 

0.20 0.0 (p=1.00) 0.2 (p=0.37) 0.2 (p=0.37) 

0.30 0.0 (p=1.00) 0.2 (p=0.37) 0.2 (p=0.37) 
 
 
4. Air velocity and temperature HEPA-filtered air 
The performance of different HEPA-filtered air velocities and different supply temperatures were 
compared by using the paired t-test (one-tailed). For these tests, the null hypothesis was that the 
difference between the means of the two pairs was zero; a significance level of 5% was used. The t-
tests were performed for all Vcs together (n=150). The average differences (p-value) are given, in 
bold the significant values are given. 
 
Table C43: Concept 1 (C1.4, isotherm and non-isotherm), average differences (p-value) between the relative particle 
concentrations of different HEPA-filtered air velocities, measured in the wound area (0.5-0.7 µm, n=150). Vh = air velocity 
of the HEPA-filtered air [m/s].  

Vh [m/s] Isotherm Non-isotherm 
0.10 vs 0.20 22.4 (p=0.01) 7.2 (p=0.02) 
0.20 vs 0.30 17.6 (p=0.02) 25.4 (p=0.02) 
0.30 vs 0.40 9.6 (p=0.04) 28.4 (p=0.02) 
 
Table C44: Concept 2 (isotherm and non-isotherm), average differences (p-value) between the relative particle 
concentrations of different HEPA-filtered air velocities, measured in the wound area (0.5-0.7 µm, n=150). Vh = air velocity 
of the HEPA-filtered air [m/s].  

Vh [m/s] Isotherm Non-isotherm 
0.10 vs 0.20 3.4 (p=0.17) 1.2 (p=0.23) 
0.20 vs 0.30 0.0 (p=0.50) 0.0 (p=0.50) 
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Table C45: Concept 1 (C1.4) and concept 2, average differences (p-value) between the isotherm and the non-isotherm 
relative particle concentrations, measured in the wound area (0.5-0.7 µm, n=150). Vh = air velocity of the HEPA-filtered 
air [m/s].  

Vh [m/s] Concept 1 Concept 2 
0.10  -31.8 (p=0.04) 1.8 (p=0.18) 
0.20  -47.0 (p=0.01) -0.4 (p=0.09) 
0.30  -39.2 (p=0.01) -0.4 (p=0.18) 
0.40 -20.4 (p=0.02) - 
 
 
5. Concept C1.2 compared to concept C1.4 
The performances of concept C1.2 (isotherm) and concept C1.4 (isotherm) were compared by using 
the paired t-test (one-tailed). For these tests, the null hypothesis was that the difference between 
the means of the two pairs was zero; a significance level of 5% was used. The t-tests were performed 
for all Vcs together (n=150). The average differences (p-value) are given, in bold the significant values 
are given. 
 
Table C46: Concept C1.2 (isotherm) and concept C1.4 (isotherm), average differences (p-value) between the relative 
particle concentrations of C1.2 and C1.4, measured in the wound area (0.5-0.7 µm, n=150). Vh = air velocity of the HEPA-
filtered air [m/s].  

Vh [m/s] Concept 1.2 
0.10  -11.4 (p=0.02) 
0.20  -16.0 (p=0.02) 
0.30  -5.4 (p=0.07) 
0.40 -6.0 (p=0.02) 
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Appendix D: Measurement equipment experimental parameter study 
 
Table D1: Equipment used for the experimental parameter study. 

Device Type  Remarks Output Range Accuracy 
Model Made by Interflow Made of multiplex, 

HPL, acrylic, CG-
cloth 

- - - 

HEPA-filter Dryseal TA-2-DS-14-G1-
F3. Art.nr. 
90214132436 

Serial nr. 
201410112-01-1  

H14 
according to 
EN1822 

0.45 m/s 99.995 
efficiency 

Particle 
counter 

Lighthouse remote 
2014 

TUE ID 1839/1840  0.5-10 µm 0-2,000,000 
particles/ft3 

5% coinci-
dence loss 

Fan 1 Fischbach D770/ E650-
4. Art.nr. 8010196 

TUE ID 2110 0-5100 m3/h Pressure 
differential 
638-230 Pa 

Stepless 
speed-control 

Fan 2 Fischbach D570/ E250-
4. Art.nr. 8010870 

TUE ID 703 0-2980 m3/h Pressure 
differential 
405-139 Pa 

Stepless 
speed-control 

Air heater  Fischbach LE 3.6 
Flach 1 

TUE ID 428 - - - 

Temperature 
sensor and 
regulator 

West 6100 TUE ID540 0-10 Volt 0-100 oC - 

Air velocity 
transmitters 

E+E Elektronik  
EE65-VB5-D02 

TUE ID1841 / 
ID1843 

0-10 Volt or 
4-20 mA 

0-10 m/s ± 0.2 m/s at 
20 oC, 45% 
RH, 1013 hPa 

Logger Squirrelview 2010 
/2020 

TUE ID2491/2672 0-10 Volt 0-10 Volt ± 0.1% 

Manual 
smoke 
generator 

FP-smoke (powder) 
No: FP 220 

Manufactured by 
Björnax AB Sweden 

- - - 

Smoke pump Powder smoke pump Made by Strassa 
Företagsby 

Ø 4 mm - - 

Manual air 
velocity 
sensor 

Testo 425  
Serial nr. 00216411 

TUE ID0217 m/s, fpm 0-10 m/s ± 0.05 m/s 

Manual 
temperature 
sensor 

Testo 425  
Serial nr. 00216411 

TUE ID0217 oC, oF -20 – 70 oC ± 0.5 oC 

Video camera JVC HD Everio  
GZ-E105BE 

TUE ID2677 High 
definition  

- - 

Stroboscope  Strobotac, serial 433, 
type 1531-A 

TUE 88-1547 - 110 RPM to a 
line 

- 

Omni-
directional 
sensor 

Sensor electronic – 
SensoAnemo 
transducer. A345K105-
130290 

TUE ID 2511 0-5 Volt; 
RS485 

0.05-5 m/s ± 0.01 m/s at 
0.6 m/s 

Moving arm Made by author Made of wiper 
motor, foam sheet 

- - - 

Temperature 
sensor 

NTC thermistor, PR 
series. Sensor data 

TUE ID1755/1742/ 
1762 

0-10 Volt -55-80 oC ±0.05K 
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Figure D1: Visualization of the measurement setup of the experimental parameter study 

 

 
Figure D2: Picture of the measurement setup of the experimental parameter study 
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Appendix E: Validation study full-scale study 
 
1. Air distribution  
Measurements were performed for 3 minutes, with 10 measurements per second. Measurements 
were conducted with the omni-directional Sensor electronics 5132SF (accuracy: +- 0.01 m/s for air 
velocity < 0.6 m/s), which was repositioned manually. The measurements were conducted for each 
supply surface separately by placing boards (see Figure E1). 
 
For the instrument table, measurements were performed 100 mm from the supply surface at a 
height of 50 mm above the HPL-surface. Low and high measurements were conducted for the 
instrument table 30 and 70 mm above the HPL-surface respectively. For the blanket, measurements 
were conducted 50 mm from the supply surface and 35 mm above the wound surface. The 
measurement positions are shown in Figure E2.  
 

            
Figure E1: Air distribution measurements for the blanket (left) and the instrument table (right). 

 

 
Figure E2: Measurement positions for the instrument table and the blanket. 
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Table E1: Air velocities [m/s] for the air distribution measurements of the instrument table and the blanket.  

TABLE 
Position 

 
Air velocity [m/s] 

 BLANKET 
Position 

 
Air velocity [m/s] 

1 0.40  1 0.15 
2 0.40  2 0.18 
3 0.42  3 0.22 
4 0.40  4 0.14 
5 0.40  5 0.14 
6 0.42  6 0.15 
7 0.41  7 0.11 
8 0.43  8 0.12 
9 0.40  9 0.17 

10 0.39  10 0.12 
6a 0.42  11 0.18 
7a 0.42  12 0.18 
8a 0.42  13 0.29 
9a 0.41  14 0.17 

6low 0.37  15 0.17 
7low 0.35  16 0.13 
8low 0.34  17 0.22 
9low 0.31  18 0.23 
6high 0.21    
7high 0.25    
8high 0.34    
9high 0.40    

 
 
2. The positioning of the particle source and the particle counters 
 
The particle concentration measured in the periphery was not completely regular during the 
protection class measurements. Therefore, the influence of the positioning of the particle source and 
reference counter in the periphery on the equality of the particle concentration was investigated. 
First, smoke tests were performed to visualize the airflow of the contamination (Figure E3). These 
tests indicated the contamination was traveling upwards (above the particle counter in the 
periphery) after which it reached the wound area.  
 
The influence of the vertical positioning of the source and counter was analyzed by measuring 
particle concentrations for varying heights of the contamination source and the periphery counter 
(Figure E4 and E5). The measurements were conducted using the measurement setup of the 
ventilating blanket, position 2. The objective of these measurements was to make the particle 
concentration in the periphery more regular (reference counter). The measurements were 
performed for 15 minutes with a sample time of 1 minute. Positioning the periphery counter at a 
height of 1.90 meter increased the particle concentrations, however, the particle concentrations was 
still irregular. A positive effect was neither showed at other heights of the particle source and 
reference counter. Also horizontal repositioning of the source and the reference counter did not 
stabilize the particle concentrations measured in the periphery. Therefore, the measurement setup 
according to the VCCN (2014) was maintained. 
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Figure E3: Smoke test of the contaminated airflow during protection class measurements of the blanket, position 2 
(Loogman, 2014).  

 
Figure E4: Particle concentration [particles/m3] for varying heights of the periphery counter (Loogman, 2014).  

 
Figure E5: Particle concentration [particles/m3] for varying heights of the contamination source (Loogman, 2014).  
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3. Horizontal and vertical positioning of the particle counters 
 
In the wound area and on the instrument table, the influence of horizontal and vertical repositioning 
of the particle counters was explored by protection class measurements. The measurement positions 
are shown in Figure E6 and E7. The measurements were conducted for positions 3 and 4 for the 
blanket and position 3 for the table, the results are shown in Table E2.  
 
For both the blanket as the instrument table, the high measurements showed significant higher 
relative particle concentrations than the low measurements (p<0.01). The low and high 
measurements of the blanket compared to the normal measurements also showed mostly significant 
differences. The low measurements of the instrument table compared to the normal measurements 
revealed only significant lower values for the Cmiddle position (p<0.03). For the high measurements of 
the table compared to the normal situation, only the Ccorner position yielded a significant higher value 
(p=0.00).  
 
The horizontal repositioning of the particle counters on the instrument table showed no significant 
differences compared to the normal measurements (p>0.08). The horizontal repositioned 
measurements of the blanket yielded mostly significant differences. 
 
 

    
Figure E6: Height difference measurements of the particle counters Ccorner and Cmiddle for the blanket (left) and for the 
table (right). 

 

     
Figure E7: Horizontal repositioning of the particle counters Ccorner and Cmiddle for the blanket (left) and for the table (right). 
Cm,h represents the repositioned Cmiddle; Cc,h represents the repositioned Ccorner. 
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Table E2: Blanket and instrument table – horizontal and vertical positioning particle counters, median (range) [%] of the 
relative particle concentration and median of the protection class [-] measured during the protection class 
measurements (≥0.5 µm, n=15).  

 
Position 

            Blanket 
Relative 
particle 
concentration 

 
Protection 
class 

            Table 
Relative 
particle 
concentration 

 
Protection 
class 

LOW     
Cc3,low 0.0% (0.0-0.0) 4.0 0.9% (0.8-3.6) 2.0 
Cc4,low 0.0% (0.0-0.0) 4.3   
Cm3,low 0.1% (0.0-0.3) 2.9 0.5% (0.3-1.4) 2.3 
Cm4,low 1.9% (0.6-3.8) 1.7   
     
HIGH     
Cc3,high 0.5% (0.1-0.7) 2.3 3.3% (2.6-6.8) 1.5 
Cc4,high 34.5% (9.6-64.8) 0.5   
Cm3,high 0.7% (0.3-1.2) 2.1 0.6% (0.4-1.2) 2.2 
Cm4,high 0.8% (0.2-2.1) 2.1   
     
HORIZ.     
Cc3,hor 0.6% (0.4-0.9) 2.2 0.9% (0.8-1.8) 2.0 
Cc4,hor 5.3% (1.5-11.0) 1.3   
Cm3,hor 0.3% (0.0-0.5) 2.6 0.8% (0.6-1.4) 2.1 
Cm4,hor 1.0% (0.3-1.8) 2.0   
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Appendix F: Results full-scale study 
 

The results of all the protection class and recovery time measurements are shown below. For the 
protection class measurements are the p-values of the Kolmogorov-Smirnov Lilliefors shown in the 
last column of each table. For these tests, the null hypothesis was that the relative particle 
concentration was normally distributed (n=15); a significance level of 5% was used. 
 

1. Blanket 
Protection class – original setup  
Table F1: Blanket – original setup (non-isotherm), results of the relative particle concentrations during series 1 of the 
protection class measurements [%]. Average amount of particles (≥0.5 µm) measured in the periphery = 28,300,547 
particles/m3. In the last column the p-value of the normality test is shown.  

 N Mean St.dev Median Min Max K-S test 
Cc1 15 0.5% 0.1% 0.5% 0.4% 0.7% 0.01 
Cm1 15 7.6% 1.5% 7.7% 4.8% 10.5% 0.20 
Cs1 15 131.3% 34.7% 114.5% 81.7% 192.4% 0.06 
        
Cc2 15 0.4% 0.2% 0.4% 0.1% 1.0% 0.15 
Cm2 15 3.6% 1.8% 2.9% 1.6% 7.1% 0.05 
Cs2 15 16.0% 11.7% 14.3% 3.4% 41.4% 0.20 
        
Cc3 15 0.0% 0.0% 0.0% 0.0% 0.1% 1.00 
Cm3 15 2.6% 1.1% 2.6% 1.3% 5.4% 0.20 
Cs3 15 17.2% 6.3% 16.9% 5.9% 28.9% 0.20 
        
Cc4 15 2.6% 1.1% 2.6% 0.6% 4.3% 0.20 
Cm4 15 5.7% 2.8% 6.6% 1.0% 10.2% 0.20 
Cs4 15 79.0% 13.9% 79.3% 46.3% 102.8% 0.20 
 
Table F2: Blanket – original setup (non-isotherm), results of the relative particle concentrations during series 2 of the 
protection class measurements [%]. Average amount of particles (>0.5 µm) measured in the periphery = 14,234,893 
particles/m3. In the last column the p-value of the normality test is shown. 

 N Mean St.dev Median Min Max K-S test 
Cc1 15 0.0% 0.0% 0.0% 0.0% 0.0% 1.00 
Cm1 15 2.9% 1.2% 2.6% 1.6% 6.7% 0.00 
Cs1 15 145.4% 56.2% 123.8% 79.9% 273.2% 0.06 
        
Cc2 15 0.3% 0.2% 0.3% 0.0% 0.7% 0.20 
Cm2 15 0.6% 0.4% 0.5% 0.2% 1.8% 0.18 
Cs2 15 22.7% 9.6% 22.1% 6.8% 44.2% 0.20 
        
Cc3 15 0.6% 0.1% 0.5% 0.4% 0.8% 0.01 
Cm3 15 0.9% 0.3% 0.8% 0.5% 1.5% 0.18 
Cs3 15 83.5% 16.2% 81.9% 58.4% 109.8% 0.20 
        
Cc4 15 19.7% 3.6% 18.8% 14.0% 26.6% 0.20 
Cm4 15 0.8% 0.3% 0.8% 0.4% 1.3% 0.20 
Cs4 15 50.0% 15.7% 51.2% 15.6% 75.4% 0.20 
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Protection class – perpendicular  
Table F3: Blanket – perpendicular (non-isotherm), results of the relative particle concentrations during the protection 
class measurements [%]. Average amount of particles (>0.5 µm) measured in the periphery = 15,166,938 particles/m3. In 
the last column the p-value of the normality test is shown. 

 N Mean St.dev Median Min Max K-S test 
Cc1 15 0.6% 0.3% 0.6% 0.2% 1.1% 0.00 
Cm1 15 1.0% 0.4% 0.8% 0.5% 1.7% 0.00 
Cs1 15 45.5% 19.3% 45.8% 19.5% 88.0% 0.34 
        
Cc2 15 6.0% 1.6% 6.2% 3.5% 8.6% 0.78 
Cm2 15 0.8% 0.3% 0.8% 0.3% 1.2% 0.00 
Cs2 15 31.0% 10.2% 32.2% 6.3% 43.6% 0.04 
        
Cc3 15 0.1% 0.1% 0.2% 0.0% 0.2% 1.00 
Cm3 15 1.1% 0.3% 1.1% 0.7% 1.7% 0.00 
Cs3 15 29.3% 9.3% 33.0% 14.5% 44.3% 0.19 
        
Cc4 15 5.8% 1.6% 5.5% 2.9% 8.9% 0.41 
Cm4 15 1.1% 0.5% 1.3% 0.4% 1.6% 0.00 
Cs4 15 54.7% 12.0% 58.1% 28.1% 67.6% 0.01 
 
Protection class – room ventilation  
Table F4: Blanket – room ventilation of 6 ACH (non-isotherm), results of the relative particle concentrations during the 
protection class measurements [%]. Average amount of particles (>0.5 µm) measured in the periphery = 8,553,978 
particles/m3. In the last column the p-value of the normality test is shown. 

 N Mean St.dev Median Min Max K-S test 
Cc1 15 0.2% 0.1% 0.2% 0.1% 0.3% 1.00 
Cm1 15 2.3% 0.6% 2.4% 1.0% 3.0% 0.00 
Cs1 15 98.7% 22.1% 108.0% 50.0% 128.2% 0.04 
        
Cc2 15 11.8% 5.7% 10.8% 4.4% 27.1% 0.04 
Cm2 15 0.8% 0.1% 0.8% 0.5% 1.0% 1.00 
Cs2 15 27.0% 11.6% 29.0% 7.8% 49.4% 0.20 
        
Cc3 15 0.0% 0.0% 0.0% 0.0% 0.1% 1.00 
Cm3 15 0.3% 0.1% 0.3% 0.2% 0.6% 0.00 
Cs3 15 25.1% 12.4% 28.4% 4.9% 42.2% 0.20 
        
Cc4 15 22.9% 6.0% 23.4% 12.1% 34.4% 0.20 
Cm4 15 1.6% 0.4% 1.6% 1.0% 2.4% 0.00 
Cs4 15 83.0% 21.1% 84.3% 50.9% 116.3% 0.20 
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Protection class – robustness  
Table F5: Blanket – robustness (non-isotherm), results of the relative particle concentrations during the protection class 
measurements [%]. Average amount of particles (>0.5 µm) measured in the periphery = 11,777,930 particles/m3. In the 
last column the p-value of the normality test is shown. 

 N Mean St.dev Median Min Max K-S test 
Cc2 15 0.2% 0.1% 0.2% 0.0% 0.3% 1.00 
Cm2 15 2.0% 1.0% 2.2% 0.2% 3.3% 0.00 
        
Cc3 15 5.5% 1.8% 5.5% 2.7% 10.2% 0.01 
Cm3 15 3.1% 1.9% 3.0% 0.7% 7.8% 0.20 
 
Protection class – isotherm  
Table F6: Blanket – isotherm, results of the relative particle concentrations during the protection class measurements 
[%]. Average amount of particles (>0.5 µm) measured in the periphery = 16,046,503 particles/m3. In the last column the 
p-value of the normality test is shown. 

 N Mean St.dev Median Min Max K-S test 
Cc2 15 2.8% 0.5% 2.9% 2.0% 3.8% 0.00 
Cm2 15 1.0% 0.3% 1.1% 0.5% 1.5% 0.00 
Cs2 15 32.0% 14.1% 33.0% 14.6% 57.0% 0.15 
        
Cc3 15 0.0% 0.0% 0.0% 0.0% 0.0% 1.00 
Cm3 15 0.3% 0.1% 0.3% 0.1% 0.4% 1.00 
Cs3 15 48.0% 8.3% 50.1% 32.7% 59.4% 0.13 
 
Recovery time 
Table F7:  Blanket – recovery time, the particle concentration [%] measured during the recovery time measurements in 
the wound area for 5 series of the blanket (non-isotherm). Average amount of particles (>0.5 µm) during the 100% 
measurement in the wound area = 284,950,200 particles/m3. 

Time [seconds] Series 1 Series 2 Series 3 Series 4 Series 5 
0 100.0% 100.0% 100.0% 100.0% 100.0% 
10 42.6% 59.1% 67.6% 67.9% 27.5% 
20 22.7% 20.8% 13.4% 1.9% 0.2% 
30 0.0% 0.1% 0.4% 0.0% 0.1% 
40 0.0% 0.0% 0.0% 0.1% 0.3% 
50 0.0% 0.2% 0.0% 0.0% 0.1% 
60 0.0% 0.1% 0.0% 0.0% 0.2% 
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2. Instrument table 
 
Protection class – original setup  
Table F8: Instrument table – original setup (isotherm), results of the relative particle concentrations during series 1 of the 
protection class measurements [%]. Average amount of particles (>0.5 µm) measured in the periphery = 20,656,620 
particles/m3. In the last column the p-value of the normality test is shown. 

 N Mean St.dev Median Min Max K-S test 
Cc1 15 2.2% 0.7% 2.0% 1.2% 3.3% 0.20 
Cm1 15 2.1% 0.5% 2.2% 1.4% 3.1% 0.20 
Cs1 15 105.4% 30.7% 100.6% 66.6% 174.4% 0.20 
        
Cc2 15 2.4% 0.8% 2.4% 1.1% 4.6% 0.02 
Cm2 15 1.8% 0.4% 1.9% 1.0% 2.6% 0.20 
Cs2 15 49.3% 18.2% 56.8% 23.2% 73.6% 0.11 
        
Cc3 15 1.5% 0.2% 1.4% 1.0% 1.8% 0.20 
Cm3 15 0.6% 0.1% 0.7% 0.5% 0.8% 0.18 
Cs3 15 34.0% 9.2% 34.8% 18.8% 48.4% 0.20 
        
Cc4 15 1.7% 0.3% 1.7% 1.1% 2.2% 0.05 
Cm4 15 1.7% 0.3% 1.7% 1.2% 2.1% 0.20 
Cs4 15 79.7% 19.1% 86.3% 49.6% 104.0% 0.20 
 
Table F9: Instrument table – original setup (isotherm), results of the relative particle concentrations during series 2 of the 
protection class measurements [%]. Average amount of particles (>0.5 µm) measured in the periphery = 17,890,163 
particles/m3. In the last column the p-value of the normality test is shown. 

 N Mean St.dev Median Min Max K-S test 
Cc1 15 0.5% 0.1% 0.5% 0.4% 0.6% 0.01 
Cm1 15 0.6% 0.2% 0.6% 0.3% 0.9% 0.20 
Cs1 15 23.1% 7.1% 20.8% 13.4% 37.1% 0.20 
        
Cc2 15 0.6% 0.2% 0.6% 0.4% 1.1% 0.02 
Cm2 15 0.6% 0.2% 0.6% 0.3% 1.1% 0.19 
Cs2 15 38.3% 6.6% 37.8% 25.3% 52.4% 0.20 
        
Cc3 15 1.2% 0.3% 1.3% 0.7% 1.9% 0.20 
Cm3 15 0.6% 0.1% 0.6% 0.5% 0.9% 0.00 
Cs3 15 30.5% 9.8% 31.6% 11.0% 42.4% 0.20 
        
Cc4 15 1.2% 0.2% 1.2% 1.0% 1.8% 0.20 
Cm4 15 1.2% 0.2% 1.1% 0.9% 1.9% 0.05 
Cs4 15 66.1% 14.7% 71.3% 41.0% 90.0% 0.20 
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Protection class – perpendicular  
Table F10: Instrument table – perpendicular (isotherm), results of the relative particle concentrations during the 
protection class measurements [%]. Average amount of particles (>0.5 µm) measured in the periphery = 20,601,190 
particles/m3. In the last column the p-value of the normality test is shown. 

 N Mean St.dev Median Min Max K-S test 
Cc3 15 0.1% 0.0% 0.1% 0.0% 0.1% 1.00 
Cm3 15 0.7% 0.3% 0.8% 0.3% 1.0% 0.00 
Cs3 15 31.4% 18.8% 41.0% 6.6% 54.6% 0.02 
        
Cc4 15 0.3% 0.1% 0.3% 0.1% 0.4% 1.00 
Cm4 15 1.4% 0.3% 1.3% 0.7% 2.0% 0.00 
Cs4 15 50.2% 14.2% 52.0% 16.9% 69.7% 0.06 
 
Protection class – room ventilation  
Table F11: Instrument table – room ventilation of 6 ACH (isotherm), results of the relative particle concentrations during 
the protection class measurements [%]. Average amount of particles (>0.5 µm) measured in the periphery = 9,491,843 
particles/m3. In the last column the p-value of the normality test is shown. 

 N Mean St.dev Median Min Max K-S test 
Cc3 15 2.8% 0.8% 2.7% 1.7% 4.5% 0.00 
Cm3 15 1.3% 0.4% 1.2% 0.6% 2.2% 0.00 
Cs3 15 60.4% 29.0% 59.8% 14.0% 118.5% 0.97 
        
Cc4 15 0.9% 0.1% 0.9% 0.7% 1.2% 1.00 
Cm4 15 1.3% 0.2% 1.3% 1.0% 1.9% 0.00 
Cs4 15 49.8% 14.1% 54.6% 23.2% 70.4% 0.20 
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Appendix G: Data analysis full-scale study 
 
1. Reproducibility  
The Wilcoxon matched-pairs test (two-tailed) was performed to test the reproducibility of the full-
scale study by comparing series 1 (n=15) and series 2 (n=15) of the relative particle concentrations. 
The null hypothesis was that the difference between the medians of the two pairs was zero; a 
significance level of 5% was used. The Z-values (p-value) are given, in bold the significant values are 
given. 
 
Table G1: Blanket (non-isotherm) – reproducibility test, z-value (p-value) of the Wilcoxon matched-pairs test for series 1 
and series 2 of the relative particle concentration (≥0.5 µm) measured during the protection class measurements 
(original setup).  

 Position 1 Position 2 Position 3 Position 4 
Ccorner -2.8 (p=0.01) -3.4 (p=0.00) -2.0 (p=0.05) -0.4 (p=0.66) 
Cmiddle -3.2 (p=0.00) -3.1 (p=0.00) -3.3 (p=0.00) -3.4 (p=0.00) 
Csurgeon -3.4 (p=0.00) -3.4 (p=0.00) -0.7 (p=0.48) -1.9 (p=0.05) 
 
Table G2: Instrument table (isotherm) – reproducibility test, z-value (p-value) of the Wilcoxon matched-pairs test for 
series 1 and series 2 of the relative particle concentration (≥0.5 µm) measured during the protection class measurements 
(original setup).  

 Position 1 Position 2 Position 3 Position 4 
Ccorner -0.7 (p=0.48) -2.4 (p=0.01) -3.2 (p=0.00) -3.2 (p=0.00) 
Cmiddle -1.0 (p=0.32) -1.8 (p=0.06) -3.4 (p=0.00) -3.3 (p=0.00) 
Csurgeon -2.3 (p=0.02) -1.9 (p=0.05) -3.4 (p=0.00) -2.0 (p=0.04) 
 
2. Differences in measurement setup 
The differences in the protection class measurements were compared to the original measurement 
setup by using the Wilcoxon matched-pairs test (one-tailed). For these tests, the null hypothesis was 
that the difference between the medians of the two pairs was zero; a significance level of 5% was 
used. The differences in measurement setups (15 measurements) were compared with the two 
series of the original protection class measurements separately. The Z-values (p-value) are given, in 
bold the significant values are given. 
 
Table G3: Blanket – room ventilation versus original setup series 1, z-value (p-value) of the Wilcoxon matched-pairs test 
for the relative particle concentrations (≥0.5 µm) measured during the protection class measurements.  

 Position 1 Position 2 Position 3 Position 4 
Ccorner -2.0 (p=0.02) -3.4 (p=0.00) 0.0 (p=0.50) -3.4 (p=0.00) 
Cmiddle -3.4 (p=0.00) -3.4 (p=0.00) -3.4 (p=0.00) -3.2 (p=0.00) 
Csurgeon -2.3 (p=0.01) -3.3 (p=0.00) -2.9 (p=0.00) -0.3 (p=0.38) 
 
Table G4: Blanket – room ventilation versus original setup series 2, z-value (p-value) of the Wilcoxon matched-pairs test 
for the relative particle concentrations (≥0.5 µm) measured during the protection class measurements.  

 Position 1 Position 2 Position 3 Position 4 
Ccorner 0.0 (p=0.50) -3.4 (p=0.00) -2.8 (p=0.00) -1.4 (p=0.08) 
Cmiddle -1.6 (p=0.05) -2.1 (p=0.02) -3.5 (p=0.00) -3.0 (p=0.00) 
Csurgeon -2.8 (p=0.00) -2.2 (p=0.01) -3.4 (p=0.00) -3.4 (p=0.00) 
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Table G5: Blanket – robustness measurements versus original setup (series 1 and 2), z-value (p-value) of the Wilcoxon 
matched-pairs test for the relative particle concentrations (≥0.5 µm) measured during the protection class 
measurements.  

 Position 2  
(series 1) 

Position 2  
(series 2) 

Position 3  
(series 1) 

Position 3  
(series 2) 

Ccorner -2.0 (p=0.02) -3.5 (p=0.00) -3.4 (p=0.00) -2.8 (p=0.00) 
Cmiddle -2.7 (p=0.00) -3.3 (p=0.00) -0.5 (p=0.28) -2.6 (p=0.01) 
 
Table G6: Blanket – isotherm measurements versus original setup (series 1 and 2), z-value (p-value) of the Wilcoxon 
matched-pairs test for the relative particle concentrations (≥0.5 µm) measured during the protection class 
measurements.  

 Position 2  
(series 1) 

Position 2  
(series 2) 

Position 3  
(series 1) 

Position 3  
(series 2) 

Ccorner -3.4 (p=0.00) -3.5 (p=0.00) 0.0 (p=0.50) -2.8 (p=0.00) 
Cmiddle -3.4 (p=0.00) -1.9 (p=0.00) -3.4 (p=0.00) -3.7 (p=0.00) 
Csurgeon -3.2 (p=0.00) -2.8 (p=0.00) -3.4 (p=0.00) -3.4 (p=0.00) 
 
Table G6: Instrument table – room ventilation versus original setup (series 1 and 2), z-value (p-value) of the Wilcoxon 
matched-pairs test for the relative particle concentrations (≥0.5 µm) measured during the protection class 
measurements.  

 Position 3  
(series 1) 

Position 3  
(series 2) 

Position 4  
(series 1) 

Position 4  
(series 2) 

Ccorner -3.0 (p=0.00) -3.2 (p=0.00) -2.6 (p=0.00) -1.0 (p=0.16) 
Cmiddle -2.0 (p=0.02) -2.2 (p=0.01) -1.8 (p=0.03) -0.6 (p=0.28) 
Csurgeon -3.2 (p=0.00) -3.4 (p=0.00) -2.8 (p=0.00) -2.8 (p=0.00) 
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Appendix H: Measurement equipment full-scale study 
 
Table H1: Measurement equipment used during the experimental full-scale study 

Device Type  Remarks Output Range Accuracy 
Blanket Made by author Made of air 

mattress, 
permeable cloth 

- - - 

Instrument 
table 

Made by Interflow Made of multiplex, 
HPL, perforated 
steel 

- - - 

HEPA-filter Dryseal TA-2-DS-14-G1-
F3. Art.nr. 
90214132436 

Serial nr. 
201410112-01-1  

H14 
according to 
EN1822 

0.45 m/s 99.995 
efficiency 

Particle 
counter 

Lighthouse remote 
3016 

IF27091/27093/ 
27095 

0.3-10 µm 
0.10 CFM 

0-2,000,000 
particles/ft3 

2.5% coinci-
dence loss 

Particle 
counter (Cs) 

Lighthouse Solair 3100 IF27088  0.5-10 µm 
1.00 CFM 

0-2,000,000 
particles/ft3 

2.5% coinci-
dence loss 

Particle source Lighthouse O-flow Interflow (owned) - - - 
Fan 1 Fischbach D770/ E650-

4. Art.nr. 8010196 
TUE ID 2110 0-5100 m3/h Pressure 

differential 
638-230 Pa 

Stepless 
speed-control 

Fan 2 Fischbach D570/ E250-
4. Art.nr. 8010870 

TUE ID 703 0-2980 m3/h Pressure 
differential 
405-139 Pa 

Stepless 
speed-control 

Air heater  Fischbach LE 3.6 
Flach 1 

TUE ID 428 - - - 

Temperature 
sensor and 
regulator 

West 6100 TUE ID540 0-10 Volt 0-100 oC - 

Logger Squirrelview 2020-2F8 
Grant instruments 

TUE ID2491 0-10 Volt 0-10 Volt ±0.05% + 
0.025% range 

Temperature 
sensor 

NTC thermistor, PR 
series. Sensor data 

TUE ID0060/1742/ 
1762 

0-10 Volt -55-80 oC ±0.05K 

Radiant 
temperature 

Black bulb, NTC 
thermistor, PR series 

TUE ID1773 0-10 Volt -55-80 oC ±0.05K 

Air 
temperature 

NTC thermistor, PR 
series. Sensor data 

TUE ID2598 0-10 Volt -55-80 oC ±0.05K 

Manual air 
velocity sensor 

Testo 425  
Serial nr. 00216411 

TUE ID0217 m/s, fpm 0-10 m/s ± 0.05 m/s + 
5% readings 

Manual temp 
sensor 

Testo 425  
Serial nr. 00216411 

TUE ID0217 oC, oF -20 – 70 oC ± 0.5 oC + 5% 
readings 

Video camera JVC HD Everio  
GZ-E105BE 

TUE ID2677 High 
definition  

- - 

Omni-
directional 
sensor 

Sensor electronic – 
SensoAnemo 
A345K105-130290 

TUE ID 2511 0-5 Volt; 
RS485 

0.05-5 m/s ± 0.01 m/s at 
0.6 m/s + 
1.5% readings 

Moving arm Made by author Made of wiper 
motor, foam sheet 

- - - 

Flowfinder ACIN flowfinder mk-2 TUE ID2289 10-550 m3/h 10-550 m3/h  3% of the 
readings 

Manometer ALNOR EBT 720 
micromanometer 

TUE ID720 In.H2O, Pa, 
mm Hg 

0-3735 Pa ± 2% of the 
readings 



 

88 
 

 
 

 
Figure H1: Measurement setup of a protection class measurement of the ventilating blanket (position 4).  

 

 
Figure H2: Measurement setup of the comfort measurements at the surgeon’s position.  
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