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Motivation 

•  Limited collection of long-term building science data to date 

•  Insufficiently described built environment metadata (or more 
accurately built environment data) can limit our ability to 
compare microbial ecology results from one indoor 
environment to another 
–  Or assess how best to control indoor microbial communities 
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Summarized in Kelley and Gilbert 2013 Genome Biol 14:202; 
Konya and Scott 2014 Curr Sustain Energy Rep 1:35-42 
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•  Recent studies have greatly increased our 
knowledge of microbial ecology of the indoor 
environments in which we live and work 



Two related efforts 

1.  Review of recent indoor microbial literature through 
the lens of a building scientist 
–  And recommendations for tools for microbial ecologists to 

incorporate more building science measurements in their 
work 

2.  OSBSS: Open Source Building Science Sensors 
–  An effort to design and build open source building 

environmental sensors for microbiology studies 
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Literature review of recent MoBE investigations 

We reviewed ~30 recent studies on the microbiology of the built 
environment (MoBE)  
•  Identified 3 general categories based on level of detail in 

measuring/documenting built environment metadata or data: 

1.  Microbial diversity in the absence of building characteristics 

2.  Microbial diversity and basic building, HVAC, and/or 
environmental metadata 

3.  Microbial diversity and detailed characterizations of built 
environment data and/or human occupancy/activities 
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e.g., Hewitt et al. 2012 PLoS ONE 7(5):e37849 

e.g., Kembel et al. 2012 ISME J 6:1469-1479;              
 Adams et al. 2014 PLoS ONE 9(3):e91283 

 

e.g., Qian et al. 2012 Indoor Air 22:339-351 

Ramos and Stephens 2014 Building and Environment 



1. Microbial diversity in the absence of built environment data 

5 Hewitt et al. 2012 PLoS ONE 7(5):e37849 

“Bacterial community 
diversity of the Tucson 
samples was clearly 
distinguishable from 
that of New York and 
San Francisco, which 
were indistinguishable” 

Bacterial abundance in offices in 3 US cities 

Interesting, but why? 



2. Microbial diversity and basic built environment data 
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Adams et al. 2014 PLoS ONE 9(3):e91283 

“Bacterial richness tended to be higher in those four (of 
11) units that reported at least occasional humidifier use”  

Kembel et al. 2012 ISME J 6:1469-1479 

Interesting, but built 
environment factors 

are correlated 

Airborne bacteria in a healthcare facility 

Occupant activities 



3. Microbial diversity and detailed building data 

7 Qian et al. 2012 Indoor Air 22:339-351 

•  Detailed characterization of building operation and occupancy allowed for 
estimating per-occupant emission rates using a mass-balance model… 
the power of building characterization! 



Suggestions for built environment measurements 
1.  Measure detailed building characteristics and long-term 

indoor environmental conditions 
–  Building surveys, T, RH, W, light, others 

2.  Measure human occupancy and activity 
–  Proximity, trip wires, CO2, RFID, acoustic, Bluetooth, video 

3.  Characterize HVAC systems and measure ventilation rates 
(and sources of air) 

4.  Characterize surfaces 
–  T, aw, pH, porosity, qualitative details, frequency of cleaning  

5.  Standardize air sampling and quantifying aerosol dynamics 
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“Tools to improve built environment data collection for 
indoor microbial ecology investigations” 

A few references on environmental conditions and microbial communities:  
Tang 2009 J R Soc Interface; Noyce et al 2006 J Hosp Infect; Mbithi et al 1991 Appl Environ Microbiol;  
Baughman, Arens 1996 ASHRAE Trans; Jawad  et al 1996 J Clin Microbiol; McEldowney, Fletcher 1988 Lett Appl Microbiol;  
Coughenour et al 2011 Microb Drug Resist; Hobday, Dancer 2013 J Hosp Infect  

Ramos and Stephens 2014 Building and Environment doi:10.1016/j.buildenv.2014.07.004 



9 
Ramos and Stephens 2014 Building and Environment 

“Tools to improve built environment data collection for 
indoor microbial ecology investigations” 

Long list of 
measurement 
types and 
techniques 
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http://www.osbss.com  

The Open Source Building Science Sensors (OSBSS) project is designing and 
demonstrating how to build inexpensive building environmental and operational 

sensors for long-term studies of the indoor environment using open source 
hardware and software 
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18#
19#
20#
21#
22#
23#
24#
25#
26#

2/24/2014#0:00#

2/25/2014#0:00#

2/26/2014#0:00#

2/27/2014#0:00#

2/28/2014#0:00#

3/1/2014#0:00#

3/2/2014#0:00#

3/3/2014#0:00#

3/4/2014#0:00#

Te
m
p,
#°C

#

OSBSS#vs#HOBO#(Temp,#°C)#

HOBO#2#Temp,#°C#

OSBSS#4#Temp,#°C#

y"="0.999x"
R²"="0.99869"

19#

20#

21#

22#

23#

24#

25#

26#

19# 20# 21# 22# 23# 24# 25# 26#

HO
BO

#te
m
p,
#°C

#

OSBSS#temp,#°C#

OSBSS#4#Temp#vs#HOBO#2#Temp,#°C#

The Open Source Building Science Sensors (OSBSS) project is designing and 
demonstrating how to build inexpensive building environmental and operational 

sensors for long-term studies of the indoor environment using open source 
hardware and software 

T/RH Surface T Eq. RH 
(aw) 

Data  
logger 

Diff. 
pressure 

On/off Proximity IR 

Dual IR 
beam break 

CO2 



Development process: Stage 1 (Concept) 

•  Begin with breadboard (solder-less) concept development on 
Arduino Uno controllers with off-the-shelf sensors 
–  Allows for testing basic functionality, accuracy, and developing code 

 
•  Issues at this stage: 

–  High power draw 
–  Real time clock (RTC) 
–  Data storage 
–  Durability 
–  Aesthetics 
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Development process: Stage 1 (Concept) 
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Development process: Stage 2 (Prototype) 

•  Move from Arduino Uno to Arduino 
Mini Pro (or knock-off versions for $3) 
–  Large reductions in power draw with 

custom libraries (use of sleep mode 
functions) 

•  Upgrade to solderable breadboard 
–  Improves durability 

•  Upgrade to custom enclosures 
–  Improves aesthetics 
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From ~20 mA resting (Uno) 
To ~20 µA resting (Mini + code) 
From ~4 days to ~400 days on AA 

RTC SD 

SH15 T/RH 



Development process: Stage 3 (Tutorials) 
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Development process: Stage 3 (Tutorials) 
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Development process: Stage 3 (Tutorials) 
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Development process: Stage 3 (Tutorials) 
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Development process: Stage 3 (Tutorials) 
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20 

!



Development process: Stage 3 (Tutorials) 
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Development process: Stage 3 (Tutorials) 
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Development process: Stage 3 (Tutorials) 
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Development process: Stage 3 (Tutorials) 

27 

!



Development process: Stage 3 (Tutorials) 
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Total hardware cost: ~$95 USD 



Ongoing and future work 

•  Continued sensor development and calibration 

•  Stability/accuracy/drift testing 
•  Tutorial writing 
•  GUI development 
•  Wireless networking 

–  Wi-Fi and Zigbee 

•  Advisory board consultations  
–  Microbiology, sensor/hardware dev, and building science 
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A quick plug: 

http://built-envi.com/portfolio/mobe-building-science-workshop/ 
 

Full meeting report and transcript available for download: 
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Custom equilibrium relative humidity 
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Air velocity (HVAC on/off) 


