
� � � � �� � �� � 	 � �	 
 �� � �
 � �� � � �
� 	 � � � �� � � �� 	

� � � �� �� ��	 � 
 � � 
 � ��� � 
 � �� ��� � � 
 � ��� 
 ���
	 � 
 
 � �� � � 
 � �� 
 ��� �� � � ��� ��� � �� � � ��� � � �

� � 
 �� � �  � � 
 �� ��! � 
 � � �
� � � � ��" � � � � 
 � � �	 � � �

! �� �	 �
� � � � #� � ��$� � � �� � � � �� %�� �� 
 � � � � � � 
 �� � � �

$� %� 
 
 � � �� � �! � � � � � �� #�



2

� � � ��	 �

� $� � 
 � � � � � �� �
� &
 � � � � �� � � � � � � 
 � � �� � ��� �� � � �� �� �
� $� %
 � 
 � � �� � � � �� #�� %�� � ' � � � �� �� � � � ��� �  � 

� $� (� � � �� �� �� � 
 � � � � 
 � � �� �
� ) � � � �� �� ��   ��� � � �� � �
� � � 
 
 � 
 �

2006-01-1321



3

� 	 � � � � � � � �� 	

� 
 � � � �� 
 �� �� #
� * �� ��� � � � � ��%� � � ��� �� � +�, - ' �. / / �0�� 


1/ 2 �� %��� � � ��* �� ��� 
 � %%�� �%� � � ��� �� �
� * �� ��� � � � � ��� � � �+�34/ �� ����� � �0�� 


3' / / �0�
 � #�� � � 
 � � �� � � �� ��

! � �� � �  � 
 �
 �  � 
 � � �� � �� � � � � �� � �
 � � �� � 
 �� %�� 
 �� � 
 �
�� � � 5�� � � �� � �

2006-01-1321



4

� � � � � �

� " � �  � � � � �� � �� 
 �� � 
6� �� 
 � � � � �7� ��� � � � �� � �� �
8

� $� %
 � 
 � � ��� �� � � � �� � �
 � � � � 
 � �� � � � � � ��� � � �� � '

2006-01-1321

( ) ( )
( ) ( )2CO Outside2CO Cabin

ethanol Outsideethanol Cabin
 BAC sDriver'

-
-

µ

Ethanol
Sensor

CO2
Sensor

Controller Out
Outside Air

Cabin Air



5

� � 
 � ��� �� � � � ��� 	 � � � �� � � �� 	

	 � #� ����
 �� �® &�� � � �� �� � � � ��� � � � � � � 
 � � �� � �7&9� 8

&9� � : �7#
 � 
 � �� %�� �� � � � �8�0�7- / / �
 	 �� %�� �� � � 8

, ��2 �� �� � � � �

	 � #� ���� � � 5�� � � �� � ��� �� � � �* �� �+�&9� �; �/ �/ <�#0� 	

2006-01-1321



6

� � � � � � �� �� � � � ��� 	 � �� � �

&
 � � � � �� �� � � � ��� � � � � � � 
 � � �� � �µ &9�

9��&9� �: �/ �/ <�#0� 	 �

� 5� � �� � �� 
 � � � � �� � �
- <. �= - >�  
 �� �� � � � ��

$� � �  � � � � � � �� %�� �� � � � ���
� 5� � �� � �� 
 � � � � �� � � �1�?2 �� � ' �

� 
 � � � �� �
 �� � � �1@/ �  
 �� � ' �

2006-01-1321

Lung

AirBlood

Membrane



7

� � � � � � �� � 	 � � 	 � � � � �� 	 ��	 �� � � �� �� �
� A� � �� �� �� 5 � 
 �
 � � � � �� � � � �� 
 � � � � �� � ' %
 � 
 �� � � � 
 �

� � � B� � � � �� � �� �
 � �� � � �� 
 � � � � �� �� � � � ��%
 � 
 ��� � � 5�� � � � � �
� � � B� � � � �

� � � � �
 � � � � �� %�� �� � � � ��� �  � 
 �� � � � � � � 
 � � �� � �� � � � 
 � �
� � � B� � � ��� �� � �� � 
 � � � � �� �� %��� #� ���� � � 5�� � � �� � �

� � � 
 �� � � � � 
 �� �� � �� � � � �� 
 � � � � �� � ' � � �� �� 
 � � � 
 �� � �
� � � � �� �� 
 � � � � �� � � � � � � 
 � � �� � �

� &
 � � � � �� � ' � � � �� � � � � � ��� �  � 
 �� 
 � �� ��� � � � �� �
 ��� 
 �� �

2006-01-1321



8

� � � � � � � � �� � ��� � � � � � �
 ��� � �� 	

A� 
 �� � �� � + ! �
 � ��� �� � � �� ��

CA9� �
 � � � �7� � � � � 
 ��� � � � ��� � %
 � � �8
� � � ��  � � �

A� � � �� 
 �� � � � � �� �
� � � � � 
 ��� � � � �� � �7� � � � 
 �� #�D� � � ���� � ���� #�E 8

) � 
 � � � ��� � � � �� �
A� � �� �� �� �  �

! � � � �� � � B� � �

2006-01-1321



9

 � � ! " �� �� � �� � � � � � � � �
 ��� � �� 	

2006-01-1321

0 1 2 3 4 5
Time [min]

0

500

1000

1500

2000

2500

C
O

2 
[p

pm
]

Driver to Steering Wheel in Minivan

Fan off

Defrost: max

Vent at face: max

Test Alcohol
[ppm]

1. Fan off 9.8
2. Heater: min 2.3
3. Heater: max 2.0
4. Defrost: min 3.3
5. Defrost: max 1.1
6. Vent straight: max 1.2
7. Vent up: max 2.4
8. Vent down: max 1.3
9. Vent at face: max 0.5

Calculated threshold 
to detect drunk driver

Dilution from driver to steering wheel

Minivan

Get in



10

� � � � � 	 #� � #� � � � � 	 �� � � � � � �	 
 �� � � �� $���� �

2006-01-1321

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

VE [L/min]

0

5

10

15

20

In
di

vi
du

al
s

Female Drivers

Male Drivers

Volumetric breathing rate

data from W. C. Adams,

CARB Rep. A033-205
(1993).

Breathing Rate [L/min]



11

� �� � � � ��� � 	 � � 	 � � � � �� 	 ��	 �� � $�	 �� ��
� � � � � �D�� � �� � 
 � �� 
 �� � 
 ��&9� : �/ �/ <�#0� 	 ��� �� � � � ��

� � � � � � � 
 � � �� � ��� �� � � �� �� �
 �� � 
 �� � �� � �� �%� � � � 
 �� %�1/
- C�#� � � � ��>�
 �� �D�� � �%� � �� %%��, - / �  


- 	 � D� � � ��>�
 �� �D�� � �%� � �� � �
 � 5��, / �1�  


� $� � �� �� � � ��� �%%� 
 � � � � +�±' 12 �
 � 
 � �� � 
 �� � �� �

� $%�� 
 � � � � ��� �%� ��� �
 �5� � ��� �� � � �� � � �� ��� 
 �� � 
 �� � � �
 � � � � � #� 
 �� � � �� � � � �� �
 ��� 
 �� %%� � �

2006-01-1321



12

� � � � � �

� " � �  � � � � �� � �� 
 �� � 
6� �� 
 � � � � �7� ��� � � � �� � �� �
8

� $� %
 � 
 � � ��� �� � � � �� � �
 � � � � 
 � �� � � � � � ��� � � �� � '

2006-01-1321

( ) ( )
( ) ( )2CO Outside2CO Cabin

ethanol Outsideethanol Cabin
 BAC sDriver'

-
-

µ

Ethanol
Sensor

CO2
Sensor

Controller Out
Outside Air

Cabin Air



13

0 1000 2000 3000 4000

Optical Frequency [cm-1]

0.00

0.01

0.02

0.03

0.04

0.05

IR
 A

bs
or

pt
io

n

Ethanol in air
Concentration: 500 ppm
Path length: 10 cm

� 	 � � � � � � �� � 	 � �	 
 �� � �� �� � � � ��� 	 � �� � �

2006-01-1321

0 1000 2000 3000 4000

Optical Frequency [cm-1]

0.0

0.2

0.4

0.6

0.8

1.0

IR
 A

bs
or

pt
io

n

Water

CO2

Water
CO2

EthanolEthanol

Conditions:

Path length: 10 cm

Water: 80% humidity, 25 °C

CO2: background (370 ppm)

Ethanol: 500 ppm 

Ethanol: 500 ppm



14

F �� � �- / �� 
 � � � � ��� � #��
� � �
  �� �� � �� � � � � � �� 
 � �� � � �� � ' 71@/ �  
 8

� � �%%�� � �� �� � �� � � � � � ��� D� � � �� �� � � � ��� � � � � � � 
 � � �� � �7/ �1�
  
 8

9�� �  � 
 �� � � � � � � 
 � � � 
 �%�
 � � �� 
  ��%�� � �� � � �� �� � � � ��
� � � � � � � 
 � � �� � �� � �� �%� � � � 
 �� %�>/

! � � �� � � � �� �� �� � ��
  
 � � � 
 � � � �
 � � �� � �- / / / ´

2006-01-1321

� 	 � � � � � � �� � 	 � �	 
 �� � �� �� � � � ��� 	 � �� � �



15

� � � � � � 
 � �� 
 � � � 
 �� � � � �
$" ��� � � � � �� �

� $" �� � � 
 � � ��� �� �� � � �
%��� 
 � � �

� $" �� � � � � � � � �� � ��D� �
� � � 
 
 �  ��� �

� " � �  � � � � �� � �� �� � � � ��
� � � �� � ' �� �
 
 � � �� � � � ��

2006-01-1321

� 	 � � � � � � �� � 	 � �	 
 �� � �� �� � � � ��� 	 � �� � �

Heater

Air 
Pump

Controller

Adsorber

Air 
In

Air 
Out

IR 
Source

IR 
Cell

IR 
Filters

Dual IR 
Detectors



16

� � 	 � � � �� ! " �� ! � 	 � � � �� 	 �

2006-01-1321

0 15 30 45 60
Time [s]

50

100

150

200

250

T
e

m
pe

ra
tu

re
 [°

C
]

a)

0 15 30 45 60
Time [s]

-0.1

0.1

0.3

0.5

T
he

rm
op

ile
 V

ol
ta

ge
 [m

V
]

b)

Ethanol 
Signal

0 15 30 45 60
Time [s]

-0.1

0.1

0.3

0.5

T
he

rm
op

ile
 V

ol
ta

ge
 [m

V
]

b)

Ethanol 
Signal

0 15 30 45 60
Time [s]

50

100

150

200

250

T
e

m
pe

ra
tu

re
 [°

C
]

a)

0 15 30 45 60
Time [s]

-0.1

0.1

0.3

0.5

T
he

rm
op

ile
 V

ol
ta

ge
 [m

V
]

b)

Ethanol 
Signal

0 15 30 45 60
Time [s]

-0.1

0.1

0.3

0.5

T
he

rm
op

ile
 V

ol
ta

ge
 [m

V
]

b)

Ethanol 
Signal 9� � � 
 � � 
 �� � ��� � � � �� �� � � � ���

%�� D��� �� � �   � � ��� � � � 
 � � 
 �
�� �� � � � � � ��� � � �� �
 �  � � � �

� � � � �&9� �
 � � � � 
 � 
 � � � �
� � � � � �� � � � � �- �
 ��

Adsorber 
Temperature

IR

4.4 
ppm



17

� �� � � � ��� � " � � �� � � � � � � ! � 	 � ��	 �� � $�

* � � � �� � � D� �
� � � � � � � 
 � � �� � �

� � � � �%�� D�� � � � 
 � ��� 
 � �
� � � � �� � �
 �5�#� � � �

	 �� � � 
 �
 � �  � � � � �� � �
� �� � � � ��� �  � 


) � 
%� 
 
 � � � � +

/ �/ >�  


 � � �� � � ��� � � ��� 
 
 � 


2006-01-1321

0 1 2 3 4 5

Ethanol Concentration [ppm]

0

1

2

3

4

5

M
ea

su
re

d 
E

th
an

ol
 C

on
ce

nt
ra

tio
n 

[p
pm

]



18

� � � � � � � � � � ! � 	 � ��	 �� � $�

" � � �� ��� � � � � �� �� � �
� 
 � � � 
 �� � � � ��� �� � '

� � � �� � � � � � ��� � � � �

G� � (��� � � 
 �
 � �  � � � � �� � �
� � ' 7� � �� 5 � � � � � 8

) � 
%� 
 
 � � � � +
' �<�  



 � � �� � � ��� � � ��� 
 
 � 


2006-01-1321

  

200 400 600 800 1000 1200
CO2 Concentration [ppm]

2.3

2.4

2.5

2.6

2.7

S
en

so
r 

R
es

po
ns

e 
R

at
io



19

� 	 #� � � �� �� �
 � ! � 	 � � � � � �� 	 �

� 
 �� � 
 �� � �� � 
 � � � � �� �� %�
�� � � 5�� � � �� � ��� �� �
 � �� � � � �
� � �
 � �  �
 � � � 
 �� �   ��� � �� � �
#� � �� � ��� � � 


� H� �� � �� � � �&9� +�/ �/ . ' �#0� 	

9� � 
 � #� �%�� D�
 � � � +
- ?�	 0
 ��

2006-01-1321

Respirator

Passive 
Sensor

Compressed 
Simulated 

Breath

Air 
Sampling

Simulated 
Breath



20

� � � �� �� �%� � � �

2006-01-1321     

-3 -2 -1 0 1 2 3 4 5

0.0

0.5

1.0

1.5

E
th

an
ol

 v
ap

or
 [p

pm
] a)

Respirator

Person

-3 -2 -1 0 1 2 3 4 5
0

200

400

600

800

C
O

2 
[p

pm
]

b)

Person

Respirator

-3 -2 -1 0 1 2 3 4 5
Time [min]

0.00

0.05

0.10

0.15

B
A

C
 [g

/d
L]

c)

Respirator  BAC = 0.092

Person  BAC = 0.00

-3 -2 -1 0 1 2 3 4 5

0.0

0.5

1.0

1.5

E
th

an
ol

 v
ap

or
 [p

pm
]

a)
Respirator

Person

-3 -2 -1 0 1 2 3 4 5
0

200

400

600

800

C
O

2 
[p

pm
]

b)

Person

Respirator

-3 -2 -1 0 1 2 3 4 5
Time [min]

0.00

0.05

0.10

0.15

B
A

C
 [g

/d
L]

c)

Respirator  BAC = 0.092

Person  BAC = 0.00

! � � � �D� � � � 
%� 
 
 � � ��� �� � � � �

9� �� 5 � � � � � ��� �� � � � ��D� � �
� � � � � � � � �D�� � �
 � �  �
 � � � 
 ��
� � � �� � � �D�� � �� � � � 
 � � 
 � � �

" � �  � � � � ��� �� � �� � � � �� %�� 
 �� � � �
� 
 �� � 
 �#� � � ��� +�' �
 �� �
 � 5

$� � �� � � � � �&9� �� %�� � � � 
 �� 
 �� � 
 �
I �/ �/ / ?�#0� 	



21

&� 	 #� " � � � � � � � � � �

	 �
 �� �� #�� �� � � � ��� � � � � � � 
 � � �� � ��� �
� �#� � � � �D�� � �� � � �%� � �� %%

9� �%� � ��  � � � ��� � 
 � � � � � ���� � � �� � �� � �
� � %� 
 � �� � ��� �� � �  � �

	 � 
#� � � �� � � �� � �� � +�/ �/ ' <�#0� 	

2006-01-1321

-3 -2 -1 0 1 2 3 4 5

0

2

4

6

E
th

an
ol

 v
ap

or
 [p

pm
]

Fan

Off

2

7

a)

-3 -2 -1 0 1 2 3 4 5
0

200

400

600

800

1000

1200

1400

C
O

2 [
pp

m
]

Fan

2

7

Off

b)

-3 -2 -1 0 1 2 3 4 5
Time [min]

0.00

0.05

0.10

0.15

B
A

C
 [g

/d
L]

Ideal

Fan

Off

2

4

c)

7

-3 -2 -1 0 1 2 3 4 5

0

2

4

6

E
th

an
ol

 v
ap

or
 [p

pm
]

Fan

Off

2

7

a)

-3 -2 -1 0 1 2 3 4 5
0

200

400

600

800

1000

1200

1400

C
O

2 [
pp

m
]

Fan

2

7

Off

b)

-3 -2 -1 0 1 2 3 4 5
Time [min]

0.00

0.05

0.10

0.15

B
A

C
 [g

/d
L]

Ideal

Fan

Off

2

4

c)

-3 -2 -1 0 1 2 3 4 5

0

2

4

6

E
th

an
ol

 v
ap

or
 [p

pm
]

Fan

Off

2

7

a)

-3 -2 -1 0 1 2 3 4 5
0

200

400

600

800

1000

1200

1400

C
O

2 [
pp

m
]

Fan

2

7

Off

b)

-3 -2 -1 0 1 2 3 4 5
Time [min]

0.00

0.05

0.10

0.15

B
A

C
 [g

/d
L]

Ideal

Fan

Off

2

4

c)

7



22

� �! �� � � �� 	 � �� � �� � � � �� � �� � 	 � � � �
! � � �� �� D�� � �� � � �� � �� � ��#� �� �� � ��� � � 
 �� � �

� � 
 � �� �� � � � �� � � �� � � � � � �� � �� �� � � �%�� �

� F �� � � D� �� � D�
� $� � � 5�� � � � � � � � � � � #� 
 �

C� D� � � 
 ��� � � � � 
 �� � � �� ��� � � � �%� �� �� � � � �� � � �� � � � �
� � � � � � �� � �� � � � 
 � � � �� �� �� � � �%�� �

2006-01-1321



23


 � � 	 ' �
 � �� �	 
 �� � � 	 � � � ! � � � � � � � �

� 	 � D�� � %� 
 � � 
 � � �

- 9� � � � ��* �� ��� 
 � � � �� 
 �� �� #�� 
 
 � � � � +�- �>�
 ����� �

� &
 � � � � �� � � � � 
 �D�� � ��#� �� �� � ��� � � 
 �� � �

- $
  � � � � �� %�� 
 �� 
 � � � �� 
 �� �� #�� � � � �� � �� �
- � � �� �� %%� � � �� � �D� ��� �
 � � � � � � �

� � %%� 
 � � �� � �� � � � #� �� � � �� � � ��� � 
 
 �

2006-01-1321



24

� � � � � � �� � �
 � � 	 ' �
 � �� �	 
 �&� � � ��� �� � �
� * � � � %� �� 
 �� � 
 �� � � �� � �

� � � �� � � � �
 � � � � �� � �� �
 � � �� � � � � � 
 �� � � 
 � �� � � �� �
� $
  � �
 � � �� �� �� �

� ! � � � � � � 
 � �� �� � 
 � � � �� � � � �� 
 �� � 

� � � �� �' >2 �� %�%� �� ��� ��� B� 
 � � �� 
 � � � �� 
 �� � 
 � �D� 
 � �

D� � 
 �� #�� � � � �� � �� �

� � 
 �� � �� #�%� 
 �� � � � � � ��� #� ����
 �� �J ?12 �� %�%� �� ��� �
�� B� 
 � � �� 
 � � � �� 
 �� � 
 � �� � � �&9� �; �/ �- >�#0� 	

2006-01-1321



25

� � � � 	 � �� ��� � � � �� � �� � 	 � � � �� " " ��� � � �� 	 � �

� � � %� � � �� � � � � 
 �� � � � � � 
 
 � � � � 
 � �

� 5� 
  �� +��� � 
 � � � � �� � � � D� � �� �� � � � � � �%� 
 �9� �

� 9�� 
 � � � 
 � � � � �� %��� � � �� 
 �� � 
 �

� � � � � � �� � � � �%� 
 �� 
 � � � � ��� � � 
 �� � �

� ! 
 �##� 
 �� � � �� %�� � � �� � �� � � � � 
 �� � �%� �� 
 � �� 
 � �

2006-01-1321



26

� � ! ! � � � �
� $���� �%� � � �� �� �� � � � � � �� � �� �
 � � �� � 
 �� 
 �� � 
 ��� � � 5�� � � �� �

� ! � � 
 � �� 
 � ���
 �� � � �� � �
- ! � � �� �� D�� � �� � � �� � ��#� �� �� � ��� � � 
 �� � �

- ) � � � � � #� 
 �� 
 � � � � �
 �5� � �D�� � �� 
 �� � 
 �� 
 � � � �
- G� � � �� �� �� � � � �� � � ��

� ) � � � � � �� ��� ��- / / / 6� �� %���� � � �0�� 
 �� � � �� �� � �� � � � �
� $
  �� 
 � � � � � �� � �� �  � � � � �� � � � � ��� � � ��� �

) �  � 
 �� � � �� � �%
 � � �� �� � D� �� � � � � �%
 � 
 +
� � �  +00DDD�� � � � ��� � 
 0 � %0�� � �  �  � 
 � 0' / / ?(/ - (- 1' - � � %

2006-01-1321


