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ABSTRACT
Accurate and continuous ammonia monitoring is important for
laboratory animal studies and many other applications. Existing so-
lutions are often expensive, inaccurate, or unsuitable for long-term
monitoring. In this work, we propose a new ammonia monitoring
approach that is low-power, automatic, accurate, and wireless.

Our system uses metal oxide sensors which change their electri-
cal resistance due to an induced reduction reaction with ammonia
at high temperatures. Traditional methods infer the ammonia level
by measuring the sensor’s electrical resistance after it reaches equi-
librium. Such a system consumes a significant amount of energy
because reaching equilibrium requires heating the sensor for min-
utes. Our proposed approach does not wait for equilibrium, but tries
to predict the resistance at equilibrium using the sensor’s initial
resistance response curve in a very short heating pulse (as short as
200ms). The prediction model is built on long short-term memory
(LSTM) neural networks.

We built 38 prototype sensors and a home-grown gas flow sys-
tem. In a 3-month in-lab testing period, we conducted extensive
experiments and collected 13,770 measurements. Our model ac-
curately predicts the equilibrium state resistance value, with an
average error rate of 0.12%. The final average estimation error for
the ammonia concentration level is 9.38ppm. Given the ultra low
power consumption and accurate measurements, we have part-
nered with cage vendors and deployed our system at two animal
research facilities (NIH and Cornell University) for month-long
medical trials.
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1 INTRODUCTION
Rodents play a significant role in animal testing. For example, the
estimated number of rodents in U.S. laboratories alone is around
80 million in 2001 [6]. Unfortunately, researchers have recently
raised the concern of irreproducible rodent-based experiments due
to varying environmental factors [14, 22, 33, 40].

Among these factors is ammonia (NH3) that has important im-
pacts on both rodent health and research outcomes. As a reactive
and sticky molecule, it easily accumulates to toxic levels. Studies
show that prolonged exposure to ammonia of 50 parts per million
(ppm) concentration for a 2-week period can cause epithelial degen-
eration in mice [41]. The standard of the care and use of laboratory
animals defined by the U.S national research council [9] lists am-
monia concentration as one of the most important factors while
deciding the cycle of cage changes. While infrequent cage changes
may lead to high ammonia levels, too frequent cage changes are also
undesirable for two main reasons. First, it can adversely impact ani-
mals’ physical health (such as cardiovascular activity [13]) and can
induce stress as their nesting sites are disturbed [4, 7, 29, 31]. Sec-
ond, cage changing is a laborious and expensive procedure: direct
labor (such as changing cages, food, water and bedding), materials,
and administrative costs account for up to 50% of the total animal
care costs [30].

Considering a regular laboratory animal center may have hun-
dreds of cages, we believe an automatic and continuous ammonia
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Figure 1: (a) A cage with our ammonia monitoring system
and (b) a rack holding 56 cages. Our system can support sev-
eral such racks simultaneously, which is suitable for animal
research facilities.

monitoring system is essential to ensure the health of the labora-
tory animals, lower the maintenance cost, and further improve the
reproducibility of the experiments.

Unfortunately, ammonia sensing techniques haven’t changed
much in the last few decades. Current solutions include common
ammonia test strips, test liquid tubes [11], metal oxide sensors [37,
45, 46], electrical-chemical sensors [21, 38, 42], and fiber-coupled
optical sensors [27]. None of these techniques offers automatic and
continuous monitoring.

In this study, we seek to address this challenge by building such
an ammonia monitoring system using metal oxide sensors. A metal
oxide sensor is made through a quantum tunneling technique [32],
and thus reusable. A typical metal oxide sensor has a reduction
reaction with ammonia at high temperatures (usually at a few hun-
dred °C) and an oxidization reaction with oxygen even at room
temperature. The reduction reaction coverts metal oxide to metal,
while the oxidization reaction returns the metal back into metal
oxide. People then measure the sensor’s electrical resistance at the
chemical equilibrium state and map the resistance value to the cor-
responding ammonia concentration level. There are several major
hurdles we need to overcome to make metal oxide sensors suitable
for continuous ammonia sensing. First, metal oxide sensors are
power hungry – it has to maintain a high temperature to keep the
reduction reaction going for minutes until a chemical equilibrium
is reached. Second, metal oxide sensors have dramatically different
sensitivity in terms of their responses to ammonia gas.

To solve these challenges, we devise an accurate predictionmodel
based on Long short-term memory (LSTM) neural networks [16,
19, 20]. The LSTM networks focus on the sensor’s transient resis-
tance measurements in a short time window (e.g., a window of
0.2s) and can accurately predict the final resistance value at the
chemical equilibrium state which may take minutes to achieve. Our
system precisely controls the heating power and duration, and accu-
rately measures the ammonia sensor’s transient resistance values in
analog-to-digital converter (ADC) samples. Meanwhile, the system
sends the ADC samples wirelessly to a remote Raspberry Pi for
processing.

LSTM neural networks are one type of recurrent neural networks
(RNNs), which are developed to deal with the exploding/vanishing
gradient problem when training traditional RNNs. By adding the
concept of a memory state, LSTM networks can learn the dependen-
cies from time-series data, hence well suited for our problem. Our

Figure 2: The metal oxide sensor has three layers from bot-
tom to top: the diaphragm layer, the heating layer and the
sensing layer.

LSTM based model can perform accurate prediction from only a few
samples that are collected from a couple hundreds of milliseconds.
Significant power saving can be achieved in this way. In fact, our
model only needs to heat the sensor for 0.2s (during this period,
our sensor samples at 40Hz), which cuts down about 99.6% of the
total energy from the usual measurement method that has to heat
the sensor for 100s . With this improvement, our system can make a
measurement once every 3 hours for at least 20 years using a single
3.6V Tadiran AA battery [5]. Also, our system is compact enough
to fit into any cage and can support continuous ammonia monitor-
ing over racks of cages, as shown in Figure 1. Finally, our wireless
design demands little additional effort to routine cage changes.

We have built a home-grown ammonia gas flow system and
conducted 13,770 measurements using 38 ammonia sensors within
a 3-month period. While conducting measurements, we have var-
ied the ammonia concentration from 0ppm to 240ppm. Our model
proves to be very precise: across different ammonia concentrations,
the average prediction error rate for the equilibrium state resis-
tance ADC value is 0.12% and the average absolute estimation error
for the ammonia concentration is 9.38ppm. Also, we can train our
model using one sensor’s data, test the model using data from other
sensors, and still achieve equally accurate prediction results.

We deployed our ammonia monitoring system into two animal
research labs with a total of 38 rodent cages and completed a 4-
month trial at the National Institutes of Health (NIH) and a second
6-month breeding-related trial at Cornell University. The trials
prove that our system indeed offers a viable solution for accurate
and continuous ammonia monitoring for large-scale laboratory
animal facilities. The observed ammonia level changes accurately
reflect the cage change events logged by the facility staff. Finally,
we note that our ammonia sensing system can be readily used in
other application areas that require ammonia sensing, including air
quality in other animal care locations, such as stables, and ammonia
leak detection in industrial and factory settings. A thorough survey
of ammonia sensing applications can be found in [39].

Our work has the following main contributions:

(1) We built a low-power, automatic, accurate and wireless am-
monia monitoring system. The system easily fits into any
rodent cage and can last for 20 years with a single Tadiran
AA battery.

(2) We have developed a prediction model based on LSTM neu-
ral networks that accurately estimated the equilibrium state
resistance value given a few transient resistance samples
collected within the first 0.2s . To our best knowledge, this is
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