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Abstract. The results of over a decade of research at Victoria University on the

effectiveness of various smoke alarm signals for awakening sleeping people are pre-
sented and compared. The results show that the signal level (sound volume, light
intensity, etc.) and the type of sound or signal affect the probability of people being

woken up by an alarm. The 520 Hz square wave sound was the most effective of the
sounds tested, waking most (often all) of the participants. The smoke alarms cur-
rently used in Australia and the USA emit sounds of about 3,100 Hz. Many partici-

pants did not wake up to such tones even when very loud at the pillow (95 dBA). In
all groups tested the high-pitched sound was the worst and in most, notably children,
young adults (sober and 0.05 BAC) and older adults, it was much worse than the
520 Hz square wave signal. In adults with hearing loss it was more than seven times

as effective as the current signal and more effective than the bed and pillow shakers.
Strobe lights were found to have very poor waking effectiveness. A voice alarm was
quite effective for younger age groups but not for older adults. The voice alarm was

also found to have real problems in waking participants with limited English. It is
recommended that the 520 Hz square wave sound in the T-3 pattern be adopted as a
replacement for the current smoke alarm sound.
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1. Introduction

This paper primarily draws together and examines the results of more than a dec-
ade of research at Victoria University (VU) on the effectiveness of various smoke
alarm signals for awakening sleeping people. We present the available results for
the range of sounds and other signals that have been tested, and compare the
results of the various studies. We identify important cases that have not yet been
examined, and discuss limitations of the available research and the conclusions
that can be drawn from it.

Smoke alarms in dwellings are intended to warn occupants of the presence of a
fire, presumably with the expectation that, so warned, they are:

� Less likely to be injured or killed by the fire or its effects
� More likely to extinguish the fire while it is small, thus lessening the damage
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No specific purpose is stated in AS 3786, the Australian Standard for smoke
alarms [1] or in NFPA 72 [2]. NFPA 72 does state that a household fire alarm sys-
tem produces an alarm signal … for … notifying the occupants of the presence of a
fire so that they will evacuate the premises. Presumably this applies to smoke
alarms. Smoke alarms may be of some value when occupants are awake, but their
greatest value is when the occupants are asleep and are thus less likely to notice
the fire or its effects with sufficient time to avoid harm [3].

Smoke alarms consist of two primary components in a single unit [1]. The first
component, a smoke detector, is required to reliably sense the presence of smoke
from a developing fire. There are two aspects to smoke detector reliability [3]
although only the first of these is addressed in AS 3786 [1]. The smoke detector
must have a very high probability of:

� Sensing smoke when it is present even at low concentrations
� Not being triggered by non-fire related phenomena (because of the detrimental

effect false alarms may have on occupant behaviour e.g. disabling and/or ignor-
ing an alarm)

The smoke detector is used to activate the second component, an alarm sounding
device [1]. The alarm sounding device must reliably warn occupants of the likely
presence of a fire, must be heard by them and they must recognise it as an urgent
alarm [3]. There are four aspects to the reliability of the alarm sounding device.
The device must have a very high probability that it will:

� Sound when activated
� Sound with the required signal at the required sound level for the required

duration
� Not make any noise when not activated (to avoid annoyance to occupants)
� Not sound unless activated by the smoke detector (for the same reason)

It is normally assumed that early detection is beneficial, and thus that smoke
alarms can only be very effective for their intended purpose if they quickly detect
the fires that harm people and then quickly warn the people who are most often
harmed by those fires [3]. Ideally, on this basis, the smoke detector is in or near
the locations of the fire starts and the alarm sounding device is in or near the loca-
tions of relevant people (those most often harmed and those who care for occu-
pants who cannot reliably respond or respond appropriately to an alarm, e.g. very
young children, very old people, and physically or mentally handicapped people).

If the smoke detector is located far from the relevant fire start locations then it
is likely that greater time will elapse before the detector is triggered, and the prob-
ability that it may not trigger at all is greater. If the alarm sounding device is
located far from the occupants likely to be harmed (or the people who care for
them) then the probability that those occupants will not hear or respond to the
alarm is greater, as is the probability that they will take longer to respond to it.
In both cases, the more remote the device, the more it is likely that doors, walls,
furniture etc will delay and/or reduce the probability that the alarm is effective.
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If the fire start location and the occupants likely to be harmed (or the people
who care for them) are always in the same vicinity there is no difficulty in locating
smoke alarms. However, if they are not (which appears to often be the case), a
compromise is required when determining the location of smoke alarm units.
When an alarm close to a fire sounds, the sound level near occupants located else-
where may be considerably attenuated. Alternatively, there may be a considerable
delay in detection of a fire by smoke alarms close to the occupants but not close
to the fire. But if the smoke alarms are interconnected this situation is resolved.
Interconnected here is taken to mean that with interconnected smoke alarms there
is a smoke detector and alarm sounding device at each location and the activation
of one leads to all of the smoke alarms being activated [1]. The likelihood of
occurrence of false (sometimes called nuisance) alarms increases with the number
and interconnection of smoke alarms, as does the total cost of the smoke alarm
system. It is notable that in the USA NFPA has required alarms in bedrooms
since 1993 and interconnected alarms since 1989 [2, 4]. In Australia, the Building
Code of Australia (BCA) [5] even now (2008) does not have these requirements.

The effectiveness of smoke alarms in achieving their intended purpose is affected
by factors such as the type of smoke detector and the sound emitted by the alarm
sounding device [3]. There are a variety of smoke detection technologies that vary
in their sensitivity to various types of smoke [6, 7] and therefore may activate the
alarm sounding device at different times after ignition even if they are in the same
location. This aspect will not be considered further in this paper.

The sound emitted by the alarm sounding device must be very effective in awak-
ening sleeping people, particularly those people whose characteristics make them
most at risk of being killed and injured in dwelling fires [3], and it has now been
established that there are several aspects of the sound that influence this effective-
ness [8–22]. We will show below that our studies over the last 10 years demon-
strate that the current (high-pitched) sounds used in smoke alarms in Australia
and the USA are substantially less effective in waking sleeping people than other
tested sounds. This research has also demonstrated that increasing the sound out-
put level increases the proportion of the people who wake up. Thus it is apparent
that the type of sound emitted by a smoke alarm and the level of that sound
affect the risk to the occupants associated with fire. These considerations can be
restated as follows: the particular sound emitted by a smoke alarm, the level (loud-
ness) of the sound emitted, the recommended locations of smoke alarms and whether
the smoke alarms are interconnected, directly effect the injury and fatality rates in
dwelling fires, provided that it is assumed that some people would not awaken in
response to the other cues created by the fire (sounds, smells, heat, flickering light,
etc.).

Smoke alarms can only be very effective in reducing fire casualties (fatalities
and injuries) if they awaken sleeping people who would not otherwise awaken to
the cues of a smouldering or flaming fire. In some countries a minimum sound
level at the pillow of 75 dBA is specified for smoke alarms [2]. (A hallway alarm
typically results in a pillow volume of 55–65 dBA with the door open.) However
most unimpaired adults will normally awaken quickly to their smoke
alarm sounding, even at levels well below 75 dBA [8, 9, 12]. But there are many
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vulnerable (or at-risk) people within the population (including children, adults
impaired with alcohol, adults over 65 years and people who are hard of hearing)
who are much less likely to awaken to such a signal. For over a decade we have
tested the waking effectiveness of different signals, normally presented during deep
sleep, among such at-risk people.

Sleep is classified as REM (rapid eye movement) sleep and non-REM sleep with
the latter being divided into four stages (Stage 1–Stage 4) of increasing depth [23].
A person is drowsy rather than fully asleep in Stage 1 and is more difficult to
wake up from Stages 3 and 4 (deep sleep) than from REM and Stage 2 sleep. The
deeper stages of sleep occur early in the night which is also the time when many
residential fire fatalities occur [24, 25].

The Temporal 3 (T-3) pattern of sound now specified in many countries for
emergency evacuation signals specifies only the pattern of sound: one cycle is sig-
nal on for 0.5 s, off for 0.5 s on for 0.5 s, off for 0.5 s, on for 0.05 s and off for
1.5 s. Other characteristics of the signal (pitch, sound level, etc) are not specified.
It was first specified by ISO in 1987 [26] and was first adopted in Canada in 1995,
the USA in 1996 [27] and Australia in 2004 [28].

In 2001 Bruck [13] drew together the then available research on the ability of
smoke alarms to wake sleeping people and the sleep research on arousal thresh-
olds and concluded that people in many groups in the population would not awa-
ken to a 75 dBA (at the pillow) high-pitched alarm. This review was expanded
and updated by Bruck and Ball [28] Other research since 2001 has produced rele-
vant findings. Proulx and Laroche [27] found that the T-3 sound was rarely identi-
fied as a fire alarm or evacuation signal and did not convey the need for an
urgent response. Du Bois et al. [29] found that 96% of adults woke to a high-
pitched (�3,100 Hz) alarm sound when presented in the T-3 pattern for two min-
utes at 75 dBA at the pillow during Stage 4, Stage 2 and REM sleep. However,
only 57% of people whose hearing ability was reduced by 20–90 dBA over the
range 250–8,000 Hz awoke to the same signal [29]. In 2006, Smith et al. [30]
reported that in stage 4 sleep twenty-four 6–10-year-old children responded better
to 100 dBA mother�s voice alarms (96% woke up) than the high pitched alarm
also at 100 dBA (only 58% woke up).

Other early studies investigated the effectiveness of strobe lights for waking peo-
ple but most did not control for sleep stage. Bowman et al. [31] did control for
sleep stage and reported that only one third of their normal hearing female partic-
ipants woke up from deep sleep to a strobe of more than 75 cd and that just less
than half were woken from REM sleep. Du Bois et al. [29] in the 2005 study men-
tioned above reported that just over half of the deaf participants were woken up
by a 110 cd, 1 Hz strobe light but only a third of hard of hearing and normal
hearing participants were woken up.

2. Early Research at VU

The early smoke alarm studies at VU utilised a variety of signals presented at one
signal strength and tested normal people as well as some at-risk people.
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The initial objective was to understand and estimate the response of normal
people to smoke alarms [8]. In this first study, undertaken in 1995, 24 sleeping
young adults aged 18-24 years were exposed twice to a 60 dBA smoke alarm
sound (a recording of the continuous beeping of an �3,100 Hz sound of a widely
used Australian smoke alarm) in a sleep laboratory. The first presentation was
unexpected (naive) but no significant difference was noted in the response between
the first and second presentation (which was obviously not unexpected). The sleep
stage was monitored and the alarm was presented in Stage 4, Stage 2 or REM
sleep. Five participants did not awaken to one or both presentations, a total of
seven non-awakenings in the 48 presentations (�15%). Non-awakenings occurred
in all stages of sleep and were retrospectively related to reported lack of sleep on
the night prior to the test (sleep deprivation). Awakening was generally quick with
awakening in 65% of presentations occurring within 30 s of the alarm, gradually
rising to 85% during the entire 10 min alarm sound presentation (Figure 1).

In considering this and the following studies it is worthwhile noting the propor-
tion of the participants who did not respond, as it is people not responding who
are most likely to be killed or injured. In this study, as shown in Figure 1, 35%
did not respond within the first 30 s, and even after 10 min of the alarm sounding
at 60 dBA a very significant 15% remained asleep.

The next study tested waking to an Australian smoke alarm sound at �60 dBA
at the pillow of children and their parents in their own homes [9]. Thirty-six par-
ticipants aged between 6 and 59 years participated with all of the participants
self-reporting normal hearing and sleep, no chronic illness and no ongoing medi-
cations affecting sleep/wake behaviour. Each subject wore an Actigraph (set to
record movement at 32 s intervals) on their wrist to monitor sleep/wake behav-
iour. The smoke alarm sounded for 3 min, 1 h prior to the midpoint and 1 h after
the midpoint of sleep of the shortest sleeper in the household. All of the adults
awoke (100%), but only 23% of the children awoke to the smoke alarm sound,
even fewer (14%) if only <16 year olds are considered. All of the adults woke
during the first 32 s (Figure 2). Of the children 17% awoke within the first 32 s of
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Figure 1. Cumulative percentage woken up by a 60 dBA (at the
pillow) smoke alarm sound in young adults (age 18–24 years, n = 24)
as a function of time.
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the alarm beginning to sound, and all who awoke did so within 64 s. Thus, while
all of the adults responded quickly, a very disturbing 83% of the children did not
respond within the first 32 s and this only fell to 77% by the end of the 3 min
alarm period.

It is often assumed that all sleeping people have a high risk of becoming a fire
fatality. However, fire brigade statistics indicate that most people wake to signs of
fire as most occupants avoid injury and death when a reported fire occurs, even at
night [12]. This suggests that vigilance continues during sleep. The next VU pro-
ject tested the hypothesis that the majority of unimpaired adults would wake to
minimal cues during a fire [12]. Low level cues designed to mimic the early pres-
ence of a fire were presented in their own homes to 33 adult volunteers aged 25–
55 years, who self-reported normal sleep and normal responsiveness of the senses
(auditory, visual and olfactory), plus 16 of their partners. Their ability to awaken
to two different sounds (£48 dBA) and a flickering light (£5 lux) four hours after
going to bed was tested. A second experiment in a sleep laboratory tested the
responsiveness of 17 young adults aged 18–26 years to a 10-min exposure to an
increasing level of a smoke odour during an afternoon nap (sleep stage: 2). There
was a high rate of arousal to the sound cues (91% to a crackling sound and 83%
to a shuffling sound), but only 59% awoke to the odour and 49% to the flickering
light. In Figure 3 it can be seen that the majority of the subjects who woke to the
sounds (shuffle and crackle) did so within the first 30 s but the response to the
light was both lower and slower.

These findings indicate that most people will wake up to low-level auditory cues
during a fire and around half will awaken to a low level flickering light or a smell.
Extensive statistical modelling based on this data found that females have a signif-
icantly higher probability of waking to these cues than males. In addition, their
response time was consistently shorter, though the difference was not statistically
significant [32].

The effectiveness of various sounds for waking sleeping children has remained of
great interest and was the subject of further study. One study [14], investigated the
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awakening of sleeping children aged 6–10 years using four different signals (all
89 dBA at the pillow). Two of the alarm sounds were voice recordings, one the
voice of the child�s mother, the other the voice of a female actor. Both were inten-
ded to sound urgent, with the mother�s message including the child�s name several
times and the actor�s message referring to fire and danger. The third signal was a
520 Hz square wave sound in the T-3 pattern [26]. The fourth signal was the high
frequency (�3,100 Hz) beep produced by a popular Australian smoke alarm and
was a subset of data presented in Figure 2 [11]. Only children in the 6–10 years age
group from that study are included here. The presentation was at 1 am (and also at
3 am in the case of the 520 Hz square wave and smoke alarm sounds). The children
all woke up to the mother�s voice (100%), all but one woke up to the actor�s voice
(94%) and the 520 Hz square wave signal (96%), but only 57% awoke to the
smoke alarm sound. There was no significant difference in the results for the first
three signals but there was a clearly significant difference between them and the
Australian smoke alarm sound. Not only did many fewer children wake to the
smoke alarm sound, most took longer to wake up (Figures 4, 5).

Reviewing the studies presented above (Figures 1–4) there is a great deal of con-
sistency in the results. Many young children did not wake up to the beeping
�3,100 Hz Australian alarm sounds, even at �89 dBA, and many of those who did
took longer to wake up. In comparison, most adults woke up to the same alarm at
60 dBA and, perhaps more importantly, woke up to fire-like sounds at £48 dBA.
But they were much less likely to wake up to a smoke-like odour or low level flick-
ering light.

3. More Recent Studies at VU

The more recent smoke alarm studies at VU involved testing of adults who may
be considered to be at-risk. All used a similar experimental methodology called

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Time period (seconds)

C
u

m
u

la
ti

ve
 p

er
ce

n
ta

g
e 

aw
o

ke
n

0-30 120-150 180-210 240-270 >270

Crackle

Shuffle

Light

60-90

Figure 3. Cumulative percentage of adults (age 25–55 years,
n = 33) woken up by low level simulated fire sounds and light as a
function of time period.

Awakening of Sleeping People 749



repeated measures to allow a direct comparison of the effectiveness of various
signals (sounds, light, etc.) for waking people. The repeated measures technique
tests the response of every participant to each signal. Thus each participant acts as
their own control and differences in response are more readily apparent (com-
pared with comparisons between groups made up of different people). Care
should be taken in the comparisons of the results across different studies as there
are some small differences in the presentation of the signals that may affect com-
parisons, as noted below.
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3.1. Experimental Method

In these studies the signals were presented during deep sleep at increasing
intensities or levels and waking was determined using brain wave patterns
(EEG). The duration of each level was 30 s except for the highest level, which
was longer. In the initial studies of this type, only sound was used, and there
were no pauses between the levels. These cases are noted in the descriptions of
the studies below. The remaining studies, with increasing intensity levels, pre-
sented sounds, pillow and bed shakers and strobe lights. Comparisons between
these signals are facilitated by the use of a waking score which is shown in
Table 1, which gives details of signal duration and level for each waking score.
In these studies there was a pause or silence between the levels, as shown in
Table 1.

The presentation order of all signals was counterbalanced in all studies with
increasing intensity levels. The sounds used in these studies included the
�3,100 Hz sound of a current US smoke alarm, a 520 Hz square wave sound,
pure tones and various other sounds as noted in the descriptions below. The cur-
rent smoke alarm signals used in Australia and the USA are a relatively high fre-
quency sound easily generated at high volume using a small inexpensive
piezoelectric siren. The current alarm signal (used in all of the studies below,
except [14, 15]) is the high pitched T-3 sound [26] recorded from a current US
smoke alarm (Kidde) and has a single dominant frequency of �3,100 Hz. The
520 Hz square wave signal is a mixed frequency sound with a dominant low fre-
quency (520 Hz) and peaks at the 3rd, 5th, 7th, etc. harmonics.

There was some variation in the procedures used in these studies. In the studies
incorporating strobes and/or shakers (shown in Figures 6 and 8), the sound level
(measured at the pillow) commenced at 55 dBA and was incremented by 10 dBA,
as shown in Table 1. In these studies comparison between the signals has been
accomplished by using the waking score (Table 1) and a benchmark level for each
signal. The sounds and other signals were presented in the T-3 pattern at five
levels with a pause (no signal) between each level.

Table 1
Details of duration and signal level for each waking score and signal
type

Waking score 1 2 3 4 5 6 7 8 9 10 11 12

Duration (s) 30 30 30 30 30 30 30 30 30 30 180 Did not wake

Auditory signal (dBA) 55 0 65 0 75 0 85 0 95 0 95

Bed shaker (ms-2) 1.09 0 1.56 0 1.91 0 2.10 0 2.41 0 2.41

Pillow shaker (ms-2) 0.09 0 0.19 0 0.26 0 0.29 0 0.53 0 0.53

Duration (s) – – – – 30 70 30 70 30 70 180

Strobes – – – – 1 0 2 0 3 0 3

Notes: Benchmark level (waking score 5) is shown bold; total duration for all signal presentation sequences

(including pauses) was 480 s (8 min)
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The benchmark level for all sounds is 75 dBA and for the pillow and bed shak-
ers it is the standard intensity as purchased. For the strobe light the benchmark
level is a single strobe light of 177 cd (considerably brighter than the intensity of
110 cd required by the National Fire Protection Association as an emergency
notification signal when mounted more than 610 mm below the ceiling). The
strobes were mounted at the foot of the bed, directed towards the pillow, with the
three different strobe levels achieved by having one (177 cd), two (310 cd) or three
strobes (420 cd) flashing simultaneously. The waking score (a number from 1 to
12) simply numbers the successive signal presentations and pauses (Table 1). Full
details of the rationale behind the waking score and experimental procedure used
in each study can be found in the original publications [15, 18, 19, 20].

In the other studies with increasing intensity (shown in Figures 5, 7, 9, 10), the
sound level commenced at 35 dBA and was incremented by 5 dBA every 30 s
until the 95 dBA level. It was maintained at 95 dBA for 210 s if the participant
did not wake up.
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3.2. Research Findings

The results of these studies are presented below in terms of the cumulative percent-
age awakened to allow comparison of the effectiveness of the signals at the various
signal strengths tested (Figures 5–10). Each of these graphs has the benchmark
level indicated by a vertical line to facilitate comparison of the signals at the
benchmark level.

As noted above, caution should be exercised if comparing waking rates across
studies as in Figure 5 (older adults), Figure 7 (sober young adults), Figure 9
(young adults at 0.05 BAC) and Figure 10 (young adults at 0.08 BAC) there were
no pauses between different intensity levels, while pauses were inserted between
signals in studies shown in Figure 6 (adults with hearing loss) and Figure 8
(young adults at 0.05 BAC). Based on these results it is noted that sounds com-
mencing from silence had slightly greater waking effectiveness than the same
sounds with no silence between increments. Thus, due to the design of the studies,
comparisons within each study are more meaningful than comparisons across the
studies. Nevertheless some across study observations are sufficiently strong that
they are noteworthy.

3.2.1. Older adults. Forty-two adults aged from 65 to 83 years were presented
with two signals per night over two nights while in Stage 3 sleep (Figure 5) [18].
The sample was screened to exclude people whose hearing thresholds fell into the
lowest 16% for their age. The signals were the �3,100 Hz smoke alarm sound, the
520 Hz square wave, a male voice (saying danger, fire, wake up) and a 500 Hz
pure tone, all in the T-3 pattern. A male voice was used in this study in preference
to a female voice as, in a pilot study, it was found that the response to the male
voice was considerably better than to the female voice [18]. There were no silences
between the sound levels in this study. The most important findings were that the
older adults needed a lower volume to wake to the 520 Hz square wave sound
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(median = 45 dBA) than to the other three signals and the �3,100 Hz alarm
sound needed the highest volume (median = 65 dBA). Individual responses from
three participants of non-English speaking background suggested a voice alarm in
English would not be suitable for them.

At 75 dBA, the 520 Hz square wave can be said to be over three times better
(at waking older adults) than the other signals as, at this sound level, less than
5% of participants did not respond compared with 14–18% for the other signals
tested. The comparison is also in favour of the 520 Hz square wave at other
sound levels.

3.2.2. Adults with mild to moderately severe hearing loss: [19]. There are more
than 34 million people in the US who are hard of hearing. In this study 38 adults
(aged 18–77 years) with hearing loss averaging between 25 and 70 dB in each ear
(i.e. mild to moderately severe hearing loss, but not deaf), each received three sig-
nals per night on two non-consecutive nights (Figure 6) [19]. The signals activated
during Stages 3 or 4 sleep were a 400 Hz square wave, a 520 Hz square wave, the
�3,100 Hz smoke alarm, a bed shaker (under mattress) and a pillow shaker (all in
the T-3 pattern), and a strobe light in a modified T-3 pattern. Each signal was
presented for the levels and durations shown in Table 1 until the participant was
awake or the full range of intensities had been presented.

Under the testing conditions the 520 Hz square wave sound was the single most
effective signal (Figure 6b), awakening 92% of hard of hearing participants when
presented at or below 75 dBA and awakening 100% at or below 95 dBA. Both
the 520 Hz and 400 Hz square waves were significantly more effective than the
�3,100 Hz smoke alarm sound, which awoke 56% at or below 75 dBA. The bed
shaker and pillow shaker devices, presented alone, awoke 80–83% of the hard of
hearing participants at the intensity level as purchased (vibrating in intermittent
pulses). The strobe lights were not an effective means of waking this population
with only 27% waking to the lowest strobe light intensity and less than 60%
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Figure 10. Cumulative percentage woken up for young adults (age
18–26 years, n = 14) with 0.08 Blood Alcohol Content as a function
of sound level [15].
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waking to the strongest signal, which was very much stronger than the NFPA
required ceiling or wall strobe.

At the benchmark level (waking score = 5) the strobe light is clearly the worst
performer, not waking 77% of participants, with the �3,100 Hz smoke alarm
sound being nearly as bad by not waking 56%. In contrast the 520 Hz square
wave woke all but 8% of participants, between 7 and 10 times better. The 400 Hz
square wave and the bed and pillow shakers were not quite as effective as the
520 Hz square wave but were much better than the �3,100 Hz smoke alarm
sound and the strobes.

3.2.3. Sober young adults. Fourteen adults aged 18–26 years (self declared deep
sleepers) received three signals on one night to explore the arousal threshold of
deep sleeping young adults in Stage 4 sleep to three signals: a female voice alarm,
a high pitch beeping smoke alarm common in Australian homes and the 520 Hz
square wave T-3 alarm [15]. There were no silences between the sounds in this
study. The female voice and the 520 Hz square wave consistently resulted in
responses at lower sound levels than the Australian smoke alarm (see Figure 7).

Thus for sober young adults at the benchmark sound level (75 dBA) the 520 Hz
square wave was about six times better than the Australian smoke alarm (7% did
not respond compared with 43% non-response for the smoke alarm).

3.2.4. Young Adults with 0.05 Blood Alcohol Content (BAC). The 32 participants
consumed vodka and juice to become moderately alcohol impaired immediately
before going to bed [20]. Six signals were presented across two non-consecutive
nights to investigate their responsiveness during Stage 4 sleep to a 400 Hz square
wave, 520 Hz square wave, 500 Hz pure tone, �3,100 Hz smoke alarm sound, bed
shaker (under mattress) and a pillow shaker (all in T-3 pattern) and a strobe light
in a modified T-3 pattern, all presented as shown in Table 1. This study found
that the 400 Hz and 520 Hz square wave sounds were significantly more effective
than the �3,100 Hz smoke alarm sound (93–100% of participants woke up at
75 dBA or less in contrast to only 62%, Figure 8). The bed and pillow shakers
were not particularly effective (only 58–65% woke up at the intensity level as pur-
chased), and the strobe lights were also not effective with only 24% of the young
adults waking to the benchmark strobe light intensity and less than 70% at the
highest intensity.

The 520 Hz square wave woke up all of the young adults with 0.05 BAC, mak-
ing it much more effective than the strobe, pillow and bed shakers, and the
�3,100 Hz smoke alarm sound (76%, 42%, 35% and 38%, respectively did not
respond).

An earlier study [15], exploring the arousal threshold of deep sleeping young
adults with 0.05 BAC in Stage 4 sleep to three alarm signals (female voice alarm,
Australian smoke alarm and 520 Hz square wave T-3 alarm, all with no silences
between sound levels), produced results that were consistent in terms of the differ-
ences in waking effectiveness of the beeping smoke alarm compared to the 520 Hz
square wave, but different in that less awoke at comparable volumes (Figure 9).
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3.2.5. Young adults with 0.08 BAC. Results from the same study but with
0.08 BAC were similar: the female voice and 520 Hz square wave T-3 alarm con-
sistently resulted in faster response times than the Australian alarm signal
(Figure 10) [15].

In summary, the more recent research studies have consistently shown that in
the tested groups the 520 Hz square wave signal was much more effective than the
current USA and Australian smoke alarm signals. The strobes were not effective,
but the pillow and bed shakers were much more effective, but not as effective as
the 520 Hz. Square wave sound.

4. Discussion

All of the people involved in these studies (except initially in the first [8]) were pri-
med—they had knowledge of the alarm signals being tested and they knew they
would be subjected to a signal. These factors were likely to lead to a better wak-
ing response than when the signal was completely unexpected. In addition, the
people tested in these studies were not among those in the population most
severely affected by their age, disability or condition. The older people who partic-
ipated were, by virtue of the selection criteria, among the more active older people
and had relatively good hearing amongst people of the same age. The hard
of hearing participants were not subject to severe hearing loss, and the alcohol-
affected people were young, not severely alcohol affected and did not have other
disabilities. Therefore the results of these studies are likely to under-estimate the
proportion of the population who will not respond to these signals from deep sleep
in an unprimed, unscreened population.

There remain many vulnerable groups not yet tested. Such groups include peo-
ple using sleeping tablets, people using other drugs that might affect sleep or
response to signals during sleep, the deaf, and people with other physical or men-
tal disabilities that might affect their response to a smoke alarm.

It is obvious from the results presented that the signal level and the type of
sound or signal affected the probability that the participants did not respond. In
our opinion it is likely that the response of other people to these signals will be
similar and that it is therefore appropriate to seriously consider improved smoke
alarm notification for the whole population based on this data.

Examination of Figures 5–10 indicates that it is necessary for the �3,100 Hz
sound to be �20 dBA louder than the 520 Hz square wave sound for their effec-
tiveness in waking people to be approximately equal. Three main possibilities for
improved occupant response are apparent:

� Replace the current 85 dBA smoke alarm sound with the 520 Hz square wave
sound at 85 dBA

� Retain the current sound but increase the sound level to 105 dBA
� Require smoke alarms (current sound and level) in every room (perhaps exclud-

ing kitchens and bathrooms) and require interconnection
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The first option is favoured by the authors based on the results of these studies.
The second and third options are included above as they have been suggested in
discussions in various forums.

The third option would be less effective than the other two as in many situa-
tions it would be likely to only increase the sound level at the pillow by �10 dBA.

The 520 Hz square wave sound is preferred by the authors as its effectiveness is
less likely to be adversely affected as the population ages (as is happening in
Australia, the USA and many other countries at present) compared with the
�3,100 Hz smoke alarm sound, given that high frequency hearing loss is part of
normal aging but is not recognised by many people until quite severe [33].

Of course, if the 520 Hz square wave sound was adopted the effectiveness of
smoke alarms could be further enhanced by increasing the sound level to 95 or
even 105 dBA.

As noted above the 520 Hz square wave has multiple peaks and several of these
are within the speech frequency range where our hearing is most sensitive. The
520 Hz square wave peaks are more than a critical bandwidth apart so this increa-
ses the perceived loudness (although this is not reflected in the sound level mea-
sured by a sound meter). The perceived increase occurs because the different
frequencies activate different parts of the basilar membrane [34]. In addition, the
multiple frequency peaks are less likely to be masked by ambient noise than a sin-
gle frequency sound and lower frequencies penetrate walls and doors better than
higher frequencies [28].

It would be very beneficial to be able to estimate directly the overall effect on
the frequency of fatalities of changes in smoke alarm requirements. The limita-
tions mentioned above mean that there is great difficulty in generalising the cur-
rent results to the whole population. Nevertheless, it is clear that when the smoke
alarm signal level and other signal characteristics are set (in codes, etc.) effectively
the overall fire fatality rate is being set, or at least strongly influenced. The reason
it is not possible to accurately estimate the overall fatality rate is that needed
information is missing: the missing information includes the proportion of the
population in each vulnerable or at-risk group, the rate of fire starts for each of
these groups (the rate of fire starts might vary considerably from the average over
the whole population for some of the groups of at-risk people), the effectiveness of
the current and alternative alarm signals in awakening sleeping people for all peo-
ple in each at-risk group and the current fatality rates for each group. Research to
obtain this missing data should be undertaken to facilitate possible further
improvements in smoke alarms, and smoke alarm usage and effectiveness.

5. Conclusions and Recommendations

The 520 Hz square wave sound has consistently been found to be the most effective
of the sounds tested in waking sleeping people. In all of the groups tested the
520 Hz square wave has resulted in waking most (generally all) of the people tested
who did not awaken to very loud (95 dBA at the pillow) emissions of the current
Australian and USA smoke alarm sounds. There is no reason to believe that this
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result would not apply to the entire population. Thus it appears that adoption of
the 520 Hz square wave sound in the T-3 pattern as the standard smoke alarm
sound would further reduce the rate of fatalities among sleeping people in fires
(assuming current alarms have resulted in a reduction in domestic fire fatalities).

Among children and young adults (the latter both sober and at 0.05 BAC) the
520 Hz square wave signal reduced, by a factor of 6–10, the proportion of people
not woken by the current signal. For adults with hearing loss this factor was six.
In this group and the 0.05 BAC group the 520 Hz square wave sound was more
effective than the bed and pillow shakers. When strobe lights were tested they
were found to have very poor waking effectiveness, even though the highest inten-
sity level tested was over three times higher than those required for strobes in the
USA. A voice alarm was quite effective in the younger groups tested but much
less so in the older adults. The voice alarm was also found to have real problems
in waking participants with limited English.

It is therefore recommended that the 520 Hz square wave sound in the T-3
pattern be adopted to replace the current smoke alarm sounds as the alarm signal
for all smoke alarms and that consideration also be given to increasing the
required sound level, the required alarm locations and the interconnection of all
smoke alarms.
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