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ABSTRACT
This work explores the use of audio recognition tech-

niques to evaluate how well users brush their teeth using only
audio data collected from smartphones. We investigate two
main approaches: a two-tiered approach that first performs
activity recognition on the audio data and then uses the output
of activity recognition to build a regression model for skill
assessment, and an approach that uses deep neural networks
to build a regression model for skill assessment that takes raw
audio data as input.

1. INTRODUCTION

One important application of ubiquitous computing to our
daily lives is its use in healthcare. Using sensor data cap-
tured from smartphones and wearable devices, it is possible to
evaluate how well users perform activities that relate to their
health, including how well they brush their teeth. Evaluat-
ing toothbrushing is important, because not only does proper
brushing improve a person’s overall health, but also most peo-
ple do not brush properly. Therefore, techniques are needed to
provide feedback to users so they can improve their brushing.

The traditional method of evaluation is to be observed by
a specialist while brushing your teeth. However, this is an ex-
tremely costly method of evaluation, and as such limits access
to feedback severely. Recognizing this, prior work has been
done on evaluating toothbrushing through the use of ubiqui-
tous computing. However, while these studies have reduced
the cost of feedback, they relied on the use of specialized
equipment, limiting their accessibility.

In this work, we attempt to offer low-cost and accessi-
ble feedback to toothbrushing performance evaluation. We
do this by only requiring that users capture audio data while
brushing their teeth, with our audio captured using a regu-
lar smartphone. This audio data is then evaluated using ap-
proaches derived from automatic speech recognition and en-
vironmental sound recognition studies. We investigate two
main approaches: a two-tiered approach that first performs
activity recognition on the audio data and then uses the out-
put of activity recognition to build a regression model for skill
assessment, and an approach that uses deep neural networks
(DNN) to build a regression model for skill assessment that
takes raw audio data as input.

2. RELATED WORK

Several previous studies have been done on analyzing tooth-
brushing through the use of ubiquitous computing. In [1],
Braun’s SmartGuide was used to study the effects of real-time
feedback on the quality of tooth brushing, in which they found
a significant improvement in brushing habits when using this
system. Other research has been conducted on the analysis
of tooth brushing behavior using optical motion capture sys-
tems [2, 3] and embedded accelerometer sensors [4, 5, 6]. In
particular, a system developed in [2] used an optical recog-
nition system that encouraged children to brush their teeth
by providing feedback on their performance by means of a
cartoon display. Regions of the mouth that were adequately
brushed were depicted as free of plaque in the cartoon, giv-
ing the children simple feedback on their performance. The
results of their research indicated a significant improvement
in brushing performance as a result of the feedback. Simi-
larly, [4] used an embedded accelerometer to evaluate tooth
brushing performance, using graphical feedback to motivate
better performance. In each of these systems, specialized
hardware was required, such as a specialized toothbrush or
an accelerometer. In contrast, we propose a low-cost system
built around an off-the-shelf smartphone, which eliminates
the need for most users to purchase any new equipment.

3. PROPOSED APPROACHES

3.1. Intermediate activity recognition

Our first approach to evaluating toothbrushing using smart-
phone audio starts with an intermediate audio recognition
process. In this process, we recognize several classes of
toothbrushing activities in the audio using an environmental
sound recognition technique based on hidden Markov mod-
els. These classes correspond to where in the mouth the user
was brushing, i.e., front vs. back teeth and inner vs. outer
surface, along with the type of brush stroke being used, i.e.,
rough vs. fine stroke. The output of that process is then used
to generate independent variables for support vector machine
based regression models. These regression models are trained
using evaluation scores assigned by a dentist who participated
in our work, giving us regression models that estimate how
an expert would have evaluated the users.



Table 1. Error ratios (%) for our Proposed method and the
baseline method Avg.

Proposed Avg
Total 13.8 22.9
CSD 18.6 25.4

3.2. Deep neural networks
In our first approach to evaluating toothbrushing performance
using audio data, we needed to build and train an additional
recognition model for our intermediate audio recognition pro-
cess. This intermediate process added a significant burden
when designing and training the skill assessment model, as
we needed to design handcrafted features for audio recogni-
tion and needed to annotate the mouth locations and brush-
stroke types throughout the audio. In our second approach,
we are attempting to exploit the ability of DNNs to abstract
complex features from raw data to perform skill assessment
without an intermediate activity recognition process.

4. RESULTS

The results from our first approach to evaluating toothbrush-
ing performance using audio data were presented in [7]. We
evaluated our method using 94 sessions of toothbrushing au-
dio taken from 14 participants. Evaluation was done using
leave-one-user-out cross validation, with models adapted to
users using unsupervised user adaptation.

Table 1 shows an excerpt from those results. This table
includes results for the Proposed method along with results
for a baseline method Avg. The Avg method estimates scores
for a user as the average score for all other users. This table
includes results from two scoring systems: Total and CSD.
The Total score system estimates a single score on a 24-pt
scale that gives an overall evaluation of one session of tooth-
brushing. The CSD score system estimates three scores per
session of toothbrushing, each on a 8-pt scale. These scores
evaluate the users toothbrushing for three different criteria:
coverage, stroke, and duration. Coverage refers to how well
the user covered their entire mouth, stroke refers to whether
they used a proper brush stroke, and duration refers to whether
they brushed for a sufficient amount of time. For both scoring
systems, we were able to achieve an error ratio significantly
lower than that of the baseline. Additionally, the dentists par-
ticipating in the study felt that these error ratios are acceptable
for many use cases of our method.

5. ONGOING WORK

Having completed our study on our first approach to evalu-
ating toothbrushing using audio data, we are now focusing
on the second approach. We are currently investigating the
performance of several DNN architectures, including deep-
feed-forward networks, convolutional neural networks, and
long-short-term-memory recurrent neural networks. We are

also investigating the use of autoencoders as a means of au-
tomated feature extraction from audio data. Our goal is im-
prove on our results in the first approach and to make a larger
scale study more cost efficient by removing much of the work
needed to process the audio collected.
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