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Abstract: Falls are one of the main health risks among the elderly. A fall detection system based on
inertial sensors can automatically detect fall event and alert a caregiver for immediate assistance, so as
to reduce injuries causing by falls. Nevertheless, most inertial sensor-based fall detection technologies
have focused on the accuracy of detection while neglecting quantization noise caused by inertial
sensor. In this paper, an activity model based on tri-axial acceleration and gyroscope is proposed, and
the difference between activities of daily living (ADLs) and falls is analyzed. Meanwhile, a Kalman
filter is proposed to preprocess the raw data so as to reduce noise. A sliding window and Bayes
network classifier are introduced to develop a wearable fall detection system, which is composed
of a wearable motion sensor and a smart phone. The experiment shows that the proposed system
distinguishes simulated falls from ADLs with a high accuracy of 95.67%, while sensitivity and
specificity are 99.0% and 95.0%, respectively. Furthermore, the smart phone can issue an alarm to
caregivers so as to provide timely and accurate help for the elderly, as soon as the system detects
a fall.
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1. Introduction

Falls are one of the main health risks among the elderly due to the increase in mortality, morbidity,
disability, and frailty [1]. Besides physical injuries, the fear of falling is developing among the elderly,
which greatly reduces their confidence in living independently and participating energetically in social
activities, ultimately resulting in significant reductions in the quality of their lives and contributing to
an increase in frailty due to this reduction of activity levels [2]. Reports show that approximately 3% of
all fallers lie for more than 20 min without external support, while 80% of the fallers aged 90 years
or older are unable to get up by themselves [3]. Hence, an automatic notification to caregivers after
detecting a fall will be greatly helpful for elderly by reducing the time of waiting for medical support
after the fall.

Since falls are a major health risk among elderly, different kinds of methods have been developed
to automatically detect falls in the last decade, which can be categorized into three different classes
depending on the deployed sensor technology; namely, vision-based sensors, ambient sensors and
wearable devices [4]. For example, Yu et al. developed a vision-based fall detection method by
applying background subtraction to extract the foreground human body, and information is fed into a
directed acyclic graph supporting vector machine (SVM) for posture recognition so as to detect falls [5].
Yazar et al. introduced vibration and passive infrared (PIR) sensors, and used Winner-takes-all decision
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algorithm to detect falls [6]. However, both vision-based and ambient sensors have a constrained
monitoring area and conditions, which require installation and maintenance, leading to high costs.
Recently, the advancements in microelectromechnical systems (MEMS) have brought about smaller
and cheaper inertial sensors, which are widely used to develop wearable devices to measure physical
activities under real-life environment, including very private areas like the bathroom [7]. Since smart
phones integrated with inertial sensors are more and more popular, many works have investigated
fall detection on the smartphone. For example, Bai et al. presented a system based on a tri-axial
accelerometer embedded in a smart phone with global positioning system (GPS) function to detect
falls [8]. Salgado introduced an extended Kalman filter (EKF) algorithm to identify the Pose Body
Model (PBM), and used SVM to detect falls using smart phones [9]. However, the difference between
smart phones in terms of the pre-set sample rate has an effect on its application for fall detection [10].
Besides, even though the inertial sensor is widely used in smart phones and wearable devices, it has
non-negligible measurement noise. El-Sheimy et al. [11] presented analysis and modeling of inertial
sensors using Allan variance. It shows that in the short cluster times, the quantization noise is the
prominent error term, whereas this is the drift rate-ramp term in the long cluster times.

In this paper, a Kalman filter is introduced to develop an unobtrusive fall detection and alerting
system, which can reduce the measurement noises from inertial sensors. The system consists of a smart
phone, and a custom vest integrated with tri-axial accelerometer and gyroscope. The custom vest worn
by an elderly person can sample the individual tri-axial accelerations and angular velocities, and send
them to the smart phone via Bluetooth. The program running on the smart phone preprocesses the
data by Kalman filter so as to reduce measurement noise, and then judges whether the individual is
falling or not based on the Bayes network classifier. The smart phone can issue an alarm to caregivers
so as to provide timely and accurate help for the elderly, as soon as it detects a fall.

The rest of this paper is organized as follows. Section 2 introduces the available technology
for wearable fall detection. The methodology to model physical activities and extract the features
is discussed in Section 3. Section 4 introduces the implementation of the system. The simulated
experiment and its analysis are discussed in Section 5. The future research is presented in conclusion.

2. Related Work on Wearable Fall Detection

In order to solve the problem of fall detection, different wearable devices based on inertial
sensors have been explored, which vary in sensor type, placement, device, quantity and approach.
The majority of these devices can be divided into three main types according to the main approaches:
threshold-based, threshold combining with phase, and machine learning [12].

Threshold-based fall detection approaches use single or multiple thresholds to extract features.
Bourke et al. [13] introduced an approach for detecting falls based on the assumption that acceleration
in falls is sharper than those in ADLs. Lindemann et al. [14] integrated a hearing aid device with a
tri-axial accelerometer, and detected falls by thresholds for acceleration and velocity. Wang et al. [15]
applied a tri-axial accelerometer and wireless sensor network to develop an enhanced fall detection
system for monitoring of the elderly. The main problem was that the system, using only acceleration,
led to many false positives. For instance, the vertical acceleration data produced by sitting down
quickly are similar with those in falls. Hence, more and more researchers study technology on
combining tri-axial accelerometers with gyroscopes so as to detect fall events accurately.

Researchers have also combined threshold with phase to detect falls. Li et al. [16] proposed a
system with a three phase model to detect falls. Two accelerometers are placed on the abdomen and
the right thigh, and the data stream is segmented into one-second windows in the system. The first
phase monitors whether the user is static or dynamic, the second phase recognizes the lying state and
the last phase is to judge whether the transition is intentional or not. They collect typical acceleration
amplitude and rotational rate, and find that it is less than 0.4 g and 60◦ respectively. The lying state is
identified when the angle between the gravitational vector and the trunk, and the angle between the
gravitational vector and the thigh are larger than the threshold. The final phase, checking for intention,
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is determined by identifying when the peak value within a window is larger than the threshold.
The algorithm could reduce false alarms by deriving the posture information from both gyroscopes
and accelerometers. Gjoreski et al. [17] proposed RAReFall (Real-Time Activity Recognition and Fall
Detection System) which measures the difference between the maximum value and minimum value
within a one-second window; if the difference is larger than 1 g and the maximum value occurs after
the minimum value, then a fall is detected.

Machine learning approaches use automatic technology which starts from the extracted features,
and tries to distinguish falls from ADLs [18]. Ojetola et al. [19] introduce two sensor motes (each has
one accelerometer and one gyroscope) worn on the right thigh and chest to distinguish falls from
ADLs. In this system, raw data is first processed by mean filter and lower resampling, then using
features such as vector magnitude of acceleration and angular velocity to train a C4.5 decision tree
model. Zhang et al. [20] proposed a fall detection method based on a one class SVM which uses a
tri-axial accelerometer to capture human movement data. Since it needs specific activity patterns and
computation, it is not appropriate for detecting falls in real time. Tong et al. [21] used a hidden Markov
model (HMM) and tri-axial accelerometer to detect and predict falls, and the experimental results
showed that, using the system, falls could be predicted 200–400 ms before impact, and could also
be accurately distinguished from other daily activities. However, the HMM λ (which is introduced
to describe fall process) and thresholds of the system were set according to data samples of young
people’s simulated activities; the mathematical model and thresholds should be trained and reset
according to the large real-world samples of the elderly. Dinh and Struck [22] transformed acceleration
data from Cartesian coordinates to spherical coordinates, and developed an algorithm based on a
neural network and fuzzy logic to detect falls.

Overall, one of main challenges for wearable fall detection is the lack of agreement among research
groups. For example, different sampling frequencies were used for sampling from the accelerometers,
with some using rather low frequencies of less than 20 Hz. Sensor placement positions vary, and include
waist, wrist, hip, and trunk attachment [23]. Besides, though inertial sensors are very suitable for
wearable devices because of their small size and low cost, they have non-negligible measurement noise,
which could affect the measuring accuracy of the monitoring object. Ligorio and Sabatini used a linear
Kalman filter to fuse the tri-axial gyroscope and accelerometer data. The analysis of the experiment
showed that significant accuracy improvement was achieved over state-of-the-art approaches, because
a filter design better matched the basic optimality assumptions of Kalman filtering [24]. As a result,
a Kalman filter is introduced to preprocess the raw tri-axial gyroscope and accelerometer data so as to
reduce the measurement noise caused by inertial sensors.

3. Methodology

Research shows that the upper trunk is the most appropriate feature region for identifying falls
from other movements by acceleration [25]. Meanwhile, in order to reduce the inconvenience caused
by wearable devices, and protect the sensor board from being broken, the sensor board is put on the
top of the customer’s vest.

3.1. Model Activity

Based on the fact that the direction of gravity is invariably perpendicular to the ground, and that
the orientation of the vest worn on the body is supposed to be the same as that of the trunk, we use a
Cartesian coordinate system OXYZ for the upper trunk, the origin of which is close to the neck of the
human body, and is parallel with the geodetic coordinate system OXYZ, as shown in Figure 1.

At a time t, accelerations along the X, Y, and Z axes are denoted as αx(t), αy(t) and αz(t) respectively,
namely α(t) = {αx(t), αy(t), αz(t)}. The resultant acceleration α(t) can be calculated using Equation (1):

a(t) =
√

ax(t)
2 + ay(t)

2 + az(t)
2 (1)
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Since αx(t), αy(t) and αz(t) contain an approximation of the gravitational component of the
acceleration on every axis, the trunk angle (namely θ(t)) can be calculated using Equation (2):

θ(t) = cos−1

 ax(t)√
αx(t)

2 + αy(t)
2 + αz(t)

2

 (2)

The x-axis is perpendicular to the gravitational direction in the lying position and parallel to the
gravitational direction in the standing position. A fall usually means that the trunk changes from a
standing position to a lying position, and the θ(t) increases from about 0◦ to about 90◦.

Meanwhile, the tri-axial angular velocities of the trunk can be collected by gyroscope. ωx(t), ωy(t),
and ωz(t) are the angular velocity at time t in the X, Y, and Z axes respectively, namely ω(t) = {ωx(t),
ωy(t), ωz(t)}. The resultant angular velocity ω(t) can be calculated using Equation (3):

ω(t) =
√

ωx(t)
2 + ωy(t)

2 + ωz(t)
2 (3)
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Figure 1. (a) The placement of the sensor board; (b) The geodetic coordinate OXYZ.

3.2. Data Acquisition

Figure 2 shows the sensor board, which is about 65 mm × 40 mm × 7 mm (length × width
× thickness), and is appropriate for use in a vest. The sensor board contains a low-power
microcontroller, and a class 2 Bluetooth module. The range of the Bluetooth module is 10 m, and its
default transmission rate is 115,200 bps. The range of the tri-axial accelerometer is ±16 g. The full-scale
range of the tri-axial gyroscope is ±2000◦/s. The sampling data from the tri-axial accelerometer and
gyroscope are read and transmitted to an Android smart phone.
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accelerometer and gyroscope.
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Since most frequencies of human activities are less than 20 Hz, the sampling frequency from
human activities is set to 100 Hz. The sensor board can acquire tri-axial accelerations and angular
velocities, and send them directly to an Android smart phone.

Since falls are usually characterized by rapid acceleration and great angular velocity, four typical
subcategories of ADLs and two kinds of falls are proposed in order to find out the difference between
ADLs and falls. ADLs include Walking (Wk), Sitting down (Sd), Squatting down (Sq) and Bowing
(Bw). Falls include Sideward fall (Sw-Fall) and Backward fall (Bw-Fall). Twenty healthy individuals,
including ten males and ten females, aged 20–45 years were asked to do the simulated falls and
normal ADLs, both outdoors and indoors. Each individual performs each of the six kinds of ADLs
and falls—Wk, Sd, Sq, Bw, Sw-Fall and Bw-Fall—five times. Hence, the total experimental data set
numbers 600 elements, which consists of six 100-element sets for Bw-Fall, Sd-Fall, Wk, Sd, Sq and Bw,
respectively, with each one having the same sample length.

3.3. Filter Noise

Being a linear quadratic estimation (LQE), the Kalman filter uses a series of measurements
observed over time, containing statistical noise and other inaccuracies, and produces estimates of
unknown variables that tend to be more precise than those based on a single measurement alone.
The Kalman filter is widely applied in time series analysis, such as signal processing and trajectory
optimization [26]. Because ADLs and falls are discrete time-finite dimensional linear stochastic
processes, and MEMS-based inertial sensors have non-negligible measurement noise, a Kalman filter
is introduced to reduce the noise so as to improve the accuracy of monitoring state.

The software running on the Android smart phone receives the angular velocities and tri-axial
accelerations from the sensor board, then it preprocesses the data through the Kalman filter. The main
process for preprocessing the tri-axial accelerations and angular velocities is as follows.

Predict the state value at time k using Equation (4):

X(k|k − 1) = AX(k − 1|k − 1) + BU(k) (4)

Calculate the prediction error covariance matrix at time k using Equation (5):

P(k|k − 1) = AP(k − 1|k − 1)AT + Q (5)

Kalman gain at time k (namely Kg(k)) is calculated using Equation (6):

Kg(k) =
P(k
∣∣k− 1)HT

HP(k|k− 1)HT + R
(6)

By combining the predicted values X(k|k− 1) with the measured values Z(k), the optimal estimate
X(k|k) at time k can be obtained using Equation (7):

X(k|k) = X(k|k − 1) + Kg(k)[Z(k) − HX(k|k − 1)] (7)

Update the covariance matrix of the estimation error at time K using Equation (8):

P(k|k) = (I − Kg(k)H)P(k|k − 1) (8)

where, I is an identity matrix; A is the state transition matrix of the process of human movement
from the state at k − 1 to the state at k; B is the control input model; U is a deterministic process
input, which, Since ADLs and falls are linear stochastic processes, the input vector U will be a zero
vector; AT refers to the transpose of the matrix; H is the noiseless connection between the state vector
and the measurement vector, which is an identity matrix because the state variables are observed
directly; R is the covariance matrix of the observation noise; and Q is the covariance matrix of the
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measurement noise. The sensor board has been statically placed on the ground for 2 min, and the
tri-axial accelerations and angular velocities have been sampled from the sensor board to build the
autoregressive (AR) model [27], so as to calculate A, and the initial values for both Q and R.

Table 1 shows the parameters and final prediction error (FPE) of the tri-axial accelerations for
the one order AR model (AR(1)), two order AR model (AR(2)) and three order AR model (AR(3)).
It can be seen from Table 1 that the difference of FPE among AR(1), AR(2) and AR(3) is very tiny in
terms of tri-axial acceleration. Hence, AR(1) is selected to describe the time-varying processes for
tri-axial accelerations.

Table 1. AR parameters and the final FPE for tri-axial accelerations.

a
x-Axis y-Axis z-Axis

AR(1) AR(2) AR(3) AR(1) AR(2) AR(3) AR(1) AR(2) AR(3)

a1 0.9974 0.5043 0.3319 1 0.5112 0.3390 0.9953 0.5067 0.3482
a2 0.4944 0.3185 0.4888 0.3080 0.4906 0.3283
a3 0.3488 0.3526 0.3218

FPE 4.3205
× 10−5

3.2531
× 10−5

2.8591
× 10−5

3.2978
× 10−5

2.5112
× 10−5

2.1998
× 10−5

5.3838
× 10−5

4.0862
× 10−5

3.6631
× 10−5

According to the AR(1) and FPE of the tri-axial acceleration, the A and the initial value both for Q
and R can be obtained as follows.

A =


0.9974 0 0

0 1 0
0 0 0.9953

, Q =


4.3× 10−5 0 0

0 3.29× 10−5 0
0 0 5.38× 10−5

, R =


0.00002 0 0

0 0.00002 0
0 0 0.00003


Table 2 shows the AR parameters and FPE for tri-axial angular velocities. Table 2 shows that the

difference of FPE among AR(1), AR(2) and AR(3) is very tiny in tri-axial angular velocities. Therefore,
AR(1) was also selected to model the time-varying processes for tri-axial angular velocities as well.

Table 2. AR parameters and the final FPE for tri-axial angular velocities.

ω
x-Axis y-Axis z-Axis

AR(1) AR(2) AR(3) AR(1) AR(2) AR(3) AR(1) AR(2) AR(3)

ω1 1 0.6655 0.5869 0.9269 0.6346 0.5660 0.9997 0.6819 0.6251
ω2 0.3345 0.1780 0.3154 0.1767 0.3179 0.1972
ω3 0.2350 0.2182 0.1776
FPE 0.0012 0.0011 0.0010 0.0010 9.3156 × 10−4 8.8745 × 10−4 0.0011 9.7509 × 10−4 9.4564 × 10−4

According to the AR(1) and FPE of the tri-axial angular velocities, the A and initial value for both
Q and R can be calculated as follows.

A =


1 0 0
0 0.9269 0
0 0 0.9997

, Q =


0.0012 0 0

0 0.0010 0
0 0 0.0011

, R =


0.002 0 0

0 0.00087 0
0 0 0.00109


Figure 3 shows the comparison between the raw and preprocessed data of the resultant

acceleration and angular velocity from a normal walk. It can be observed from the curve that the
Kalman filter can eliminate jitters of the curve both in the resultant acceleration and angular velocity,
and it will helpfully extract the features of the fall and ADLs. Additionally, Figure 3 also shows that
the resultant acceleration is always above 1 G (where G is the gravity acceleration constant).
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3.4. ADLs vs. Falls

Figure 4 shows curves of preprocessed tri-axial accelerations and angular velocities from ADLs
and Bw-Fall. The data preprocessed by Kalman filter comes from a young and male subject who is
about 25 years old. The mass and height of the subject are 65 kg and 174 cm, respectively. So the data
shown in Figure 4 are average data. The horizontal axis is for time, with a unit of 0.01 s, while the
longitudinal axis is for tri-axial accelerations (namely αx(t), αy(t) and αz(t)) in the left part of the figure,
and angular velocities (namely ωx(t), ωy(t), and ωz(t)) in the right part of the figure.

Figure 4 indicates significant distinctions among each kind of motion process. For instance,
Figure 4a,b indicate that both the tri-axial accelerations and angular velocities of normal walking have
some periodic features. In terms of acceleration, the αx(t) and αz(t) change sharply for Sd and Sq. The
αx(t), αy(t) and αz(t) change greatly for Bw. However, the αx(t), αy(t) and αz(t) change sharply and
quickly for Bw-Fall. In particular, the αz(t) changes most sharply for Bw-Fall. The peak values of
the tri-axial accelerations are almost 2 G for Bw-Fall. In terms of angular velocity, the ωx(t) changes
sharply for Sd, Sq, and Bw, while ωz(t) changes trivially. However, ωx(t), ωy(t), and ωz(t) change
sharply for Bw-Fall. In particular, the ωx(t) changes most sharply for Bw-Fall. Since falls are usually
characterized by rapid accelerations and great angular velocities, they could be distinguished from
ADLs, as long as the relevant features are extracted.

3.5. Feature Extraction

In the process of human activities, tri-axial accelerations and angular velocities change in real-time,
forming stream data. It is a great challenge to classify stream data with infinite length. A sliding
window, taking only the last-seen N elements of the stream into account, is introduced so as to
overcome the problem.

Figure 5 illustrates the conventions of sliding windows; that the elements to the left are the ones
that have already been seen, and that new data elements come from the right. The sliding window
covers a time period of TS × n, where TS is the same sampling period, and n is the number of sampling
period. Each element in the sensor data stream has an arrival time, which increments by one at each
arrival. The leftmost element is considered to have arrived at time 0. Since the duration of a fall is
less than 2 s, n is set to 2. Meanwhile, the sampling frequency is set to 100 Hz. As a result, the sliding
window has a length of 200.
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ADLs and falls: (a) Curve of the tri-axial accelerations from Wk; (b) Curve of the tri-axial angular
velocities from Wk; (c) Curve of the tri-axial accelerations from Sd; (d) Curve of the tri-axial angular
velocities from Sd; (e) Curve of the tri-axial accelerations from Sq; (f) Curve of the tri-axial angular
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velocities from Bw-Fall; (k) Curve of the tri-axial accelerations from Sd-Fall; (l) Curve of the tri-axial
angular velocities from Sd-Fall.
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For an explanation of this notation, consider the situation presented in Figure 5. The index of start
time in the sliding window is 101, the index of current time instant is 301, and the last-seen element
of the stream data is e300. Each element ei is a vector which consists of features used to classify falls.
For example, in J. He’s paper [3], the resultant acceleration a, and angular velocity ω are selected as
features to classify falls. Hence, ei = {ai, ωi}.

Algorithm 1 represents the program code for how the sliding window slides through the data
stream, and the Bayes network distinguishes falls from ADLs. Dtrain is the training dataset for fall
detection. Bayes Network is the classifier which compares the elements in the sliding window with
Dtrain, so as to identify falls from ADLs.

Algorithm 1 Pseudo-Code Based on the Sliding Window and Bayes Network

1 Input: Sensor data stream
2 Output: Type(label) of a slide instance
3 label=
4 Swidth=200, //set the width of sliding window
5 for (Sref = 0; size (Sref+Swidth) ≥ Swidth; t ++)
6 label= Bayes network (Dtrain, Sref + Swidth)
7 end for
8 return label

4. Implementation

Lots of smart devices (such as tablets and smart phones) are also integrated with Bluetooth
modules as well, and have strong computing capabilities. Hence, a smart phone integrated with
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Bluetooth is used to receive the stream data from the sensors, and a program based on the above
technologies and Bayes network classifier is developed to detect fall and issue alarm.

4.1. Bayes Network Classifier

Being a simple probabilistic classifier based on utilization of Bayes’ theorem with a strong
independence assumption [28], the Bayes network classifier only requires a small amount of training
data to estimate the parameters necessary for classification. It has worked pretty well in knowledge
representation and inference engine both in artificial and expert systems [29].

A Bayesian network is a directed acyclic graph (DAG) that represents a joint probability
distribution over a set of random variables U. Formally, U in a Bayesian network is defined by a
pair B = <G,Θ>. The first component, namely G, is a DAG whose vertices correspond to the random
variables X1, X2, . . . , Xn, and whose edges represent direct dependencies between the variables.
The graph G encodes independence assumptions, by which each variable Xi is independent of its
nondescendants given its parents in G. The second component, namely Θ, represents the set of
parameters which quantifies the network. It includes a parameter θxi |πxi

= PB(xi|πxi ) for each possible
value xi of Xi, and πxi of πxi , where πxi denotes the set of parents of Xi in G. If Xi has no parents, its
local probability distribution is said to be unconditional, otherwise it is conditional. If the variable
represented by a node is observed, then the node is said to be an evidence node, otherwise the node
is said to be hidden or latent. Accordingly, a Bayesian network B defines a unique joint probability
distribution (JPB) over U, namely:

PB(X1, X2, . . . , Xn) = ∏n
i=1 PB(Xi|πi) =∏n

i=1 θXi |πi
(9)

The problem of a Bayesian network classifier can be informally stated as: Given a training set
D = (u1, . . . , uN) of instances of U, find a network B that best matches D. The common approach to this
problem is to introduce a scoring function that evaluates each network with respect to the training
data, and then to search for the best network according to this function.

4.2. Software Design

The software consists of an on-chip program running on the sensor board, and the fall detection
program running on an Android smart phone. The key steps of the on-chip program are as follows.

A. Initialize the gyroscope and tri-axial accelerator, set the sampling frequency for the angular
velocities, tri-axial accelerations and the baud rate for Bluetooth.

B. Sample the angular velocities and accelerations from gyroscope and tri-axial accelerometer at an
interval of 0.01 s.

C. Send the angular velocities and tri-axial accelerations to the Android smartphone via Bluetooth.

Figure 6 indicates the flow chart of the program for fall detection that runs on an Android smart
phone. The Android smart phone receives tri-axial accelerations (namely ax(t), ay(t), az(t)) and angular
velocities (i.e., ωx(t), ωy(t), ωz(t)) from the sensor board via Bluetooth. The resultant acceleration
α(t), trunk angle θ(t) and resultant angular velocity ω(t) are calculated according to Equations (1)–(3)
respectively. The tri-axial accelerations and angular velocities, α(t), θ(t) and ω(t) are appended to the
tail of the sliding window. Based on the instance of a sliding window from the input stream, the
program classifies the instance by Bayes network classifier. If the instance is classified as a fall pattern,
the program will send an alarm. Otherwise, it is not classified as a fall pattern.
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notifications to caregivers after detecting a fall, and to configure different warning methods on the 
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4.3. Software Implementation

Figure 7 indicates the architecture of the fall detection system. The software which runs on
the Android smart phone consists of several components: an XML (Extensive Markup Language)
file to store the information received from custom vest, a Bayes network classifier that monitors the
angular velocities and accelerations and judges whether a fall has occurred or not, and GPS to get the
coordinates. In the event of a fall, the software will connect to a 3 G/4 G service that has a protocol
for sending SMS messages or calls to a caregiver (namely family member or healthcare provider).
In Figure 8a shows the interface that the user can use both to set the interval time for sending automatic
notifications to caregivers after detecting a fall, and to configure different warning methods on the
smart phone.Sensors 2017, 17, 1393  11 of 16 
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Each detected fall triggers an alarm. If the user cannot stop the alarm during the interval
time, a call to a caregiver is made, or an emergency message including GPS location is immediately
sent to caregivers, so as to provide timely and accurate help. Figure 8b shows an instance of an
alerting message including GPS location when He fell down, and could not stop the alarm within the
interval time.

5. Experiment

It is very dangerous for the elderly to test falls, so there is no experiment on elderly people over
50 years old. Twenty healthy individuals (i.e., 10 males and 10 females) aged from 20 to 45 years were
asked to do the normal ADLs and simulated falls both outdoors and indoors. The average mass and
height of volunteers were 64.5 kg and 172.3 cm, respectively. In accordance with the fall simulation
protocol [30], fall simulation was conducted onto a spongy cushion of 15 cm thickness (hardness equal
to 4 kPa pressure required to compress a piece of foam by 35% of its original height) to reduce the
impact. Participants stood at a distance 1.5 times the length of their foot away from the spongy cushion,
and were instructed to do Sd-Fall (or Bw-Fall) like a frail elderly person. There was no warm up trial
to familiarize participants with the spongy cushion.

5.1. Experiment Results

There is a 100-element set for Bw-Fall, Sd-Fall, Wk, Sd, Sq and Bw, respectively, resulting in
a total 600-element set of experimental data. The 10-fold cross-validation was introduced to the
experiment and the algorithm had to classify six types of actions, rather than just judge whether a
fall occurs or not. The experimental results with Kalman filter are indicated in Table 3. Table 4 shows
the experimental results with raw data. In both Tables 3 and 4, there are 9 features at each time point,
namely ei = {ax(t), ay(t), az(t), a(t), ωx(t), ωy(t), ωz(t), ω(t), θ(t)}. Table 3 shows that most samples were
detected successfully, with only a small number of samples going undetected. It can be calculated from
Table 5 that the accuracy was 95.67%, while the sensitivity and specificity were 99%, 95% respectively.
On the contrary, it can be calculated from Table 4 that the accuracy was 94%, while sensitivity and
specificity were 98% and 93.2% respectively. This proves that the algorithm coupled with Kalman filter
reduces both false negatives and false positives, while improving the accuracy of fall detection.
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Table 3. Experiment results with Kalman filter.

Test Total Correct Wrong Accuracy

Wk 100 100 0 100.00%
Sq 100 91 9 91.00%
Sd 100 93 7 93.00%
Bw 100 96 4 96.00%

Sd-Fall 100 95 5 95.00%
Bw-Fall 100 99 1 99.00%

Table 4. Experiment results without Kalman filter.

Test Total Correct Wrong Accuracy

Wk 100 100 0 100.00%
Sq 100 90 10 90.00%
Sd 100 87 13 85.00%
Bw 100 95 5 96.00%

Sd-Fall 100 94 6 94.00%
Bw-Fall 100 98 2 97.00%

Table 5. Accuracy comparison with different numbers of features.

The Number of Features Accuracy Sensitivity Specificity TP FP

3 89.67% 99.50% 93.75% 0.897 0.021
7 94.50% 98.00% 93.75% 0.945 0.011
9 95.67% 99.00% 95.00% 0.957 0.009

Compared with traditional threshold-based methods using accelerations or gyroscopes at several
single time points, the technology proposed in this paper is more effective for human fall detection.
Most threshold-based methods use the results of sensing information at non-continuous time points
to detect falls, thus some misdetection may be caused by the incompleteness of theinformation in
experiments. For example, Li introduced a dynamic time-warping algorithm to develop fall detection
system. This system, which didn’t distinguish Bw-Fall from Sd-Fall, achieved a sensitivity of 91% and
a specificity of 92% [16]. In this paper, the new method reduces the noise for raw tri-axial acceleration
and angular velocity using a Kalman filter, and analyzes the stream data throughout the whole course
of the human fall process in a 2 s sliding window, so more sensing features are selected to identify falls
from ADLs. As a result, the experiment shows better results.

Additionally, the Bayes network classifier with different features of activity at each time point are
compared in terms of their accuracy, sensitivity, true positive (TP), false positive (FP), and running
time. Table 5 shows a comparison of the experimental results with 9 features, namely ei = {ax(t), ay(t),
az(t), a(t), ωx(t), ωy(t), ωz(t),ω(t), θ(t)}; 7 features, namely ei = {ax(t), ay(t), az(t), ωx(t), ωy(t), ωz(t), θ(t)};
and 3 features, namely ei = {a(t),ω(t), θ(t)}. It can be seen from Table 5 that a Bayes network classifier
with 9 features has the highest accuracy, while the one with 3 features has the lowest accuracy. In other
words, the more features are selected, the higher the accuracy the Bayes network classifier can achieve.

Finally, Weka (waikato environment for knowledge analysis) integration with various
machine-learning algorithms was introduced to compare the Bayes network with other learning
algorithms based on the same training dataset and test data. A Lenovo ThinkCenter m6200t with an i5
CPU and 4G memory was selected to run Weka. The comparison shown in Table 6 shows that both
k-NN and the naïve Bayes algorithm take less than 0.3 s with accuracy of 95.5%. Additionally, the
naïve Bayes algorithm has the highest sensitivity (namely 99.50%), but its accuracy and specificity are
lower than k-NN and the Bayes network. The Bayes network has the highest accuracy, at 96.67%, and
it takes about 1.33 s to classify the data. The C4.5 decision tree and Bagging have accuracies of 92.33%
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and 92.17%, respectively. They take more time to classify the falls, especially C4.5 which takes more
than 6 s.

Table 6. Comparing Bayes Network with other learning algorithms.

Algorithm Accuracy Sensitivity Specificity Time(s)

k-NN; k = 7 95.50% 97.00% 96.00% <0.01
Naïve Bayes 95.50% 99.50% 94.25% 0.24

Bayes Network 95.67% 99.00% 95.00% 1.33
C4.5 Decision Tree 92.33% 99.00% 91.50% 1.7

Bagging 92.17% 99.00% 92.75% 6.11

5.2. Discussion

During design, the typical subcategories of ADLs, the physical conditions of the elderly, and their
ordinary activities were carefully considered. For example, since jogging and jumping are unsuitable
for elderly, they were not included in the subcategories of ADLs. Meanwhile, Stairs up and Stairs down
were also compared with Wk. Figure 9 shows the curve of tri-axial accelerations and angular velocities
from Stair up and Stair down, for which the subject is the same as in Figure 5. Figure 9 indicates that
both the tri-axial accelerations and angular velocities for Stair up and Stair down have similar periodic
features to Wk. The difference is the peak values for the tri-axial accelerations and angular velocities.
Besides, the Forward fall is quite similar to Bw-Fall, so Forward fall was not included in our activities.
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92.17%, respectively. They take more time to classify the falls, especially C4.5 which takes more  
than 6 s. 
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5.2. Discussion 
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accelerations and angular velocities. Besides, the Forward fall is quite similar to Bw-Fall, so Forward 
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Since it is very dangerous for the elderly to do simulated falls, there was no subject who was 
over 45 years old. Additionally, a spongy cushion was used to protect the subjects from injury during 
the simulated fall. While lots of injurious falls take place on hard materials (e.g., floors), the spongy 
cushion can absorb the impact. Hence, the acceleration values of the simulated falls could not reflect 
a real-world fall. Finally, in order to reduce the effect of individually-different behavior on the 
classification, subjects were asked to do the experiment according to the fall simulation protocol [30]. 
Although there were no warm up trials for subjects to familiarize themselves with the spongy 
cushion, the subjects knew that they would fall. This leads to the anticipation that subjects may 
change their postural control and response mechanisms. Just as Klenk et al. summarized, algorithms 
calculated on the basis of fall simulations in healthy young subjects lack the necessary accuracy 
requirements for real-world fall detection [31]. 

Because of accessibility problems for the elderly and other difficulties (e.g., cost), the amount of 
recorded, documented and published real-world fall data for older people is very small. Schwicker 
et al. made a systematic review of a total number of 96 articles on fall detection with body-worn 
sensors published between 1998 and 2012. It showed that less than 7% of studies have used fall data 
recorded from elderly people in real life, and simulated fall data were used in 90 (93.8%) studies. 
However, recently, the FARSEEING project, which is a collaborative European project, has set a goal 
of generating a large meta-database of real-world fall signals [32]. Furthermore, Vavoulas et al. 
introduced the smart phone to build a MobiFall dataset (an initial evaluation of fall decetion 
algorithms using smaetphones), which includes signals recorded from the accelerometer and 
gyroscope sensors for four different falls and nine different ADLs [33]. The aim of the MobiFall 
dataset is helpful in testing new methods and performing objective comparisons between different 
algorithms for fall detection and activity recognition. Nevertheless, we could not download the 
MobiFall dataset from the website recommended by the author. The system presented in this paper 
will be verified as soon as a database of real-world falls can be accessed. 

6. Conclusions 

The experiment proved that the proposed system takes advantage of wearable devices and smart 
phones, which are able to detect simulated falls with sufficient accuracy, and can provide timely and 
accurate help for the elderly. However, there is not any available data for real-world falls in China, 
yet. Based on the encouraging results achieved, some sensor boards, along with the software for fall 
detection, will be contributed to some elderly communities, so as to collect data for the daily living 
activities of the elderly, and harvest the database of real-world falls. Additionally, the sensor board, 
which integrates with Bluetooth 2.0, continuously collects and transmits the tri-axial accelerations 
and angular velocities with a frequency of 100 Hz. This means it requires lots of energy. For example, 

Figure 9. The curves of tri-axial accelerations and angular velocities with Kalman filter in Stair up
and Stair down: (a) Curve of the tri-axial accelerations in Stair up; (b) Curve of the tri-axial angular
velocities in Stair up; (c) Curve of the tri-axial accelerations in Stair down; (d) Curve of the tri-axial
angular velocities in Stair down.
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Since it is very dangerous for the elderly to do simulated falls, there was no subject who was
over 45 years old. Additionally, a spongy cushion was used to protect the subjects from injury
during the simulated fall. While lots of injurious falls take place on hard materials (e.g., floors), the
spongy cushion can absorb the impact. Hence, the acceleration values of the simulated falls could not
reflect a real-world fall. Finally, in order to reduce the effect of individually-different behavior on the
classification, subjects were asked to do the experiment according to the fall simulation protocol [31].
Although there were no warm up trials for subjects to familiarize themselves with the spongy cushion,
the subjects knew that they would fall. This leads to the anticipation that subjects may change their
postural control and response mechanisms. Just as Klenk et al. summarized, algorithms calculated on
the basis of fall simulations in healthy young subjects lack the necessary accuracy requirements for
real-world fall detection [30].

Because of accessibility problems for the elderly and other difficulties (e.g., cost), the amount of
recorded, documented and published real-world fall data for older people is very small. Schwicker et al.
made a systematic review of a total number of 96 articles on fall detection with body-worn sensors
published between 1998 and 2012. It showed that less than 7% of studies have used fall data recorded
from elderly people in real life, and simulated fall data were used in 90 (93.8%) studies. However,
recently, the FARSEEING project, which is a collaborative European project, has set a goal of generating
a large meta-database of real-world fall signals [32]. Furthermore, Vavoulas et al. introduced the
smart phone to build a MobiFall dataset (an initial evaluation of fall decetion algorithms using
smaetphones), which includes signals recorded from the accelerometer and gyroscope sensors for four
different falls and nine different ADLs [33]. The aim of the MobiFall dataset is helpful in testing new
methods and performing objective comparisons between different algorithms for fall detection and
activity recognition. Nevertheless, we could not download the MobiFall dataset from the website
recommended by the author. The system presented in this paper will be verified as soon as a database
of real-world falls can be accessed.

6. Conclusions

The experiment proved that the proposed system takes advantage of wearable devices and smart
phones, which are able to detect simulated falls with sufficient accuracy, and can provide timely and
accurate help for the elderly. However, there is not any available data for real-world falls in China,
yet. Based on the encouraging results achieved, some sensor boards, along with the software for fall
detection, will be contributed to some elderly communities, so as to collect data for the daily living
activities of the elderly, and harvest the database of real-world falls. Additionally, the sensor board,
which integrates with Bluetooth 2.0, continuously collects and transmits the tri-axial accelerations and
angular velocities with a frequency of 100 Hz. This means it requires lots of energy. For example, the
sensor board with a 3.7 v, 600 mah battery can only work continuously for 4 h. Hence, the low-power
technology for fall detection based on Bluetooth 4.0 will be studied in the future, which will allow the
fall detection system to work for a longer time without recharging or replacing the battery. Finally,
classification has been significantly improved by deep learning algorithms recently; we will research
methods based on deep learning to improve the accuracy of fall detection.

Acknowledgments: The study was approved by the ethics committee of School of Software Engineering at Beijing
University of Technology. All volunteers provided written informed consent. This work was supported by the
Beijing Natural Science Foundation under Grant No. 4102005, and was partly supported by the National Nature
Science Foundation of China (No. 61602016). The authors would like to acknowledge Xinlin He in University of
British Columbia for improving the language in the article.

Author Contributions: Jian He and Xiaoyi Wang conceived and designed the experiments; Jian He contributed
experimental materials and analysis tools; Shuang Bai performed the experiments analyzed the data under the
guidance of Jian He and Xiaoyi Wang Besides; Jian He wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2017, 17, 1393 16 of 17

References

1. Shumway-Cook, A.; Ciol, M.A.; Hoffman, J.; Dudgeon, B.J.; Yorkston, K.; Chan, L. Falls in the Medicare
Population: Incidence, Associated Factors, and Impact on Health Care. Phys. Ther. 2009, 89, 324–332.
[CrossRef]

2. Lord, S.R.; Sherrington, C.; Menz, H.B.; Close, J.C. Falls in Older People: Risk Factors and Strategies for Prevention;
Cambridge University Press: Cambridge, UK, 2007; p. 470.

3. He, J.; Hu, C.; Wang, X.Y. A Smart Device Enabled System for Autonomous Fall Detection and Alert. Int. J.
Distrib. Sens. Netw. 2016, 12, 1–10. [CrossRef]

4. Koshmak, G.; Loutfi, A.; Linden, M. Challenges and Issues in Multisensor Fusion Approach for Fall Detection:
Review Paper. J. Sens. 2016, 2016, 1–12. [CrossRef]

5. Yu, M.; Rhuma, A.; Naqvi, S.M.; Wang, L.; Chambers, J. A posture recognition-based fall detection system
for monitoring an elderly person in a smart home environment. IEEE Trans. Inf. Technol. Biomed. 2012, 16,
1274–1286.

6. Yazar, A.; Erden, F.; Cetin, A.E. Multi-sensor ambient assisted living system for fall detection. In Proceedings
of the IEEE International Conference on Acoustics, Speech, and Signal Processing, Florence, Italy,
4–9 May 2014; pp. 1–3.

7. Becker, C.; Schwickert, L.; Mellone, S.; Bagalà, F.; Chiari, L.; Helbostad, J.L.; Zijlstra, W.; Aminian, K.;
Bourke, A.; Todd, C.; et al. Proposal for a multiphase fall model based on real-world fall recordings with
body-fixed sensors. In Zeitschrift Für Gerontologie Und Geriatrie; Springer International Publishing: Berlin,
Germany, 2012; pp. 707–715.

8. Bai, Y.-W.; Wu, S.-C.; Tsai, C.-L. Design and implementation of a fall monitor system by using a 3-axis
accelerometer in a smart phone. IEEE Trans. Consum. Electron. 2012, 58, 1269–1275. [CrossRef]

9. Salgado, P.; Afonso, P. Fall Detection with Kalman Filter and SVM. In Lecture Notes in Electrical Engineering;
Springer: Berlin, Germany, 2015; pp. 407–416.

10. Medrano, C.; Igual, R.; Plaza, I.; Castro, M.; Fardoun, H.M. Personalizable Smartphone Application for
Detecting Falls. In Proceedings of the IEEE-EMBS International Conference on Biomedical and Health
Informatics, Valencia, Spain, 1–4 June 2014; pp. 169–172.

11. El-Sheimy, N.; Hou, H.; Niu, X. Analysis and modeling of inertial sensors using Allan variance. IEEE Trans.
Instrum. Meas. 2008, 57, 140–149. [CrossRef]

12. Pannurat, N.; Thiemjarus, S.; Nantajeewarawat, E. Automatic Fall Monitoring: A review. Sensors 2014, 14,
12900–12936. [CrossRef]

13. Bourke, A.K.; Van De Ven, P.; Gamble, M.; O’Connor, R.; Murphy, K.; Bogan, E.; McQuade, E.; Finucane, P.;
O´Laighin, G.; Nelson, J. Evaluation of waist-mounted tri-axial accelerometer based fall-detection algorithms
during scripted and continuous unscripted activities. J. Biomech. 2010, 43, 3051–3057. [CrossRef]

14. Lindemann, U.; Hock, A.; Stuber, M.; Keck, W.; Becker, C. Evaluation of a fall detector based on
accelerometers: A pilot study. Med. Biol. Eng. Comput. 2005, 43, 548–551. [CrossRef]

15. Wang, J.; Zhang, Z.; Li, B.; Lee, S.; Sherratt, R.S. An Enhanced Fall Detection System for Elderly Person
Monitoring using Consumer Home Networks. IEEE Trans. Consum. Electron. 2014, 60, 23–28. [CrossRef]

16. Li, Q.; Stankovic, J.A.; Hanson, M.A.; Barth, A.T.; Lach, J.; Zhou, G. Accurate, fast fall detection using
gyroscopes and accelerometer derived posture information. In Body Sensor Networks; International Workshop
on Wearable & Implantable Body Sensor Networks: Berkeley, CA, USA, 2009; pp. 138–143.

17. Gjoreski, H.; Kozina, S.; Gams, M.; Lustrek, M. RAReFall—Real-Time Activity Recognition and Fall Detection
System. In Proceedings of the IEEE International Conference on Pervasive Computing and Communications
Workshops, Budapest, Hungary, 24–28 March 2014; pp. 145–147.

18. Özdemir, A.T.; Barshan, B. Detecting falls with wearable sensors using machine learning techniques. Sensors
2014, 14, 10691–10708. [CrossRef]

19. Ojetola, O.; Gaura, E.I.; Brusey, J. Fall Detection with Wearable Sensors–Safe (Smart Fall Detection).
In Proceedings of the 7th International Conference on Intelligent Environments (IE), Nottingham, UK,
25–28 July 2011; pp. 318–321.

20. Zhang, T.; Wang, J.; Xu, L.; Liu, P. Fall detection by wearable sensor and one-class SVM algorithm. Lect. Notes
Control Inf. Sci. 2006, 345, 858–886.

http://dx.doi.org/10.2522/ptj.20070107
http://dx.doi.org/10.1155/2016/2308183
http://dx.doi.org/10.1155/2016/6931789
http://dx.doi.org/10.1109/TCE.2012.6414995
http://dx.doi.org/10.1109/TIM.2007.908635
http://dx.doi.org/10.3390/s140712900
http://dx.doi.org/10.1016/j.jbiomech.2010.07.005
http://dx.doi.org/10.1007/BF02351026
http://dx.doi.org/10.1109/TCE.2014.6780921
http://dx.doi.org/10.3390/s140610691


Sensors 2017, 17, 1393 17 of 17

21. Tong, L.; Song, Q.; Ge, Y.; Liu, M. HMM-Based Human Fall Detection and Prediction Method Using Tri-Axial
Accelerometer. IEEE Sens. J. 2013, 13, 1249–1256.

22. Dinh, C.; Struck, M. A new real-time fall detection approach using fuzzy logic and a neural network.
In Proceedings of the International Workshop on Wearable Micro & Nano Technologies for Personalized
Health, Oslo, Norway, 24–26 June 2009; pp. 57–60.

23. Schwickert, L.; Becker, C.; Lindemann, U.; Maréchal, C.; Bourke, A.; Chiari, L.; Helbostad, J.L.; Zijlstra, W.;
Aminian, K.; et al. Fall detection with body-worn sensors: A systematic review. In Zeitschrift für Gerontologie
Und Geriatrie; Springer: Berlin, Germany, 2013; pp. 706–719.

24. Ligorio, G.; Sabatini, A.M. A Novel Kalman Filter for Human Motion Tracking with an Inertial-Based
Dynamic Inclinometer. IEEE Trans. Biomed. Eng. 2015, 62, 2033–2043. [CrossRef]

25. Kangas, M.; Vikman, I.; Wiklander, J.; Lindgren, P.; Nyberg, L.; Jämsä, T. Sensitivity and specificity of fall
detection in people aged 40 years and over. Gait Posture 2009, 29, 571–574. [CrossRef]

26. Maryak, J.L.; Spall, J.C.; Heydon, B.D. Use of the Kalman Filter for Inference in State-Space Models with
Unknown Noise Distributions. IEEE Trans. Autom. Control 2004, 49, 87–90. [CrossRef]

27. Brockwell, P.J.; Dahlhaus, R.; Trindade, A.A. Modified Burg Algorithms for Multivariate Subset
Autoregression. Stat. Sin. 2005, 15, 197–213.

28. Friedman, N.; Geiger, D.; Goldszmidt, M. Bayesian network classifiers. Mach. Learn. 1997, 29, 131–163.
[CrossRef]

29. Friedman, N.; Linial, M.; Nachman, I.; Pe’er, D. Using Bayesian Networks to Analyze Expression Data.
J. Comput. Biol. 2000, 7, 601–620. [CrossRef]

30. Klenk, J.; Becker, C.; Lieken, F.; Nicolai, S.; Maetzler, W.; Alt, W.; Zijlstra, W.; Hausdorff, J.M.;
Van Lummel, R.C.; Chiari, L.; et al. Comparison of acceleration signals of simulated and real-world
backward falls. Med. Eng. Phys. 2011, 33, 368–373. [CrossRef]

31. Bagala, F.; Becker, C.; Cappello, A.; Chiari, L.; Aminian, K.; Hausdorff, J.M.; Zijlstra, W.; Klenk, J. Evaluation
of accelerometer-based fall detection algorithms on real-world falls. PLoS ONE 2012, 7. [CrossRef]

32. Bourke, A.K.; Klenk, J.; Schwickert, L.; Aminian, K.; Ihlen, EA.; Helbostad, J.L.; Chiari, L.; Becker, C. Temporal
and kinematic variables for real-world falls harvested from lumbar sensors in the elderly population.
In Proceedings of the 37th Annual International Conference of the IEEE Engineering in Medicine and Biology
Society, Milan, Italy, 25–29 August 2015; pp. 5183–5186.

33. Vavoulas, G.; Pediaditis, M.; Spanakis, E.G.; Tsiknakis, M. The MobiFall dataset: An initial evaluation of
fall detection algorithms using smartphones. In Proceedings of the IEEE 13th International Conference on
Bioinformatics and Bioengineering, Chania, Greece, 10–13 November 2013; pp. 1–4.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/TBME.2015.2411431
http://dx.doi.org/10.1016/j.gaitpost.2008.12.008
http://dx.doi.org/10.1109/TAC.2003.821415
http://dx.doi.org/10.1023/A:1007465528199
http://dx.doi.org/10.1089/106652700750050961
http://dx.doi.org/10.1016/j.medengphy.2010.11.003
http://dx.doi.org/10.1371/journal.pone.0037062
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Related Work on Wearable Fall Detection 
	Methodology 
	Model Activity 
	Data Acquisition 
	Filter Noise 
	ADLs vs. Falls 
	Feature Extraction 

	Implementation 
	Bayes Network Classifier 
	Software Design 
	Software Implementation 

	Experiment 
	Experiment Results 
	Discussion 

	Conclusions 

