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Abstract

This study presents a low-power wearable system able to predict a
fall by detecting a pre-impact condition, performed through a simple
analysis of motion data (acceleration) and height of the subject. The
system can detect a fall in all directions with an average consumption
of 5.91 mA; i.e., it can monitor the activity of daily living (ADL),
whether or not a fall occurs. The entire detection system uses a single
wearable tri-axis accelerometer placed on the waist for the comfort of
the wearer during a long-term application. The algorithm is based on
the following hypothesis: ” A region defined as balanced boundary cir-
cle, based on the user’s height, is characterized by the fact the chance
that an actual fall happening is minimal. When an activity is classified
outside this circle, an acceleration analysis is performed to determine
an impending fall condition”. Our threshold-based algorithm was val-
idated experimentally, first with 9 young healthy volunteers perform-
ing both normal ADL and fall activities and then using 10 ADL and
5 falls from public SisFall dataset. The results show that falls could
be detected with an average lead-time of 259 ms before the impact
occurs, with minimal false alarms (97.7% specificity) and a sensitivity
of 92.6%. This is a good lead-time achieved thus far in pre-impact
fall detection, permitting the integration of our detection system in a
wearable inflatable airbag for hip protection.

Customizable algorithm, Fall Detection System, Pre-impact detection,
Threshold-based, Wearable systems.
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1 Introduction

Equipment for the protection and safety of individuals is undergoing in-
creasing technological development. Due to the ageing process of the world
population, a new research sector is gaining interest, namely, the security
of the elderly. The risk of falls increases with ageing [1], and it is estimated
that 30% of elderly individuals aged 65 or older fall at least once a year [2,3].
According to the World Health Organization, by 2050, one over six people in
the world will be older than age 65. Approximately 1 out of 5 falls result in
a serious injury, such as hip fracture, subdural haematoma, and other more
serious injuries, including head injury, which can lead to death [4,5]. How-
ever, even if a fall does not result in injury, serious psychological trauma may
still occur, reducing the independence and the ability to perform daily activ-
ities, such as dressing, bathing, or housekeeping; therefore, fall prevention
is now recognized as an important health issue within modern countries [6].
Most of fall detection systems (FDS) [7—10] use the absence of movement,
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and other post-impact information to detect that a fall has occurred. These
systems can reduce the rescue time, i.e., the time for the first aids arrive to
help the person.

One main challenge for next generation FDSs is not to detect when the
person fell but to predict an occurring fall (pre-impact) to trigger a protec-
tion device, such as an airbag to prevent the injuries and trauma [11,12].
This action requires accurately distinguishing a fall from the activities of
daily living (ADL) i.e., walking, sitting. The majority of the existing pre-
impact fall detection systems are wearable-sensor-based [11,12] and profit
from advancements in microelectronics and wireless communication tech-
nology. These devices can capture body movement unobtrusively and allow
kinematic measurements to be monitored over an extended space.

Most of the articles in the literature use wearable micro-electro-mechanical
systems (MEMS), such as integrated inertial measurement units, which typ-
ically consist of a triaxial accelerometer and a triaxial gyroscope and use hu-
man body kinematics (segment translational measures and rotational mea-
sures) as fall detection indicators. Trunk velocity and acceleration [13-16],
head acceleration, and upper arm velocity [16,17] can be used to determine
the translational measures. Rotational measures can be calculated from the
angular rate of the sternum [18], the waist [12,19] and trunk [20,21]. Associ-
ated with the sensors, threshold-based algorithms appear to be the simplest
algorithms utilized in pre-impact fall detection research because they are
computationally efficient. However, setting an appropriate threshold is al-
ways difficult, and almost all the current threshold-based techniques face
the dilemma with a low threshold leading to false alarms or a high threshold
leading to misdetection of falls.

Machine learning (ML) approaches [22-24] are alternatives to threshold-
based techniques and represent approximately 15% of the literature ded-
icated to fall-detection. A training period is required to collect the data
during non-fall activities and facilitate the features extraction to classify
the activity. ML algorithm efficiency depends on the features, dataset, and
proportion of training and testing data. In optimized situations, most of
the ML algorithms can detect falls with a specificity of 97% and an accu-
racy of 98%. Supervised machine learning can also be used to classify the
activities [25,26]. Deep learning approaches based on adaptive learning fa-
cilitate fall detection classifiers, thus improving specificity while using only
a single sensor device, such as triaxial accelerometer. However, classic su-
pervised ML approaches remain computationally consuming compared to
simple threshold-based approaches, leading to low energy efficiency, which
is a key requirement when developing a wearable fall detection system for
inflatable airbag deployment. Therefore, despite the promise of ML or deep-
learning approaches, we chose herein to implement a FDS based on an effi-
cient threshold algorithm.

Wearable FDS needs to be not only light and small to improve accept-



ability and usability but also efficient and reliable, i.e, able to discriminate
falls from non-fall activities and detect all fall situations. Fall detection
accuracy is typically measured by sensitivity and specificity. Sensitivity is
determined by the ratio of the number of successfully detected falls to the
total number of falls, whereas specificity is determined by the ratio of the
number of successfully detected non-fall activities to the total number of
non-fall activities. The sensitivities reported in the reviewed studies ranged
from 80 to 100%. The sensitivity (= 80%) in Sabatini et al. [27] was the
lowest. The rest of the studies achieve sensitivity above 90%. Lead time
(time interval between when the fall was detected and fall impact) is typ-
ically used to assess the efficiency of fall detection. Thus, the longer the
lead time is, the better the fall detection performance is. The reported lead
time in the literature is from 40 to 750 ms. Shi et al. [12] proposed airbag
technology for preventing fall impacts. The inflation time of the airbag was
reported to be approximately 130 ms. In order to be effective in avoiding a
fall impact, the lead time of fall detection should be longer than 130 ms.

Altogether, the state-of-the-art shows that there are some limitations in
the current pre-impact fall detection systems. They often have high com-
putational demand and are expensive and difficult to implement in a real
application. In addition, the validity of pre-impact fall models is often lim-
ited because the falls used for evaluating fall detection algorithms are often
simulated. As a consequence, it is difficult to generalize the currently pub-
lished results to fall accidents that occur in real life.

This paper presents a wearable pre-impact FDS based on a MEMS ac-
celerometer to capture the body movement (translational and deduced rota-
tional measures from a 3-axis accelerations) coupled with a threshold-based
algorithm that also uses the physiological characteristics (height) as input
features. The algorithm was evaluated in real conditions using a dataset cre-
ated on this work with 9 persons and containing 135 falls and 86 ADL. An
open online dataset with 38 volunteers (adults and elderly people) was used
to validate the method with more realistic cases (ADL followed by a fall).
The results demonstrated the ability to detect lateral falls and backward-
forward falls with 94.04% sensitivity and obtained a low percentage of false
alarms leading to a 97.67% specificity. The lead time is 259 ms, which
enables the triggering of a protection device such as an airbag. In addi-
tion, using only a MEMS accelerometer as a sensor makes the device small,
lightweight, and low-cost, which allows the system to be easily implemented
in real-time applications for elderly protection.

The paper is organized as follows: Section II first describes the hardware
and the pre-impact fall detection algorithm. The evaluation of the systems
is presented in Section III. Section IV concludes this research work.



2 Materials and methods

2.1 Data acquisition

To facilitate the use of our system, a low-power miniaturized embedded
prototype was designed and developed, which is small (50 mm X 40 mm X
16 mm) and light (13 g), meant to be worn on the subject’s waist to analyze
the acceleration signals and posture. The system is composed of a printed
circuit board (PCB) (Fig.1) that contains a single low-power tri-axis MEMS
accelerometer (LIS3DH from STMicroelectronics). The sensor is scaled £8¢
and oriented with the x-axis for the left; the y-axis downward positive and
the z-axis forward positive. To get the best compromise between resolution
and consumption, we configured the accelerometer data output in 12-bits
resolution with a sampling rate of 400 Hz.

The digital output is transferred through a serial peripheral interface
(SPI) to the main component of the system, the nRF52832. This System-on-
Chip (SoC) from Nordic Semiconductor is a low-power consumption SoC [28]
integrated with the Bluetooth low energy (BLE) interface, used to communi-
cate with a mobile device (cellphone or tablet). A 2.4 GHz ceramic antenna
(Johanson Technology) was integrated on the PCB to increase the BLE sig-
nal power. All of the system is powered with a 3V coin cell battery CR2032.
The PCB is illustrated in Fig.1.
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Figure 1: Photo of the prototype of the pre-impact detection system

As this is a first prototype, some components for debugging the system
were integrated, such as buttons and connector. For an improved version,
its dimensions are meant to be halved.



2.2 Pre-impact fall detection algorithm

This section presents the methodology used to develop the pre-impact fall
detection algorithm. Two categories of features that will be employed to
detect the fall before the impact: the physiological characteristics (the user
height) and sensor data (accelerometer). From the acceleration data, the
sum vector magnitude (SVM) of the acceleration is calculated (Eq. (1)),
as it gives a first view of the impact time and the particular shape of the
signal. Where a,(t), a,(t) and a.(t) are the components of the acceleration
along each axis, expressed in units of g (9.81 m/s?).

G(0)] = /a2 (t) + a3(t) + a2(1) (1)

The tilt angle of the y-axis along with the gravity (5 in rad) is estimated
using the Eq. (2). Notably, during dynamic movements, the reliability of
this approach is reduced. The analysis of the angles for classifying the ac-
tivity is complex and difficult to predict because each subject has a different
behavioral posture.

1 ay(t) 2)
VB + () +a2()

However, this system uses the tilt angle of y-axis as input for our equation
system to predict the loss of balance. The algorithm was elaborated from
the classical kinematic Torricelli’s Equation (Eq. (3)) which describes a
linear movement with constant acceleration along an axis. Where v and vg
represents the final and the initial velocities (m/s) of the body, respectively.
The Az is the distance traveled in meters and a is the acceleration (m/s?).

8 = cos™

v? = v £ 2aAx (3)

Considering that the fall has an angular movement, during a static fall,
the person performs a rotational movement around the axis that can be
approximated between the point of contact with the ground (the feet) and
the center of mass. Torricelli’s Equation (Eq. (4)) can also be presented to
describe a rotational kinematic movement:

w? = wi + 200 (4)

Where A# is the rotational angle expressed in radians, « is the angular
acceleration (rad/s?). The final and initial angular velocities (w and wo,
expressed in rad/s) during a fall were modeled in [29,30]. In [29], a lateral
fall is defined (Eq. 5), where [ is the distance in meters between the waist
and the ground and ¢ is the tilt angle (rad) when falling. They considered
that the movement starts from a position in which the tilt angle is 0 rad.



. 3g(1 —lcosw) (5)
Mastorakis et al. [30] approximated the fall of a person as a rod falling
with uniform mass distribution. For this model, it is considered that the
only acceleration on the movement is the gravity g, with the assumption
that the potential and kinetic energies are preserved. The model indicates
the velocity is proportional to the height, a taller person takes longer to fall,
and on the impact moment, has a higher velocity. However, the acceleration
behaviour is independent of height.
We use the concept presented in [30] to define the angular velocity in

Eq. (6).

o — \/w2 n 3g(cosBn—1 — cosBy) (6)

n—1 hl

Where h; is the distance in centimeters between the PCB position and
the ground, i.e the height from the navel to the ground (user’s feet). Eq.
(4) and Eq. (6) demonstrated that the angular displacement As (cm) of a
person between two acquisition n — 1 and n, can be defined as shown in Eq.

(7).

As = ghl x [cos(Bp-1) — cos(By)] (7)

To obtain the total displacement on a time interval t.

S = Z As = Z %hl x [cos(Bn—1) — cos(Bn)] (8)
1

The third important feature of the algorithm is the distance d normal
to the ground. Assume that in a static condition, height h; is equal to d.
The distance is variable according to the movement, and it can be periodic
as well as S for some ADL activities (e.g. walk).

The Eq. (9) shows that the d,, behaviour depends on the tilt angle
between the y-axis and gravity vector, as well as on the user’s physiological
characteristics.

dn = hycosy (9)

To reduce the false-positive cases, a loss of balance condition was defined
as the moment when the displacement of the body (S) is greater than the
normal distance from the ground (d,). Assuming that that S < d,, the
person is in a safe region, and this was defined as a “Balanced boundary
circle”, in which the chance that a fall occurs is minimal. In contrast, when
the person is out of the circle, the algorithm analyses the acceleration to
identify an impending fall condition to trigger the protection system.
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Figure 2: Flow chart of the system algorithm - Left side shows the logic of the
flow and right side represent the equations and decisions of the algorithm.



It is important to know that an ADL activity has a stage that can be
misinterpreted as a lack of balance, the swing phase [31,32]. The condition
of the balanced boundary circle is not enough to reduce false alarms. Al-
ternatively, the combination of this condition with the analysis of the body
acceleration makes the algorithm more robust.

The entire algorithm is presented in Fig. 2. The left side represents
the logical flow to detect the fall before the impact, and on the right, the
equations used on each step. The algorithm is divided into three main steps:
the fall detection algorithm, user protection with an airbag system and a
message alert for first aid. The present work focuses on the second step, i.e.,
the threshold-based fall detection algorithm.

To improve the algorithm and the lead time response, a second physio-
logical characteristic was used, hy (distance in centimeters between the head
and the PCB), as a threshold to identify a near loss of balance situation.
This choice is based on the fact the height influences the balance.

The aim of the detection is to identify the fall as soon as possible with
fewer false alarms. The algorithm uses an empirical threshold (1.2 factor of
h2) to predict the lack of balance faster and a 0.4g threshold of the SVM to
confirm the user is falling. The choice of the threshold values is described
in the section III.

A customizable threshold-based pre-impact fall detection algorithm was
developed to be used for protection to avoid injury from falls. The algorithm
is adapted for each person according to their height. The critical goal of our
system is to detect the fall before the impact and determine the instant of
an impending fall, to predict a condition of the loss of balance.



2.3 Tuning the Fall Detection Algorithm threshold

We created a dataset performing the tests using two prototypes worn on the
volunteers. The PCBs were placed on a belt to guarantee that both have
the same distance to the ground.

The subjects wore one prototype on the back and another one in front
of the body, and the program analysed the data in real-time and calculated
the accelerations data, taking into account the PCB position influence. The
nine volunteers (2 females and 7 males) were all in good health, and they
did not present any physical condition that could interfere with the tests
(height average 174.11 £+ 6.98 cm; weight average 63.57 + 7.91 kg). The
volunteers gave their consent to participle in this study.

We asked the subjects to realize several falls in all the directions and 5
ADL (walk, run, sit, stand up and bend to pick an object). Each activity
is repeated five times. The sensor data is sampled at 400 Hz then sent
through BLE link to a computer to be recorded. The subjects were asked
to relax their falls, try to keep their knees unbent and not use their hands
to protect them from the impact, simulating a real fall. A total of 135 falls
and 86 ADLs were recorded and used to develop and test our algorithm. We
analysed 10 seconds of the ADL and 5 seconds of the falls.
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Figure 3: Photo of a Forward Fall simulation

The physiological features used in the algorithm are represented in Fig.3.
The distance d decreases during a fall situation, while the angle (3) value
tends to 90°.

The data of the prototype on the back was less noisy, but based on
the volunteers reports about the comfort and for the ergonomic reasons,
we chose to use the data from the PCB placed on the front, also because
this PCB was near the mass center. The raw data of different ADL and a
Forward Fall are shown in Fig.4.
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Figure 4: Sum Vector Magnitude of ADL (a,b,c,d) and a Forward Fall (e)

The sum vector magnitude of the acceleration has the same behaviour in
all the directions [33], i.e., the SVM feature can not graphically differentiate
the direction of the fall. We also observed that the lateral falls had the lowest
peak values, as well as the most distant free-fall conditions (minimum value),
due to the fact that the subjects bent their knees to protect themselves.

Although the signature of a fall is recognized graphically, the dynamics
of the ADL can be interpreted as a near-fall condition. A fall is characterized
by a decay of acceleration followed by a sudden change in slope and a peak,
behaviour similar to some ADLs.

The SVM is an important feature to distinguish these activities, mainly
when analyzing the maximum value. Summarized averages results of each
activity, are given in Table 1.
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Table 1: SVM values of each activity
Activity SVM Min |SVM Max

Sitting 0.2 ¢ 18 ¢
Standing 04 g 1.6 ¢
Picking Object| 0.8 ¢ 12 ¢
Walk 0.5¢ 2.0g¢
Run 0.35 ¢ 3.0g¢

Backward Fall | 0.09 ¢ 9.2 ¢
Forward Fall | 0.085 ¢ 7.8 ¢
Rightward Fall| 0.18 ¢ 6.2 g
Leftward Fall | 0.13 ¢ 6.2 ¢

The maximum magnitude is due to the impact; this is the reason why
the peak value of the falls is higher than the ADL. However, this information
is not valid for our purpose, which is to develop a pre-impact fall detection
system to protect the person before reaching the ground. The final ver-
sion of the algorithm was transcript in C' to program the System-on-Chip
(NRF52832). An average consumption of 5.91 mA was measured.

2.4 Performance Assessment

The results are analysed based on statistical parameters, such as sensitivity
(SE), specificity (SP), accuracy (AC) which are defined by concepts of true
positives (TP), true negatives (TN), false positives (FP), and false negatives
(FN) as follows:

e The sensitivity (SE) is the ability of the system to identify falls

TP

E= ——
5 TP+ FN

(10)

e The specificity (SP) is the capability to correctly detect ADL as ADL
(measure the number of false alarms)

TN

SP =N TFP

(11)

e The accuracy (AC) is the ability of the system to discern Falls and

ADLs SE .+ SP
Ac = 2220 (12)
2
e Lead time (LD) is the time left for the system to activate the protection

mechanisms until the moment of impact.
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The terms true and negative are used to refer to the presence or absence
of the condition of a fall. True positives are the main instances of interest
whereas true negatives are all other instances. As mentioned before, to
classify a person within the balanced boundary circle, the ground distance
(d) is subtracted from the total angular displacement (S) during an interval
t. The 0.4g was chosen as the free-fall condition threshold because, as noted
in the Table 1, the minimum SVM of most ADL is higher than 0.4¢g (except
for the sitting activity 0.2g). However, for this ADL, the body tilt during
the activity is too small to exceed the lack of balance threshold. A fall is
detected when both conditions are confirmed.

3 Results and discussion

In Fig 5, the periodic behaviour of a walking activity is illustrated. The
algorithm predicts a possible loss of balance and starts to analyze the ac-
celeration. A period of a loss of balance (the person is out of the Balanced
boundary circle) is observed at time ¢ 2 2.5 s, but due the acceleration still
greater than 0.4g, this is classified as an ADL.
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Figure 5: Data obtained from a Walk activity
Alternatively, when a fall is happening, the SVM and the d — S curve

have the same sense of variation, followed by a sudden peak change, as shown
in Fig. 6. The negative value is explained because the angular displacement
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S is approximated h;§ when d,, = 0.

T T T 90
108 |-
““““ - [
g b Threshold 175
54 ‘/"l I‘| ]
|
|
I —
1 160
__or I :| ---d-S | =
3 S Acceleration .
C o 1458
W 54 ok 2
T | 1 []
| :
|
| | , 4130 «
-108 |- H A
1 1
[ | P - - - - -
L T 415
-162 = N W
‘~_\_\/\'J Threshold ]
: : ' : ' - ' : 0.0
0 1 2 3 4
Time (s)

Figure 6: Data obtained from a Forward Fall

The threshold-based algorithm correctly detected 125 falls and 71 ADL,
which corresponds to 92.59%, 83.72% and 88.16% of sensitivity, specificity
and accuracy, respectively. The lower specificity is justified by the fact the
ADL recorded was made by younger persons, which are faster than elderly
persons. As mentioned before (section 2.B), for dynamic movements the
algorithm presents a low accuracy but is still reliable. The lead time average
is 189.41 ms, which is long enough to ensure an individual’s protection.

We observed that the balanced boundary circle threshold has to be cus-
tomizable for each person. The algorithm performance is reduced by apply-
ing a fixed and constant threshold. If we use the average of ho, we achieved
86% of accuracy with a high value of false alarms (20%).

To optimize the customizable threshold to improve the robustness of the
algorithm, the threshold was varied according to the user height. Fig. 7
illustrates that the optimal threshold is 1.2ho, the x-axis values increase
from the left to the right.
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With a higher threshold value, the number of false positives increases
because the fall prediction is early, so any abnormal acceleration can be
misinterpreted as a fall. With a lower threshold value, the prediction is too
late for the system to deploy the protection system.

To further characterize the performance of our algorithm, an online pub-
lic database was used, named SisFall [34]. The SisFall database contains 19
types of ADL and 15 types of falls. The activities were recorded from 38
volunteers, 23 adults and 15 elderly persons (from 60 to 75 years old). Only
one elderly participant executed the falls. Some ADL could not be realized
for medical reasons of the volunteers. In total, the dataset has 1798 falls and
2706 ADL recorded from three sensors (2 accelerometers and 1 gyroscope)
worn on the waist.
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As the purpose of this study is to develop an algorithm to protect elderly
persons, we did not take into account fast activities to validate our method.
Thus, only 10 ADL from 19 were chosen. We used 1672 ADL and achieved
97.67% of specificity. We confirm the fact that the ADL execution from our
database was faster than a normal activity.

To evaluate the sensitivity, we chose the fall while walking in all direc-
tions and a fall while sitting to analyze the capability to detect a fall when
the ADL is a like-fall activity. With 537 falls the algorithm archive 94.04%
of sensitivity with an average lead time of 259 ms. The accuracy was of
95.86% for this test.

In Fig. 8 presents a more realistic scenario corresponding to a fall occur-
ring during an ADL, i.e, walking. A fall is detected when both threshold are
achieved. During the ADL activity, when the loss of balance is less common,
the algorithm do not calculate the SVM of the acceleration, reducing the
consumption.

Some recent studies present good accuracy results (Table 2), although
with fewer cases analyses and a reduced number of volunteers. Wu et al. [35]
focused in the forward and backward fall detection using two IMUs placed
on the user (waist and right thigh). The dataset used was formed by 15
volunteers. Shi et al. [22] used an acceloremeter and a gyroscope placed
at the waist to analyze the data from 9 volunteers to detect the fall in all
the directions. Compared to these studies, this work considered a greater
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diversity of cases, 10 ADL and 5 falls, performed by more people (38 from
Sisfall).

Table 2: Performance Comparison
Wu et al. [35] |Shi et al. [22]| This Study

Sensitivity 95.5% 94.52% 94.04%
Specificity 97.3% 96.52% 97.67%
Accuracy 96.4% 95.55% 95.86%

Lead time | 346 ms- 404 ms| Not specified | 259 ms

4 Conclusions

In this study, a pre-fall detection system using a MEMS 3D accelerometer
(LIS3DH), associated with SoC NRF52832 and 2.4 GHz antenna was de-
veloped. The hardware and algorithm were designed to get a low power
consumption, very high sensitivity and specificity, and early pre-fall detec-
tion to trigger safety devices such as a wearable inflatable airbag.

The algorithm is simply based on the following hypothesis: ” A region
defined as balanced boundary circle, based on the user’s height, is charac-
terized by the fact that the chance that an actual fall happening is minimal.
When an activity is classified out this circle, an acceleration analysis is per-
formed to determine an impending fall condition”.

Importantly, this threshold-based algorithm not only calculates the trans-
lational and deduced rotational measures from a 3-axis accelerometer, but
it also employs the subject’s height to reduce the number of false alarms
compared to current fall detection systems published in the literature. The
entire pre-fall system was validated with 9 young healthy volunteers per-
forming both normal ADL and fall activities and using 10 ADL and 5 falls
from the public SisFall dataset.

The results show that the system can detect front, back and side falls
without a priori knowledge, consuming 5.83 mA during the sensor acquisi-
tion and 6.35 mA in calculation mode, i.e., ADL with or without fall. The
results also show that falls can be detected with an average lead time of 259
ms before the impact occurs, with few false alarms (97.7% specificity) and
a sensitivity of 92.6%. This is a very good lead-time achieved thus far in
pre-impact fall detection, permitting the integration of our detection system
into a wearable inflatable airbag.

The integration of the entire miniaturized final system (5 g) with the
optimized pre-impact fall detection system (3 cm x 3 cm), a trigger circuit
(2 cm x 2 cm) and a gas generator (4 cm x 3 cm) is currently underway.
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