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In this study, a pre-impact fall detection algorithm using a custom-made inertial sensor
was optimized, and a spring-trigger airbag system was developed for preventing injuries from
falls. Four different types of simulated falls were performed by 20 healthy volunteers (age 23.4
± 4.4 years), and six different daily activities were tested in 14 elderly subjects (age 71.8 ± 4.0
years). An inertial sensor unit was used to measure acceleration, angular velocity, and vertical
angle during all activities. Thresholds of 0.9 g acceleration, 47.3°/s angular velocity, and 24.7°
vertical angle were determined on the basis of optimizing lead time and accuracy in pre-impact
fall detection. A belt-type airbag system consisted of a polyurethane inner skin, an artificial
leather outer shell, and a spring-trigger inflator. To evaluate the accuracy of the airbag system,
10 healthy adult males (age 28.5 ± 2.7 years) wore the system and performed three sets of
simulated falls. Fall detection was achieved 401.9 ± 46.9 ms before impact on average, and the
airbag inflated without fail during the falls (100% sensitivity). In all daily activities, no airbag
inflation occurred (100% specificity).

1.

Introduction

Falls are a significant cause of injury and death in older adults.(1) The frequency and impact
of falls are increasing as the elderly population increases in many countries. Approximately
35% of community-dwelling older adults and 50% of those residing in long-term care
facilities fall at least once per year.(2,3) Many suffer moderate to severe injuries that require
hospitalization and increase the risk of death. Developing fall prevention systems for older
adults is thus a major healthcare priority.
Fall prevention strategies involve identifying individuals with an increased risk of falling
and implementing the appropriate prevention mechanism. This includes physical restraints,(4)
fall-related fracture prevention strategies,(5–7) study of risk factors related to syncope,(8,9) and
multifactorial risk assessment and management.(10) One strategy to prevent or reduce injury
due to falls is to detect falls during descent (pre-impact fall detection) and mitigate the impact.
*
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Several groups have developed methods to detect falls before impact.(11–15) Wu implemented a
pre-impact fall detection algorithm using thresholds for horizontal and vertical trunk velocity
based on 3D motion capture measurements.(13) She showed that falls could be distinguished
from activities of daily living (ADL) with a 300–400 ms lead time before impact. However,
such a video-based approach is limited in application by cost and portability.
Recently, a portable wearable sensor was used in a large study to measure inertial properties
during falls.(11) In that study, Bourke et al. developed a pre-impact fall detection algorithm
based on a threshold of vertical trunk velocity. A motion capture system and an inertial sensor
on the chest consisting of a triaxial accelerometer and a triaxial gyroscope were used. Falls
were distinguished from ADLs with 100% accuracy and were detected an average of 323 ms
before trunk impact and 140 ms before knee impact. Other studies have used algorithms such
as support vector machines (SVMs)(14) and Markov models(15) to detect falls. Thus far, these
systems cannot respond to falls in real time. If a fall can be detected in its earliest stage during
descent, a more efficient impact reduction system can be implemented using a longer lead time.(1)
One such impact reduction system involves using airbags.(16,17) Previous attempts to implement
airbags have been limited by the poor effectiveness of the fall detection algorithm and the use
of gunpowder for the airbag inflator, which is an explosion hazard and prevents the use of the
device in hospitals and airports. It is necessary to develop an inflator that is both fast and safe.
In this study, a pre-impact fall detection algorithm was implemented using a sensor wearable
at the waist, and a spring-trigger airbag system was developed to prevent injury from falls. To
verify both the fall detection algorithm and the airbag system, four different types of falls and
six types of ADLs were performed.

2.

Methods

2.1

Subjects and experiments

Forty healthy male volunteers (age 23.4 ± 4.4 years, weight 68.7 ± 8.9 kg, height 172.0 ± 7.1
cm) participated in the study. The experimental protocol was approved by the Yonsei University
Research Ethics Committee (1041849-201308-BM-001-01), and written informed consent was
obtained from each subject. In fall simulations, subjects were told to stand on the floor beside
a soft foam mattress, then to fall (as if fainting) forward, backward (with and without a twist),
or laterally (Table 1). All falls were performed five times. A chair and mattress were used for
ADL trials, which included sit-to-stand transitions, walking, stand-to-sit transitions, sit-to-lie
transitions, jumping, and running. Each activity was performed three times.
Table 1
Description of fall types.
Fall type
Description
Forward fall
Faint fall in the forward direction
Backward fall
Faint fall in the backward direction
Side fall
Faint fall in the lateral direction
Twist fall
Rotation on the vertical axis during a backward fall
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An MPU-9150 motion-tracking device (InvenSense, San Diego, CA, USA) containing a
3-axis accelerometer and a 3-axis gyrosensor was used for pre-impact fall detection. The
sensor was attached to the middle of the left and right anterior superior iliac spines. Data were
sampled at 100 Hz. All falls and ADLs were recorded using a Bonita motion capture camera (Vicon
Motion Systems Ltd., Oxford, UK) at 340 frames/s.
2.2

Pre-impact fall detection algorithm

The pre-impact fall detection algorithm was applied to falls and ADLs performed by 20
subjects. Data analysis was performed using MATLAB R2010a (MathWorks Inc., Natick,
MA, USA). All data were low-pass filtered at 10 Hz. Acceleration, angular velocity, and tilt
angle were used as threshold values to define falls in the algorithm. The thresholds in the
algorithm were optimized using an interior-point algorithm(18) to maximize the accuracy and
lead time. This algorithm solves linear and nonlinear convex optimization problems. Accuracy
was defined as the mean of sensitivity and specificity.(19) Lead time was defined as the time
between fall detection and impact (Fig. 1). Impact was defined as the collision of the hip with
the ground. The impact time was determined as the time when the hips reached the ground.
The airbag inflation time was also measured using a high-speed camera.
Sensitivity and specificity were defined as
=
Sensitivity (%)

True positives
× 100 ,
True positives + False negatives

(1)

=
Specificity (%)

True negatives
× 100 ,
True negatives + False positives

(2)

where
(i)		 True positive: fall occurs; device detects it.
(ii)		 False positive: normal movement (no fall); device detects a fall.

Fig. 1.

(Color online) Lead time.

1746

Sensors and Materials, Vol. 30, No. 8 (2018)

(iii) True negative: normal movement (no fall); device does not detect a fall.
(iv) False negative: fall occurs; device does not detect it.
A schematic of the pre-impact detection algorithm is shown in Fig. 2. The thresholds
for acceleration, angular velocity, and vertical angle were set to 0.9 g, 47.3°/s, and 24.7°,
respectively. When the vector sum of acceleration was less than 0.9 g, the angular velocity was
greater than 47.3°/s, and the vertical angle was greater than 24.7 deg, a fall was detected. To
prevent misdetection while lying down, the algorithm only worked when the vertical angle was
less than 60°. Acceleration data was transformed into trunk inclinations in sagittal and lateral
planes, measuring how many degrees these body segments deviated from the vertical axis (i.e.,
standing is 0°, and supine on the floor is 90°), using the following equations.

2.3

Deg
=
tan −1
Saggital

Z acc 180
×
Yacc
π

(3)

Deg
=
tan −1
Frontal

xacc 180
×
Yacc π

(4)

Airbag system

The airbag system consisted of an airbag and sensor. The sensor was composed of a CPU
and an inertial sensor with a built-in pre-impact fall detection algorithm. If the sensor detected
a fall, the airbag inflated (Fig. 3).

Fig. 2.

Pre-impact fall detection algorithm.
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Flowchart of airbag system.

The airbag consisted of an inner and outer skin. The inner skin was composed of
polyurethane and nylon taffeta, and the outer skin of soft artificial leather. The airbag had a
built-in spring-trigger inflator. The inflator was designed to eject helium gas from the cartridge
when the loaded beads hit the needle as the sensor detected a fall (Fig. 4). A gas cartridge
containing 2.5 g of helium was used, and the airbag was 12 L when fully inflated. The airbag
system weighed 954.3 g.
2.4

Verification of airbag system

Ten healthy male volunteers (age 28.5 ± 2.7 years, height 173.2 ± 6.7 cm, weight 71.4 ± 8.4
kg) participated in the airbag system verification experiment. They wore airbags and performed
the same actions as described in Sect. 2.1. Each activity was performed three times, and
sensitivity, specificity, and lead time were calculated.

3.

Results

3.1

Inertial measurement unit signal in falls and ADLs

Inertial measurements for falls are shown in Fig. 5. The thresholds selected for acceleration,
angular velocity, and trunk inclination were 0.9 g, 47.3°/s, and 24.7°, respectively, indicated in
red. Measurements for ADLs (not shown) indicated that no ADL surpassed all three thresholds.
Acceleration and angular velocity were greater than 0.9 g and 47.3°/s, respectively, during
several ADLs with trunk inclination <24.7°; trunk inclination exceeded 24.7° only in the sit-tolie activity.
3.2

Sensitivity and specificity

The airbag system was verified using 10 subjects. No failed inflation occurred for the four
types of falls (100% sensitivity), and no incorrect inflation occurred for the six different types
of ADLs (100% specificity).
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(a)
Fig. 4.

Fig. 5.

3.3

(b)

(Color online) (a) Airbag system and (b) spring-trigger inflator.

(Color online) Acceleration, angular velocity, and angle during falls.

Lead time

Lead times for the four different types of falls are shown in Fig. 6 (mean and standard
deviation for individual subjects). Average lead times were 403 ± 32.7, 422 ± 42.3, 402 ± 33.1,
and 381 ± 19.0 ms for forward, lateral (side), backward, and twist falls, respectively. The airbag
inflation time was 245.43 ± 5.4 ms.
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Fig. 6.

4.
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(Color online) Lead time.

Discussion

In this study, a pre-impact fall detection algorithm was developed using an inertial sensor
unit. We aimed to detect falls before impact using measurements of acceleration, angular
velocity, and trunk inclination. Thresholds for acceleration, angular velocity, and trunk
inclination were set to 0.9 g, 47.3°/s, and 24.7°, respectively. The algorithm was verified by a
blind test using four different types of simulated falls and six types of normal activities (ADLs).
Using these parameters, we achieved a lead time of 402 ms and 100% accuracy.
Many studies have used pre-impact fall detection algorithms that trigger wearable fall-injury
minimization systems.(13,20,21) However, the accuracy of these algorithms has been low. Some
studies have shown 100% specificity but without 100% sensitivity.(11,13) In particular, these
algorithms produced false-positive errors, mistaking jumps or stand-sit transitions for falls. If
acceleration is used as the only threshold, jumping and sitting in a chair can be mistaken for
falling. Our algorithm used trunk inclination as a threshold in addition to acceleration and
angular velocity to avoid such mistakes.
While investigating balance recovery from loss of balance in a fall, Thelen et al. found that
the maximum lean angle from which subjects could recover balance with a single forward step
averaged 32.5° for young men and 23.9° for older men.(22) In comparison, our threshold of 24.7°
trunk inclination is well within the limit for balance recovery by young men and close to the
limit for older men.
For lying activities in ADLs, in our study, there was only a small variation in acceleration;
as a result, no incorrect fall detection was observed. Mistakes in fall detection can occur when
subjects are moving while lying down (for example, while watching TV or reading). To avoid
these mistakes, we added a threshold of 60° trunk inclination to the beginning of the algorithm.
In this study, we achieved a lead time of approximately 402 ms. A previous study achieved
a longer lead time of roughly 700 ms.(23) However, the algorithm required using two inertial
sensors, had lower accuracy, and did not detect falls in real time and thus cannot be applied to
fall protection. Previous studies have attempted to prevent injuries from falls using airbags.(16,17)
However, these studies have been limited by the effectiveness of the detection algorithm (lead
time and accuracy). In this study, we developed a pre-impact fall detection algorithm with a
long lead time and 100% accuracy, integrated it with an airbag system, and confirmed that the
airbag system protects the body when the fall occurs.
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A major problem with existing airbag systems is the use of gunpowder in the airbag inflator,
which is an explosion hazard. The spring-trigger inflator we developed is safe while being
fast enough to deploy the airbag before impact given the long lead time provided by the fall
detection system.
It should be pointed out that all activities tested in this study were performed by healthy
volunteers because the experimental procedure was not suited for elderly subjects who are at
greater risk of injury. The movement of younger subjects is bound to differ from that of the
elderly population, who likely have a slower reaction time and less ability to rescue the body
from falling. In addition, our airbag system was tested using a small range of fall types and
ADLs. Further tests are needed for other types of falls such as tripping and slipping.

5.

Conclusions

In this study, a pre-impact fall detection algorithm was developed using an inertial sensor
unit and hip protection airbag system. Thresholds for acceleration, angular velocity, and trunk
inclination were set to 0.9 g, 47.3°/s, and 24.7°, respectively. Our pre-impact fall detection
algorithm showed a lead time of approximately 402 ms and 100% accuracy. The fall detection
algorithm can be improved by applying it to more types of falls and activities of daily living.
The inflator and airbag developed in this study can be applied to other fall protection systems.
Improved fall detection and prevention devices will be of great help in protecting the elderly
from injuries sustained during falls.
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