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Abstract. This paper presents results of an experimental investigation on the falling down of the human body in

order to identify significant characteristics and parameters. A specific lab layout has been settled up with vision
tracking system and suitable sensors to monitor information on trajectories, impact force and acceleration during
the falling with elaboration procedures that make fairly easy to track and interpret the motion characteristics.
We focus on the more often falling mode: forward and backward falling Tests are discussed with results from
lab tests that give both behavior and values of the biomechanics of falling down of the human body. Possible
protection strategies for falling based on the proposed research are talked about at the last.

1

Introduction

Tracking the motion of human is a major source of inspiration for understanding the characteristics of human motion
and designing motion for robots. Gupta et al. recognize the
human activities using the image sequences with action labels (Gupta et al., 2014). Roos built a walking model to predict the different risk of falling down for elder people (Roos
et al., 2013). In the field of robotic, human motion data also
provides a real inspiration for robot design and control. For
instance, Huang et al. proposed a similarity evaluation between the human motion and robot motion and developed
complex motion for the humanoid robot based on the evaluation (Huang et al., 2010). Zielinska et al. discussed the problem of using the human gaits to generate legged locomotion
for biped robots. They were inspired by the biological Center
of Gravity (COG) to produce leg joint trajectories (Zielinska et al., 2009). Zhao et al. design human-like motion for
robotic arms using resolving the kinematic motion of human
arm (Zhao et al., 2014).
Published by Copernicus Publications.

In particular, falling down has attracted special interest.
Such studies of human motion falling down can be found
at the following researches. Robinovitch et al. have studied
the human down for decades. They examined the situation
of falling backward of a human. And the results showed that
squatting during falling down decrease the impact severity.
They also investigated the influence of two falling directions:
forwards and backward, then, they used the video camera
to analyze the falls in daily life (Hsiao et al., 1997; Sandler
and Robinovitch, 2001; Robinovitch et al., 2004; Tan et al.,
2006; Yang et al., 2013). Chen et al. proposed a biped model
to capture and predict the falling cause (Chen et al., 2015).
Hitcho et al. and Lee et al. studied the falling of elder person for home healthcare and hospital setting (Hitcho et al.,
2004 and Lee et al., 2012). Ma et al. proposed a method of
falling protected for humanoid robot inspired by the research
of human falling down (Ma et al., 2014). Tomii et al. proposed a falling detection system using wireless sensors for
elder people (Tomii et al., 2012).
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Figure 1. Human falling down in daily life: (a) falling backward, (b) falling forward.

Human motion can be acquired from different ways.
Schmitz et al. used the motion capture system to measure the
joints angle of human (Schmitz et al., 2014), Yang et al. introduced a method to analyze the 3-D human gait of through a
markerless motion capture (Yang et al., 2014). Ayusawa et al.
identified the inverse kinematics and geometric parameters
using motion capture data (Ayusawa et al., 2014). Carnegie
Mellon University (CMU) offered a valuable database of human motion, acquired by their vision tracking system, including walking, jumping, and sports and so on (Gross and Shi,
2001). Recently, some new studies recognize human motion
including the human-object interactions and highly articulated motions using graphene strain sensors and actionlet ensemble model (Wang et al., 2014a, b). Varela et al. got excellent results from measuring the motion of knee and ankle
of a human during walking using CaTraSys, a cable based
parallel manipulator (Varela et al., 2015).
Above all, there have been some researches in falling
down of the human, most of them focus on the aged people and the damage caused by falling. These researches are
basically from the kinematic point of view which limits the
application. Moreover, the studies about the impact in human
fall are rarely reported. In this paper, an experimental layout consisting of motion capture system, accelerometer and
force sensors is built, and a group of tests is carried out to
acquire the information from human falling down. A fifteen
markers model is established in the motion capture system
to track the motion of the human, and two force sensor and
two accelerometers are used to measure the status of the human when falling down. Thus corresponds to the two meaning of doing the experiments, namely, finding the kinematic
and dynamic characteristics of motions from the necessary
motion and impacting data. In fact, there are several ways to
fall down for human, we examine two most common forms,
falling forward and falling backwardin this paper. We use the
forward and backward fall as the simplified model of human
fall. The trajectories of primary points of human are evaluated, and motion strategies for reducing the impact force are
summarized.
Mech. Sci., 8, 79–89, 2017

2

Characteristics of human falling down

Human falling down is common in daily life. Figure 1 shows
the two most common types of a human falling down: falling
backward and falling forward. In the Fig. 1a, the person fell
backward, and in the Fig. 1b, the man fell forward. The fall
of both of them is caused by lost balance, a possible reason
for a fall in daily human life (Hsiao and Robinovitch, 1997).
Lost balance leads to that human cannot recover to the standing posture, and the fall happens inevitably. Generally, a fall
may consist of the following steps: Firstly, a person encounters a disturbance, such as a slip, an obstacle, or a sudden
push. Secondly, the person tries to keep standing posture. If
the attempt works, the person will not fall down. Otherwise,
the person loses balance and falls down. Then, during the
period of falling, the person uses his/her body motion, such
as knee bending, waist bending and using the arm to contact
the ground, to reduce the impact as far as possible. Finally,
the person contacts on the ground and rolls on the ground to
reduce the impact sometimes.
In this paper, we focus on the motion behavior and characteristics of a human falling in the situation when the falling
cannot be avoided. In order to analyze the human falling after
lost balance in detail, essential data of falling down should be
acquired:
The detectable incipient motion.
– The acceleration changes during the falling.
– The trajectories of the main parts of a human.
– The motion after contacting on the ground.
– The motion strategies that can protect human from being hurt.
It is essential to recognize the detectable incipient motion,
as it is the identification of whether a fall will happen or not.
Through the acceleration changes, we can get the dynamic
characteristics of the fall. The trunk and the head are two of
the most critical components of the human body. It is reasonable to measure the variation of the acceleration of these
www.mech-sci.net/8/79/2017/
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Figure 2. Structure of the experimental layout for testing procedure

of human falling down.

two parts, especially at the time of impacting on the ground.
The motion characteristic can be summarized by the trajectories of the main parts of the human body, such as the waist,
back, knee, and ankle. Each motion, like bending the knee,
can be expressed by the combination of different trajectories
of body parts. The fall will not be over until the body stops
to move. Thus, the motion after contacting on the ground is
also essential for acquiring the characteristic of falling. We
can summarize the motion and dynamic characteristics and
propose some protection strategies, which can help us to understand the falling better.
3

Experimental layout

Experimental tests can be carried out to acquire the behaviors and characteristics of human motion in falling down. In
this work an experimental layout with a measurement system has been settled up in the lab environment for monitoring purposes to understand configurations of human falling
and to characterize numerical the motion. The measurement
system consists of an optical motion capture system (from
Motion Analysis Corp, Motion Analysis Corporation, 2010),
two force sensors (from NITTA Corp.), and two accelerometers (from Xsens Corp.). Subjects were tested in this experimental environment by falling forward and backward. Motion trajectories were obtained by the optical motion capture
system. Force sensors measured the impact force, and the acceleration of the head and chest was acquired by accelerometers. Detail experimental procedure will be introduced in the
next section.
The structure of the experimental layout is designed as in
the schemes in Fig. 2, four processes should be done for the
tests for human, namely, preparation for the test, debugging
the motion capture system and the accelerometers and the
force sensors, and arranging the lab environments.
The sequence of procedure for the proposed tests is illustrated in the Fig. 3. The test includes three main sections:
preparation of the test, conducting a test and the numerical
analysis of the test results. The preparation consists of calibrating the sensors and the motion capture system and guiding the subjects to run the test in a standard way. Then, the
tests are conducted under the direction of the operators for
www.mech-sci.net/8/79/2017/

Figure 3. Flowchart for an experimental testing procedure of hu-

man falling down.

several times. During each test, the motion data are obtained
from the motion tracking system. The last section is to analyze the acquired data for an evaluation of the test of falling
down.
The experimental layout is explained in Fig. 4. As is shown
in the Fig. 4, a gymnastic mattress with a thick of 30 cm was
located on the ground as a landing surface for the fall. During all trials, the subjects stood on a stage at the front of the
gymnasium mattress and then fell backward and forward. A
12-camera motion capture system was used to trace the motion trajectory of the objects from three-dimension. The frequency of Motion Capture System is 60 Hz. The resolution
of this system is 0.01 mm. A regular video camera from side
view was adopted to record the whole process of the falling.
When human fall forward or backward, the entire chest or
back impact on the mattress at different time. In order to detect the force during the whole process of the human fall, at
least two force sensor should be used. During each trial, two
force sensors were put on the mattress to measure the contact
force between the subjects and mattress. As the frequency of
the Motion Capture System is not fast enough to compute
the acceleration the moment of contact, two accelerometers
attached to the subjects’ chest and head, which are the two
of the most important parts of the human body, were used to
measure the acceleration during the falling. The frequency of
the acceleration sensor is 100 Hz. All the sensors were connected to one PC by CAN bus so that the acquired data can
be synchronous.

Mech. Sci., 8, 79–89, 2017
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Figure 4. Experimental layout at BIT lab in Beijing: (a) a general top view scheme; (b) a scheme of lab arrangement; (c) a photo of the lab

arrangement.

4

Figure 5. Mode of testing human backward falling down: (a) a

scheme with sensors location; (b) a lab test.

Testing modes

In this paper, results are reported for the case of human
falling down forward and backward. In order to obtain the
data of human falling down, five healthy subjects (age 24–26
years old, height 168–173 cm, weight 65–70 kg, male and female) were recruited in the test activity for the research from
Beijing Institute of Technology (see Table 1). 15 spherical
markers were attached to the subject’s neck, shoulders, elbows, hands, back, waist, hips, knees, and ankle. In order to
track the markers without interference, a special cloth with a
dark color is recommended (see Fig. 5b). This suit, including
a tight coat and trousers, keeps the markers still relative to
the subject. A human model based on 15 segments was built
as Fig. 5 in the Motion Capture System. Basically, 15 markers can be considered enough to describe the falling motion
of this work. The reason why we use the 15 markers model
is that the 15 markers model has several advantages:
– Simple computation.
– Compact representation.
– Main segments of human body (leg, trunk and arm).

Mech. Sci., 8, 79–89, 2017
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Figure 6. Different ways of falling forward.

Figure 7. Different ways of falling backward.

Table 1. The parameters of the subjects.

Subjects Number
5

Age

Weight(kg)

Height(m)

24–26

65–70

1.68–1.73

– Main DOFs of human body.
In Fig. 8, a model for falling test is described. The falling
test procedure is shown in the Fig. 9. Before the test, the
testers interpreted the detailed procedure to the subjects as
follows: All the falls were initiated from a standing position (see Fig. 9a). When a test began, the subject should be
asked “are you ready?” The subject would fall down by a
sudden push within a random time (1–15 s) after he or her
gave the answer “Yes” (see Fig. 9b). Figures 8c and 9d illustrate the following configuration of falling down: The subject controls body motion to make a relatively safe way to
contact on the mattress. After impacting on the mattress, the
subject reaches the final configuration (see Fig. 9d). Since
the fall is heavily affected by the pushing force, three factors
are taken into consideration: (1) All the subjects shouldn’t
be hurt by the tests. (2) All the experiments should be end
with the human falling. (3) The pushing force in different
tests should be basically the same. The testers and subjects
had practiced to how to push and fall for several times before
the tests. Figures 6 and 7 show different ways to fall forward
and backward. The third falling motion in the Figs. 6 and 7
www.mech-sci.net/8/79/2017/

Figure 8. A model for the lab test of human falling down.

were selected as the fall motion in the final tests because that
they had the smallest impact force compared the other falling
styles.
Each repeated eight times for falling backward and forward, respectively.
5

Results of tests

In this section, the results of the test are reported and analyzed as based on the data acquired from the motion capture
system, force sensors, and accelerometers. The markers of
back, waist, hip, and ankle are selected to interpret the charMech. Sci., 8, 79–89, 2017
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Figure 9. A snapshot of a lab test of a forward human falling down: (a) initial standing up; (b) incipient falling; (c) configuration during the
falling; (d) impact on the mattress; (e) absorbing the impact; (f) final configuration.

Figure 10. A snapshot of a lab test of backward human falling down: (a) initial standing up; (b) incipient falling; (c) configuration during

the falling; (d) impact on the mattress; (e) absorbing the impact; (f) final configuration.

acteristic of a human falling in the sagittal plane. The body
motion is to be discussed in detail in this section using numerical analysis. The results discussed in the following are
from the mean of all the acquired data. We use the time the

Mech. Sci., 8, 79–89, 2017

impact of the subject on the mattress as the reference time to
synchronize the motion data from different subjects.
Figures 9 and 10 are snapshots of the falling backward and
forward of one test. Figures 9c, d and 10c, d show the subject changed his body gait to adjust the landing parts to the
www.mech-sci.net/8/79/2017/
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Figure 12. Evolution of the human model during the forward
Figure 11. Evolution of the human model during the backward

falling down of the test in Fig. 7 by using the body segments (red
line is the trajectory of back marker).

falling down of the test in Fig. 8 by using the body segments (red
line is the trajectory of back marker).

mattress. The hip was the most frequent landing parts among
the tests of falling backward, while the knee was landing part
among the tests of falling forward. This motion corresponds
that the hip is one of the softest and thickness parts of the
body, and has tough impact resistant. Figures 9e, f and 10e,
f show the motion after the subject touched on the mattress.
In the backward falling, the subject rolled on the mattress
after landing. This motion could extend the impact time as
well as reduce the impact force. And in the forward falling,
the subject used the hands to absorb the impact force. These
motions will be explained from the numerical analysis in the
following part.
Figures 11 and 12 show the evolution of the human model
during the backward and forward falling down using the
body segment, respectively. Each segment was drawn by the
trajectories of two markers on the subject’s body. The subject fell down with the postural adjustment instead of falling
directly. At the beginning of both of the backward and forward falling, the height of the trunk was nearly unchanged.
This corresponds to the incipient phase (Figs. 9b and 10b)
of the fall and indicates that the subject tried to keep body
balance from falling down. As the fall continued, the slope
of the trajectory of the back increased. This was due to the
motion of knee bending and waist bending, which shortened
the distance between the ankle and the trunk (Figs. 9c, d and
10c, d). At the end of the fall, the trajectory of the back had a
sudden bounce. This corresponds the elasticity of the landing
surface, and may not happen during a falling on the ground.
The acquired values of the accelerometer attached to the
subject’s chest and head are shown in the Figs. 11 and 13.
The red and blue curve represent the acceleration the chest
and head, respectively. Both of them have similar characteriswww.mech-sci.net/8/79/2017/

Figure 13. Acquired measurements of the backward falling down

acceleration in the sensor A of the layout in Fig. 1 during the test in
Fig. 8.

Figure 14. Acquired measurements of the forward falling down

acceleration in the sensor A of the layout in Fig. 1 during the test in
Fig. 7.

tics. The acceleration increased after the beginning of falling
down and had a massive changing when the subject impacted
on the mattress. In both of the two kinds of falling, the time
between the beginning of falling and impact on the mattress
is about 0.5 s. Even though the landing surface is a soft mattress, the max acceleration reaches almost 6 g. It is to note
Mech. Sci., 8, 79–89, 2017
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Figure 15. Acquired measurements of the backward falling down in the sensor FS1 and FS2 of the layout in Fig. 1 during the test in Fig. 8:
(a) components of the force of FS1; (b) components of the force of FS2.

that the sudden acceleration change is measured over a period of about 0.2 s (1t). This 0.2 second is nearly the same
as the time of the impact between the subject and the landing
mattress. Particularly, the movement range of the head was
smaller than the chest. It is due that the head is the most important parts of the body, and during all the tests, the head
was observed hardly to impact on the mattress.
The Figs. 15 and 16 show the force that was acquired from
the two force sensors above the mattress. In order to show the
repeatability of the tests, mean standard deviation was calculated (red line in each picture). The consistency is within
acceptable ranges. We only focus on the moment around the
impact (0.1 s before the impact, 0.3 s after the impact). In the
backward falling, the subject impacted the force sensor Fs1
about 0.1 s after the force sensor Fs2, and the contact time
impacting each sensor lasts about 0.2 to 0.3 s. The short period shows the rolling motion on the mattress, a protection
strategy, to resist the impact injuries (Fig. 8d and e).
The force in x and y direction vibrated near the zero after impact. This indicates that slight rotation happened after
the subject impacted on the mattress. In the forward falling,
the force was much smaller than the force measured from
the backward falling, and the magnitude of Fs1 and Fs2 were
nearly the same. This is due to that the subject contacted the
landing surface with the knee and then the hand, most of the
impact force was absorbed. It is to note that compared to the
force in the z direction, the impact force in the x and y direction are very small, this indicates that the protection should
pay more attention on the collision rather than the rotation.

Mech. Sci., 8, 79–89, 2017

Nevertheless, the lateral force cannot be neglected. The time
evaluation of the acquired force the impact shows that the
impact is not instantaneous and it lasts with accommodation
of the body with the distribution of the actions, although it is
evident the first impulsive contact.
In order to emphasize the difference of the motion of main
parts of the body, the trajectories of ankle, hip, knee and back
were compared in the sagittal plane in Figs. 17 and 18 in
backward and forward, respectively. The trajectories are in
the sagittal plane. The arrows represent the motion direction.
The red, blue, and green curves show the trajectories of the
ankle, hip, and knee, respectively. The trajectory of the back
is not a complete circle that rotates around the ankle, which
indicates that the subjects used the body motion to change
his/her gaits. In all the tests, the motion of the hip and the
back had the nearly same trajectories. The relative significant difference exists between the trajectories knee and other
makers, due to the knee bending and waist bending. In both
of the forward and backward falling, the ankle lifted into the
air from the ground while the body was falling down (Figs. 9e
and 10e). It helped the subject to finish the rolling motion after contacted on the landing surface and reduce the impact
force in the backward falling, due to that the rolling motion
increases the impact time.
This motion made the waist impact before the back, thus
had been improved by the time interval of two force sensors,
and resisted severe damage of head.
Figures 19 and 20 show the computed angle of the knee
and hip joint, respectively. The angles are computed by the

www.mech-sci.net/8/79/2017/
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Figure 16. Acquired measurements of the forward falling down in the sensor FS1 and FS2 of the layout in Fig. 1 during the test in Fig. 8:

(a) components of the force of FS1; (b) components of the force of FS2.

Figure 17. Trajectories of reference points of the ankle, back, hip

and knee in the sagittal plane in the test of falling backward in Fig. 8.

Figure 18. Trajectories of reference points of ankle, back, hip and

knee in the sagittal plane in the test of falling forward in Fig. 7.

Eqs. (1) and (2):
θknee = cos−1



 q
 2 (Y

hip − Yknee )

θhip


(1)

(Yhip − Yknee )2 + (Zhip − Zknee )2 + (Yankle − Yknee )2
+ (Zankle − Zknee )2 − (Yhip − Yankle )2 − (Zhip − Zankle )2



2 + (Z
2
hip − Zknee ) ·
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(Yankle − Yknee )2 + (Zankle − Zknee

= cos−1
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(Yhip − Yknee )2 + (Zhip − Zknee )2 + (Yhip − Yback )2
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2
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hip − Yknee ) + (Zhip − Zknee ) · (Yhip − Yback ) + (Zhip − Zback )
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where, the (Xhip , Yhip , Zhip ), (Xknee , Yknee , Zknee ), (Xback ,
Yback , Zback ) stand for the coordinates of the hip knee and
back, respectively.
In the backward falling, the angles variation range of the
hip joint is larger than that of the knee joint. The joints
reached the maximum angle at a different time. It can be
concluded that the knee bending motion began firstly, and
then stretched. These motions also could be seen from the
Fig. 10b to d.
Mech. Sci., 8, 79–89, 2017
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Table 2. Summary of acquired date for characteristics of human falling down.

Parameters
Backward falling

AccH (m s−2 )

AccT (m s−2 )

F1z (N)

F2z (N)

θknee (◦ )

θwaist (◦ )

−6–38

−10–52

0–80

0–400

120–180

80–180

Figure 19. The computed angle of the knee joint and waist joint

when falling backward in the test of Fig. 8: (a) the angle of knee,
(b) the angle of waist.

Figure 20. The computed angle of the hip joint when falling for-

The case in forward falling was opposite. The angle variation of the knee joint was larger than the hip joint. The maximum angle of the knee reached about 60◦ , and the waist was
about 80◦ . These two joints reached the maximum angle at
nearly the same moment when the subject landed on the mattress (Fig. 9d). Then, the subject stretched the waist and knee
to contact the mattress with the trunk. It resulted the force
measured by the force sensors were not as large as the force
in the backward falling.
The average value of the main parameters, which represent
the characteristics of the human falling down, is summarized
in Table 2.
The range of the acceleration of the forward and backward
falling is almost the same. It is noticed that acceleration of
the head (AccH ) is smaller than that of the trunk (AccT ) in
both situations. In order to ensure the head safety, the subjects tried to protect the head from the first impact on the
landing surface. This helped to reduce the sudden change of
the acceleration of the head.
The main difference between the forward and the backward falling is in the knee and waist motion. In the forward
falling, the knee had a larger range (θknee ) of motion than the
waist (θwaist ). In the backward falling, it is just the opposite.
The data acquired from the force sensors (F1z and F2z ) also
confirm this difference. The impact force of the trunk was
much smaller than that of the waist in the backward falling
due to that the waist impacted on the landing surface first.
While in the forward falling, both of the impact force of trunk
and waist were small as a result of that the knee and arm
contacted the mattress first, and absorbed most of the impact
force.
Nevertheless, the combination motion of the knee and the
waist generated the same results: impacting on the landing
surface with the strongest and muscular parts of the body.
Thus, the impact force could be resisted and absorbed, which

is the most distinct characteristic of the human falling down.
We can summarize some protection strategies based on the
motion and dynamic characteristics mention above as following:

Mech. Sci., 8, 79–89, 2017

ward in the test of Fig. 7: (a) the angle of knee, (b) the angle of
waist.

– Forward falling: Using the knees as the first place to
touchdown can reduce the falling momentum. The impact force of the chest can be reduced to a small value
(less than 100 N) by using the hands.
– Backward falling: The hip can absorb most of the impact force (about 400 N). A rolling movement after the
impact is recommended to reduce the vertical impact
force. Body balance after impact can be kept by the arm
motion.
– Forward and backward falling: Bending the knee and
hip joint to lower the center of mass is an effective
movement to reduce the impact force and acceleration
changing. The arm is a secondary choice to absorb the
impact force because it has relative fragile structure.
6

Conclusions

In this paper, a motion data acquired system was used for the
tests of human falling. This system consists of motion capture system, accelerometer sensors, and force sensors. Two
kinds of falling, backward and forward, were taken into consideration. The experimental tests and data acquisition were
conducted with a detailed procedure. Results from the tests
were elaborated to interpret the characteristics of the human
falling down. Angles of knee and hip joints were computed
for quantitative analysis the motion of human falling. Some
protection strategies based on the motion and dynamic characteristics mention are proposed in order to better understand
www.mech-sci.net/8/79/2017/
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the human falling. The paper shows the characteristic motions and actions in human falling down with a numerical
characterization of human parameters.
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