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Abstract— The biomechanical studies have proposed several
forward fall arresting strategies to reduce the impact forces in a
human-robot collaboration environment. A proposed strategy is
using a compliant flooring for an environment because it can
reduce the stiffness of the ground. In this study, we proposed that
if a rigid layer is mounted on a compliant flooring (double-layer
flooring), the impact force is further reduced. In order to
investigate this goal, we designed two subjective laboratory
experiments. In experiment 1, the subjects were instructed
falling to the ground where was covered by a single layer of
compliant material (a foam pad). In experiment 2, the subjects
fell on double-layer flooring when one rigid layer (a wood
surface) was mounted on the compliant layer. The impact forces
were measured for two short forward fall heights onto the
outstretched hand. The results showed that the profile of the
impact forces consists of two peaks. The first peak has a higher
magnitude, and it is followed by the second peak with a lower
magnitude. Comparing the magnitude of the first peak between
two experiments shows a reduction of the impact force in
experiment 2. In contrast, the magnitudes of second peaks are
identical for both experiments. Therefore, we concluded that
using a double-layer flooring, i.e.one rigid layer and one
compliant layer can be an effective strategy for considerably
reducing the impact force, and preventing the wrist fractures
during the forward fall.

I. INTRODUCTION

Fall is a common incident that can seriously threaten the
health of humans. A fall leads to physical consequences, or
psychophysical, and social consequences, or both [1]-[4]. The
physical consequences of fall cause either fatal or non-fatal
injuries and exert a significant financial burden on the
healthcare system. For example, it has been estimated that in
the United States direct cost of occupational fall-related
injuries reaches $43.8 billion by the year 2020 [5]. Therefore,
it is important to reduce the number of fall-related injuries by
effective  methods, especially in the occupational
environments [6] where humans and robots collaborate and a
collision between them may lead to a fall.

There are several types of fall in which a forward fall is
one of the most frequent one [7]. It occurs mainly due to an
unexpected perturbation of human balance or a failure in
his/her recovery strategy[8] when tripping or slipping occurs
during their walking [9]-[10]. The forward fall leads to most
cases a severe injury or a bone fracture in the upper extremity.
The Colles’ fracture (distal radius fracture) is one of the
common forward fall-related fractures [11]-[13] because
humans spontaneously use their hands to avoid injury to the
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head or trunk when a forward fall occurs. A worst-case
forward fall scenario is when the human descends with the
outstretched hand position which leads to approximately 90%
of the Colles’ fracture [14].

A wide range of biomechanical studies has attempted to
identify the range of forces that lead to a distal radius fracture
using cadaveric hands (the in vitro studies) [14]-[17].
Moreover, the in vivo studies, the profile of impact forces
applied to the hand was identified during low-height forwards
fall onto the outstretched hand [18]-[19]. By using
mathematical models, the real impact forces during a forward
fall from a standing position were estimated [18], [20]-[21]
where the in vivo studies have shown limitations due to safety
considerations for the subjects when falling from a large
height.

In addition, the attention of the biomechanical researchers
has also attracted to find the effective biomechanical factors
that can probably reduce the impact force in the event of a
forward fall. A recent study showed that the natural reaction
of the human during a forward fall has an important role in
preventing injuries [22]. Other studies showed that using a
typical fall arresting strategy is an effective method for
reducing the fall-related fractures [23]-[26].

One of the newfound methods for preventing fall-related
injured is using a compliant flooring [27]. A compliant
flooring is a floor covering to reduce the stiffness of the
ground. In one early study, the impact forces applied to hands
was measured when the subjects fell on a rigid surface and
fell on several compliant surfaces with different stiffness [28].
The result showed that the compliant surfaces led to a
considerable reduction in the impact force in comparison with
the impact force on a rigid surface. Another additional study
investigated the magnitude of impact forces when the young
adults fall for different playground surface materials. The
study results showed a moderate but considerably reduction
in the peak of forces for lower stiff materials in comparison
with rigid materials [29].

In this study, we investigated the effect of using a double-
layer flooring on the magnitude of the impact forces during a
forward fall. In order to examine this, a series of subjective
laboratory experiments were conducted. We measured the
impact forces during fall onto the outstretched hand position
from short fall heights to avoid the risk of a fracture of the
subjects’ hand. We compared the impact forces when the
subjects fall on only one layer of a compliant surface and
when they fall on a double-layer surface in which a rigid layer
is mounted on the compliant layer. We hypothesize that the



double-layer flooring can further reduce the impact force of.
According to the best of the author's knowledge, the strategy
of falling on a double-layer flooring has not been investigated.

This rest of this paper is organized as follows. In Section
I, we introduce the method and protocol to be used for
conducting the experiments. Section 11 represents the average
results associated with impact force during the fall on a single
layer flooring and the fall on double-layer flooring. The paper
continues with further discussion and limitations regarding
this study in section IV. Finally, the conclusions are presented
in section V.

Il. MATERIAL AND METHOD

A. Subjects

Four young Japanese individuals (male) of ages 20-25
years (mean + standard deviation [SD] = 23.75 + 0.5 years),
participated in this study. Their average height and body mass
were 174 £ 3 cm and 61 = 5 kg, respectively. None of the
subjects reported any prior training, such as Jodo, martial arts
techniques, wrestling, or gymnastics. Moreover, they did not
have a history of major medical or neurological illnesses, such
as epilepsy, hand trauma, balance disorders, and falls. The
participants did not present bone disease or other conditions
that would increase the likelihood of a fracture occurrence. All
subjects signed a written informed consent prior to the
experiments. The experimental protocol was approved by the
Institutional Review Board of Nagoya University, Japan. All
experiments were conducted in accordance with the approved
guidelines.

B. Experimental Protocol

The objective of this experiment was to measure the forces
applied to each hand during a forward fall while the ground is
covered by a single-layer and double-layer flooring.

The experiment was designed according to the protocol
utilized in most previous forward fall studies [18]-[19], [28]-
[29]. This protocol was designed to be adopted in the in vitro
study design [14]. In this study, each subject wore an upper
body harness (Fig.1. (a)). The subjects were instructed to place
their knees on a soft pillow fixed to the ground and flex their
knees, allowing the subject to lean forward against the harness.
In this position, the thighs and the horizontal line parallel to
the ground created an angle of 30° (Fig.1).

A rope connected to the harness lifted the subjects to an
appropriate height from the ground. The subjects were
instructed to maintain at a position with their elbows fully
extended (the outstretched hand position). In this position, the
angle between the subjects’ arms and the vertical line was
established at 15°. Two force plates (M3D Force plate, Tec
Gihan Corp.) were fixed to the ground beneath the subjects’
hands. Given that the surface of the force plates is considered
as a rigid surface with approximately infinite stiffness, in the
first experiment, the surface of the force plates was covered by
a single layer of foam pad (i.e. a compliant material) with 1 cm
thickness (Fig.1.(b)). In the second experiments, an additional
wood surface (rigid layer) with 1 cm thickness was inserted on

top of the foam pad to become a double-layer flooring (Fig.1.
(b)).

In order to prevent a wrist fracture during implementing
the experiments, we considered the amount of impact force
applied to each hand for two short fall heights (h = 3 cm and
6 cm). The fall height was adjusted using the distance between
the palms and the upper surface of the foam pad and the wood
layer for the first and second experiment, respectively
(Fig.1(c)). Every subject completed twelve trials (two
experiments x two fall heights x three repetitions = twelve
trials).
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Fig.1. (a). The experimental setup for the forward fall in the outstretched
hand position for fall heights of 3 cm and 6 cm. (b). Two material layer, left
side-foam pad, and right side-wood surface (c). Different types of
experiments: experiment 1 is associated when the force plates were covered
by a single layer of the foam pad, experiment 2 is associated when one
additional wood layer was fixed on the foam pad.



IIl. RESULTS

Fig.2 illustrates the average impact force to be experienced
by on hand for fall height of 3 cm (Fig.2. (a)) and 6 cm (Fig.2.
(b)). Each plot consists of the result of both the experiment 1
(blue-dash line) and the experiment 2 (red-dash line). For both
experiments, which is similar to the previous findings [18]-
[21],[30] the impact force includes two peaks; the first one has
a higher magnitude, which is followed by the lower second
peak.

In Fig.2. (a), the average magnitude for the first peak was
approximately measured as 278N and 250N for the experiment
1 and experiment 2, respectively. The magnitudes of the
second peaks demonstrated lower forces of around 240N for
experiment 1 and 243N for experiment 2. Once the fall height
was increased to 6 cm (Fig.2. (b)), the average magnitude for
the first and second peak in experiment 1 was approximately
measured as 349N and 244N and in experiment 2 was 308N
and 243N.

The one-way analysis of variance (ANOVA), using the
SPSS software package (IBM Corp. Released 2016. IBM
SPSS Statistics for Windows, Version 23.0. Armonk, NY:
IBM Corp), illustrated that increasing the fall height from 3 cm
to 6 cm significantly increases the magnitude of both peaks (p
< 0.00003) for both experiment 1 and experiment 2.
Additionally, increasing the fall height had a greater effect on
the first peak than the second peak (Fig.3).

We also implemented other statistical analyses to compare
the magnitude of impact force applied to the hand in
experiment 1 and experiment 2 as shown in Fig.3 (two bar
charts). The analyses indicated significantly attenuated in the
magnitude of the first peak (p < 0.01 for height 3 cm (the
yellow color-bar in Fig.3 (a)) and p < 0.05 for 6 cm (the yellow
color-bar in Fig.3 (b))) in experiment 2 than experiment 1
whereas there was no significant effect on the magnitude of the
second peak for both experiments (p = 0.71 for height 3 cm
and p = 0.95 for height 6 cm (the blue color-bar in the Fig.3 (a)
and (b)).

IV. DISCUSSIONS

The previous biomechanical studies reported that using a
compliant flooring is a potential method for attenuating the
impact forces applied to the body during a fall [27]-[29],[31].
However, these studies have been focused on comparing the
impact forces during fall on the ground with fall on one layer
compliant surface [28]-[29]. In the present study, we
investigated whether using a combination of a compliant layer
and rigid layer (double-layer flooring) can reduce further the
impact forces during a forward fall. In order to achieve the
objective of this study, the impact forces for two different
experiments were measured. Initially, the impact forces were
measured when the ground was covered by a single layer of a
compliant material (a foam pad). Next, the impact forces were
again measured when one additional relatively rigid surface
(a wood surface) was mounted on top of the first layer
(double-layer surfaces). The experiments were conducted for
two short fall heights (3cm and 6¢cm) to prevent the risk of
fracture for the subjects during conducting experiments.

Our experimental results demonstrate that the profile of
impact force for both experiments (experiment 1 and
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Fig.2 The impact force profile during fall at (a) 3 cm and (b) 6¢cm. The
figure consists of the average magnitude of force for experiment 1 (blue-
dash line) and experiment 2 (red-dash line).

experiment 2) considerably are similar to the results
conventionally claimed in previous studies [18]-[20],[30] and
includes two peaks; the first peak consisted of a high
magnitude which was followed by a second peak with a lower
magnitude. The statistical analysis showed that the magnitude
of the first peak was significantly reduced in experiment 2
than in experimental 1 (Fig.3). A calculation represented that
the first peak in experiment 2 was reduced approximately
10.7% and 13.3% for fall height 3 cm and 6cm, respectively.
Therefore, the magnitude of the first peak further decreased
by increasing the fall height. Since the first peak impact force
usually causes a fracture [32], the noticeable reduction of the
first peak using a double-layer flooring including rigid layer
and a compliant layer can be a vital point for preventing the
wrist fractures within a forward fall from standing position.

In addition, the experimental results indicated that
increasing the fall height caused a significant increase in the
magnitude of peaks. Therefore, the findings of this study
provide additional evidence to support and confirm the
previous findings regarding the impact force during a forward
fall [18]-[20], [30].
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Fig.3. Comparison between the magnitude of the first peak ( yellow-bar)
and the second peak (blue-bar) for one-layer and double-layer experiments
during the fall from height (a) 3 cm and (b) 6 cm. *- significant for p <
0.05. **- significant for p < 0.01. n.s- no significant.

Furthermore, the experimental results of impact forces
can be interpreted using a serially connected two spring
model. According to Hook’s law, the amount of compression
force for a spring is calculated by multiplying the amount of
reduction in the length of a spring to the amount of spring
constant. Hence, each layer is modeled as a linear spring
where the stiffness of each layer is considered as a spring
constant and the amount of reduction in the length of springs
is equivalent to the amount of compression of the layer during
fall. In experiment 1, fall occurs on one layer (a foam pad),
and the impact force is obtained from the behavior of a single
spring (one degree of freedom). In contrast, in experiment 2,
the impact force is calculated based on the behavior of two
springs to be connected in series (two degrees of freedom) by
considering double layer; one foam pad and one wood
surface. In addition, the reduction of spring length is almost
equal for both experiments because, in experiment 2, the
reduction in the length of spring is incredibly small for the

wood layer. Therefore, based on these assumptions, the
amount of force in the experiment 2 must be smaller than
experiment 1 because in experiment 2 the total amount of
spring constant is calculated as if two-spring system
connected in series whereas in experiment 1 there is a single
spring constant. Subsequently, a simplistic linear spring
system can well describe that fall on a double-layer flooring
leads to a small amount of the impact forces applied to hand
in comparison with a fall on the single compliant flooring.

However, some limitations are worth noting. Even though
this study showed that the magnitude of impact force during
a forward fall on the double-layer flooring decreases further
in comparison with fall on a single compliant layer, more
studies such as using a mathematical model or mathematical
dynamic simulation are required to investigate results of using
one-layer and double-layer flooring for a real forward fall
from a typical standing position. Moreover, in this study, it
was not investigated whether a double-layer flooring may
increase the human balance during walking by decreasing the
risk of fall as was reported in some previous studies [27], [33]-
[34]. In our future work, this issue can be further investigated.

V. CONCLUSIONS

In this study, for preventing the forward fall-related
injuries, we demonstrated that using a double-layer flooring
where a rigid layer is mounted on a compliant layer, could
significantly reduce the impact force applied to the hand.

This result was obtained after conduction two laboratories
experiments. In the first experiment, we measured the impact
forces applied to the subjects’ hands when they fell on one
single compliant flooring from short fall heights. In the
second experiment, we repeated the experiments where
impact force was measured during the fall on the double-layer
flooring.

In addition, our results illustrated similar impact force
profiles for both experiments including two peaks; the first
peak with a higher magnitude followed by a second peak with
a lower magnitude of the force. More specifically, the double-
layer flooring decreased the magnitude of the first peak which
mainly causes a dorsal radius fracture during a forward fall.
In contrast, the double-layer flooring not effected on the
magnitude of the second peak.

The study results also showed that the magnitude of the
first peak reduction is correlated with increase fall height so
that by increasing the fall height from 3 cm to 6 cm, a further
reduction was observed for the magnitude of the first peak.
Hence, we can experimentally predict that fall form
approximately large fall height, i.e. fall from a typical
standing position, on a double-layer flooring remarkably
decreases the first peak |. However, we have considered
validating this prediction by appropriate mathematical models
or mathematical dynamic simulation in our future studies.
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