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The paper presents dynamic simulation and experimental identification of a human forward
fall model describing the process of “falling like a broomstick” on the outstretched arms.
The model implemented in Mathematica allows one to estimate time histories of the ground
reaction force in different scenarios of the fall process. These time series are applied as
time-varying load conditions to the numerical analysis of the human radial bone model
created from the computed tomography data. Finally, the obtained numerical results indicate
that the strain criterion seems to be more useful for estimating the radius fracture site in
comparison to the stress criterion.
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1. Introduction

Falls are common accidents in human daily life. They are severe and inevitable threats during
the walking process of the bipedal movement. Despite all population groups are exposed to
these risk factors, falls are the most serious social health problem among the elderly (Heijnen
and Rietdyk, 2016). As a result, the risk of injuries to hands, torso, head/neck and/or other
parts of the human body is possible. These injuries can eventually lead to death, chronic pain,
disability and/or loss of independence (Robinovitch et al., 2013).

The vast majority of cases of upper extremity injuries occur as a result of a fall with a
direct impact on the extended arms which are exposed to dynamical impact forces (Nevitt and
Cummings, 1993; Palvanen et al., 2000). Distal radius fractures are common in eldery women
with osteoporosis due to their compromised bone density/quality as well as probably due to the
increased risk of falling in this population group. Fractures of the forearm bones represent nearly
20% of all reported fractures worldwide, and the most common type of fracture is the so-called
Colles’ fracture as an injury of distal radius of the forearm (Johnell and Kannis, 2006).

The aforementioned upper extremity injuries may be a result of forward falls, backward
falls or side falls. Colles’ fracture, as an injury of the radius, is a direct result of exceeding the
maximum value of the force allowable for this bone. For instance, distal radius fractures at a
mean force equal to 2260+1010 N were observed by Frykman using 48 cadaveric bones of average
age of 65 years (Frykman, 1967). Spadaro and his co-investigators obtained the mean strength
of a bone fracture at the level of 1640 + 980N (Spadaro et al., 1994). Kim and Ashton-Miller
(2009) adopted the value equal to 2400 N as a distal radius fracture threshold. Also in one of
the recent papers by Burkhart et al. (2013), the estimated values of force causing fracture of the
studied bones derived from cadavers were approximately equal to 2150 N.
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2. Literature review of the forward fall models

A forward fall is known as the most frequent type of fall, and more than a half of all falls
among the elderly occur in the forward direction (Nevitt and Cummings, 1993; O’Neill et al.,
1994; Vellas et al., 1998). Recent decades have brought different models related to the impact
of the upper extremities to the ground as a result of a forward or backward fall. One of the
simplest effective mechanical models of the human falling motion is a single-degree-of-freedom
(DoF) linear mass-spring-damper mechanical system subjected to a sudden velocity input or
an impulse force input. Such a model can be readily extended to systems with many DoF's.
Below we are focused only on the three most well-known, widely available and cited forward fall
models.

A fall model proposed by Chiu and Robinovitch (1998) applies to the human forward fall
from a low height on the outstretched and fully extended upper extremities as the worst-case
scenario of such a fall. It is constructed based on a 2-DoFs lumped-parameter mechanical system
containing elastic and damping elements responsible for the operation of human muscles. David-
son et al. (2006) completed a study with the aim of developing a “risk factor” value in order to
determine whether someone will sustain the radius fracture based on the characteristics of their
fall. The mentioned study used a two mass-spring-damper model, referring to the experimental
data obtained from 45 clinical cases of children falling off of playground equipment.

DeGoede and Ashton-Miller (2003) employed Adams software to devolop a half-body sym-
metric model of the human forward fall consisting of five segments (legs, torso with head and
neck, upper arm, forearm and hand). In that model, the movement of the hand and the pivot
point in the ankle toe are fixed, and friction is not taken into account. Moreover, the wrist, elbow
and hip joints are adopted as flat joints without friction, whereas the shoulder joint connecting
the arm to the body via massless blades is modelled as a linear frictionless sliding joint with the
movement axis perpendicular to the longitudinal body axis. The main goal of the authors was
to study the possibility of injury in older women. Therefore, to determine the model parameters,
baseline height and weight equal to 1.63m and 62 kg, respectively, were used (Kroemer et al.,
1997).

Kim and Ashton-Miller (2009) proposed another flat model of the forward fall as a two DoF's
system constructed based on a mechanical model of a double pendulum rotating freely around
a pivot corresponding to the ankles of the lower human extremities. To provide a mathematical
model, the mechanical system was reduced to a system of linear translational movements with
2-DoFs with spring-damper elements responsible for attenuation action of the human muscles.
Numerical simulation for the fall height of 1.5m showed that the maximum impact force was
doubled from 1250 N to a value of 2610 N, depending on the fall scenario. In this way, the authors
showed that for the same fall conditions (the same faller falling from the same height), too rapid
movement of the arms in comparison to the rest of the body could cause the occurence of an
excessive force acting on the upper extremity more than 2350 N, which caused a fracture of the
distal radius.

To conclude, it can be stated that, in general, the considered falling process was usually
mathematically modelled based on flat and linear mechanical systems consisting of two rigid
bodies with masses moved by transverse motion connected by linear spring-damper elements.
These models were usually presented as a set of the second-order ordinary differential equations
of motion (Chiu and Robinovitch, 1998), but also the appropriate equations were written in the
state space (Kim and Ashton-Miller, 2009). On the other hand, in the case of a more complex
mechanical model, numerical simulations were performed only using commercial Adams software
(DeGoede and Ashton-Miller, 2003). In the present paper, we propose our own mathematical
model of the human forward fall on the outstretched arms. In addition, unlike previous models
met in the literature, our model takes into account a direct influence of different human speed
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just before the trip over an obstacle and starting the falling process, which affects the final force
of impact of the upper extremity on the ground.

3. The proposed “broomstick” forward fall model

3.1. Mathematical modelling

The human “like a broomstick” forward fall on the outstretched arms is schematically shown
in Fig. 1a. Equations of motion of the analysed system have been obtained by the Newton-Euler
method, and Free Body Diagrams of the system are shown in Fig. 1b.

Fig. 1. Mechanical modelling of the forward fall process: (a) the proposed forward fall biomechanical
model as a planar mechanical system with 2-DoFs embedded in the Cartesian coordinate system;
(b) Free Body Diagrams of the system

The model consists of two rigid bodies, 1 and 2, with masses m1, ms and moments of inertia
Iy, I, around centres of gravity of the bodies, respectively. Body 1 corresponds to the human
torso with legs, neck and head, whereas body 2 corresponds to the human upper extremities
(including arms, forearms and hands). The parameters a; and ay represent the distances between
the gravity centres of individual bodies and their rotation axes, whereas [y and Iy denote the
total lengths of the mentioned bodies, respectively. The angle 6, (t) denotes the angle between the
horizontal x axis and the longitudinal axis of body 1. The angle 05(t) is the angle measured from
the axis of body 1 to the axis of body 2. The ground with non-linear contact law is characterised
by stiffness and damping coefficients k, and b, respectively.

In this model, we take the vectors 81 (t) = [0,0,01(t)]T, 82(t) = [0,0,05(t)]T of the angles in
the joints j1 and j2, vectors rcq(t), roo(t) of displacements of gravity centres of the first and
the second body, as well as the vectors 1y(t), lo(¢) of displacements of the joint j2 and the end
of body 2 which can impact to the ground, respectively, in the following form

(t) = [w1(), 91(2),0]" = [a1 cos 01(), a1 sin 01(2), 0]
roa(t) = [za(t), y2(t),0]T = [l cos 0 (t) + ag cos a(t), Iy sin 6y (t) — ag sina(t),0]T
1, (t) = [Iy cos 01 (t), 11 sin 6 (t), 0"
Io(t) = [I1 cos 01 (t) + Iy cos a(t), Iy sin 0y (t) — losin a(t), 0]

roy(t

(3.1)

where a(t) = 180° — 6 (t) — 02(t). The forces Q1 = [0, —m1g,0]T and Q2 = [0, —m2g,0]T are the
gravity forces acting on the gravity centres of bodies 1 and 2, respectively, with the acceleration
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of gravity g (¢ = 9.81m/s?). The force R(t) = [R.(t), Ry(t),0]T is the reaction force in the
joint jl. The unknown force in the joint j2 and presented in the Free Body Diagrams (see
Fig. 1b) is denoted as P(t) = [Py(t), P,(t),0]T. Finally, the force F(t) = [F,(t), F,(t),0]T is the
ground reaction force acting on body 2 at the moment of its impact to the ground.

Let M;(t) = [0,0,0]T and May(t) = [0,0, M2 ()] denote the torques generated in the joints
j1 and j2, respectively. As a result, for the two considered free bodies presented in Fig. 1b, we
can write the following equations of motion in the vector form

m1f01(t) = R(t) + Ql + P(t)
Ilél(t) = Ml(t) — Mg(t) — I'Cl(t) X R(t) + [11 (t) —Ic (t)] X P(t)

matea(t) = —P(t) + Qa2 + F(t) 2
L85(t) = Ma(t) — [Li(t) — rea(t)] x P(8) + [La(t) —rea(t)] x F(1)
Equations (3.2) can be reduced to the scalar form
16, (t) = —My(t) + a1 Ry (t) sin 0, (t) — ay Ry (t) cos 0y (t)
) + (I — a1)Py(t) cos 01(t) — (I1 — a1)Py(t) sin 0y (t) (33)
I505(t) = Ms(t) 4+ axPy(t) cos a(t) + as Py (t) sin o(t)
+ (Ia — a2) Fy(t) cos a(t) + (I2 — ag) F(t) sin a(t)
where
Py(t) = Fy(t) — mada(t)
Py(t) = Fy(t) — majja(t) — mag (3.4)

Rm(t) = mldv'l(t) — Pg;(t) = mlil(t) + mgi‘g(t) — Fm(t)
R, (t) = migi1(t) + mig — Py(t) = madii(t) + maiia(t) + mig + mag — Fy(t)
At the time of tripping over an obstacle, a human instinctively and quickly pulls his arms
to the front in order to arrest and/or to absorb the fall. This process is described by the time
histories of the angle 2(t), which can be estimated based on the kinematics of the falling
process registered with the use of a digital camera. Based on the second equation of (3.3) and
the function 6-(¢) obtained in this way, we can calculate the torque Ms(t) generated by arms in
the joint shoulder during the falling process. Taking the torque Ms(t) in the first Eq. of (3.3),
one obtains eventually the following equation of motion around the joint j1

Ilél (t) + Igég(t) = alRm(t) sin 01 (t) — alRy(t) COS 01 (t) + (ll — al)Py(t) COS 01 (t)
— (li — a1)Py(t) sin 01(t) + a2 Py(t) cos a(t) + az Py (t) sin c(t) (3.5)
+ (Ia — az) Fy(t) cos au(t) + (I2 — ag) F(t) sin a(t)

with the function 6;(t) as a solution to this equation of motion.

3.2. Ground reaction force

To predict the vertical ground reaction force (GRF) Fy(t), a non-linear model of impact at
the wrist-ground interface has been employed in the form

Fy(t) = kyly@)1*(1 = by () I (=y(1)) (3.6)

where parameters k,, b, denote the ground stiffness and damping coefficients in the vertical
direction, respectively, y(t) = l;sinf;(t) — lasina(t), and the function J(—y(t)) is the step
function defined as

{ 1 if y(t) <0

TEy@®) =1 it y(t) >0

(3.7)
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For instance, this formulation of GRF had been used previously to model the heel strike in
running (Gerritsen et al., 1995) and to model GRF at the hand-ground interface (DeGoede and
Ashton-Miller, 2003). In our model, we have not included the horizontal force component F(t)
which is required to prevent the hand from sliding. However, the total GRF is less than 5%
greater than the vertical GRF (DeGoede and Ashton-Miller, 2003).

3.3. Initial conditions

The considered model has been reduced to a single DoF model with the function 6,(t) as
the solution and the following initial conditions: 6 (0)-initial angular position, and 91(0)-initial
angular velocity. At the beginning of the trip (¢ = 0), a human is usually in the standing position,
and thus we take 6;(0) = 90° (see Fig. 1a). The initial angular velocity 6;(0) is estimated based
on the transverse human speed during walking just before the moment of the trip. For this
reason, we assume that the linear speed of the human gait decreases from vy to 0, and the
rotational velocity 6 (t) increases from 0 to 61(0) at the same time. Taking into account the
principle of conservation of momentum, rotary motion of the human body around the pivot axis
is governed as

Ady(t)
At

my + ma)ver

I =rF = Aél(t)z—( i

= 0,(0) (3.8)

where F'At is a force impulse causing rotation of the human body around the rotation axis
placed in feet (ankles), I is the moment of inertia of the human body around the pivot axis and
r is the distance between the human gravity centre and the pivot axis with the upper extremities
adjusted along the body (typical position of the human body during walking). On the contrary
to the previous investigations met in the literature, the assumption adopted in this paper allows
one also to study kinematic and dynamic parameters during the falling process for different
walking speeds of the faller just before the moment of the trip over an obstacle.

4. Identification of the fall model parameters

4.1. GrabCAD model of the human body

To determine the human body parameters required in the proposed fall model, the full 3D
scanned human body model based on GrabCAD (2016) (see Fig. 2) as well as the appropria-
te AutoDesk Inventor commands have been used. The mass of the whole body is calculated
assuming that the average density equals to p = 1050 kg/m?, and the model parameters are:
a1 = 1.0lm, ap = 0.22m, I = 1.4m, ls = 0.53m, » = 1.03m, m; = 61.0kg, my = 7.4kg,
I} = 9.9kgm?, I, = 0.232kg-m?, I = 82.86 kg-m?.

4.2. Kinematics of the fall process

The kinematic analysis of the faller between the moment of tripping over an obstacle and
hitting his hands to the ground were observed using an Optitrack optoelectronic motion analysis
system installed at the Department of Automation, Biomechanics and Mechatronics, Lodz Uni-
versity of Technology, Lodz, Poland. The front panel of the computer program used to operate
this system with the location of the individual markers on the faller’s body is presented in Fig. 3,
where the process of forward fall from the standing position to the ground is shown. Before the
experimenal test, the volunteer (one of the authors of this paper) has been instructed to safely
fall “like a broomstick”. The fall of the human body was performed using a certificated soft
insurance mattress with the full size 2mx2mx0.3m, and thus there was no a direct threat of
injury to the upper extremities and other body parts.
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Fig. 2. Three-dimensional scanned human body model used for the estimation of its geometrical and
mechanical properties (GrabCAD, 2016)

Fig. 3. Forward fall from the standing position to the soft mattress observed by Optitrack system using
37 passive reflective markers distributed on the faller’s body

Using Optitrack system we observed that the faller extends his arms from initial position
020 =~ 5° to the final position 0g,,,,; ~ 80° at the moment of the impact to the ground. That is
why, in all further presented investigations we use the time history of angle 65(¢) described by
the formula

_ ~7 2 : <
Ba(t) = { 020 + (02maz — 020) sin”(At) if t<T (@1)

O02max if t>T

where T denotes duration of the fall (the time between tripping and hitting the ground), whereas
A corresponds to the speed of movements of the faller’s arms. The parameters A and T strongly
depend on the walking speed of the faller before the trip. The averaged time history of the

angle 0(t) obtained from the experiment for vy = 1.5 m/s and its approximation are presented
in Fig. 4.

4.3. Hand-ground contact parameters

Figure 5a shows the schematics (the first frame of our animation created in Mathematica) of
the initial configuration of the subject falling in the forward direction from the initial shoulder
height of 1m (DeGoede and Ashton-Miller, 2003). The red line represents the torso with legs,
the blue line represents upper extremities, whereas the green circle is the head of the faller.
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Fig. 4. Time history of the angle 65(¢) (red points and red curve) obtained from the experiment and its
approximation by an analytical smooth function (green curve). In this experiment, the faller started to
fall from not a fully standing position (64(0) < 90°)

The presented initial position was obtained for the following initial conditions: 61(0) = 45°,
01(0) = 0 and 6,(t) = 83.5° = const. During numerical experiments we tested different values
of the parameters k, and b, to obtain GRF which corresponds (both from a qualitative and
quantitative point of view) to the GRFs presented by DeGoede and Ashton-Miller (2003). In
that paper, the authors tested five healthy young male volunteers aged between 22 and 28 years
with the average body mass of 72 + Tkg and the overall height of 173 + 3cm (DeGoede and
Ashton-Miller, 2002). Finally, the best degree of fit was obtained for k, = 50000 N/m? and
by, = 0.6s/m (the obtained results are shown in Fig. 5b).

(a) (b) 2000
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= 1600
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Fig. 5. Initial configuration of the faller’s body, i.e. the fall from the shoulder height of 1m (a), and the
time history of GRF obtained numerically for the proposed forward fall model for k, = 50 000N /m?
and b, = 0.6s/m, which corresponds to the GRF obtained experimentally for a representative fall from
the shoulder height of 1m (b) (DeGoede and Ashton-Miller, 2003)

5. Numerical simulation of the forward fall model

5.1. Parameters and relationships used in simulation

Experimental observations confirmed that with an increase in the walking speed vg, the
human instinctively faster pulls his arms in the forward direction and the value of the mentioned
parameter A also increases. This is why in all our numerical simulations we use the time histories
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of the angle 0(t) governed by Eq. (4.1) with different parameters 02,,,, and A, depending on
the angle ¢4, (the angle between the arm and the vertical axis of the Cartesian coordinate
system at the moment of the impact to the ground) and the speed vy of the human walking just
before the trip. Table 1 presents the dependence of the angle 05,4, on the angle ¢ 4., while
Table 2 presents the dependence of parameters A and 1" on the speed vy of the faller before the
trip. The parameters of the proposed fall model (identified in Section 4) allow one to conduct
broader analysis for different parameters and different fall scenarios.

Table 1. Values of the angle 0,4, corresponding to different values of the angle ¢ 4.,

arm [°] 0 ) 10 15 20 25 30
O9maz [°] | 67.75 | 72.85 | 78.11 | 83.55 | 89.16 | 94.93 | 100.86

Table 2. Values of parameters T and A corresponding to different values of walking speed v

vo [m/s] | 05 | 1.0 | 1.5 [ 2.0 | 25 | 3.0
T [s] 1.0 | 0.7 [058] 05 | 0.4 [035
X[1/s] | 158 223270 | 3.15 | 3.92 | 4.50

5.2. Time histories of ground reaction forces

Figure 6 shows the time history of GRF obtained for a fall from the full standing position
(01(0) =90°), vp = 1.5m/s and ¢4, = 15°, which corresponds to the most common falls met
in real situations. In this case, the maximum value of GRF reaches 2400 N, which corresponds
to the distal radius fracture threshold (Kim and Ashton-Miller, 2009). Thus, we demonstrated
that the taken typical and the most common falling conditions are enough to cause compressive
fracture of the distal radius. The investigated falling process has been also observed by using
the animation created in Mathematica (see Fig. 7).

2800
Z

— 2400

E‘% 2000
1600
1200

800 \

400 o

% 0.5 1.0 L5
t[s]

Fig. 6. Time histories of GRF from the standing position and vy = 1.5m/s

t=0.0s t=0.2s t=0.4s t=0.6s
Fig. 7. Animation snapshots of the faller’s body plotted in regular time intervals in different phases of
the fall from the full standing position and walking speed vy = 1.5m/s (obtained in
Mathematica software)
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Figure 8 illustrates times histories of the force F,(t) acting on a single hand for vy = 1.5m/s
and for different values of the angle ¢ 4,.,,. For all three presented cases, the plotted time histories
of GRF are similar. However, it can be noticed that the maximum value of GRF increased from
2374 N for ¢parm = 0 to 2486 N for ¢ g4, = 30°.

(@) | | (b)

2800 .
z —
— 2400 A Arm . 5456
= [ G 4rm =15° % ou00] 2374 2401 ]
== 2000 ( G =30° |- : 00
<SS

1600 ( o

1200 ‘ o

800 ‘ \ w

400 } \ i 0

0o 0.4 0.8 1.2 1.6 2.0 0 T =0

t [S] ¢A77n [0}

Fig. 8. GRF's for vo = 1.5m/s and different values of angle ¢ 4rn: (a) time histories Fy(t),
(b) maximum values F maa

The results in Fig. 9 show the influence of different values of the velocity vy on time histories
of the force Fy(t). For larger values of the parameter vy, the duration of the fall is smaller while
the maximum value of GRF is greater. The value of GRF increases from 2246 N for vg = 0.5 m/s
to 2534 N for vp = 2.0 m/s. It means that for a smaller speed vy (i.e. v9 < 1.5m/s), the GRF is
less than the distal radius fracture threshold, whereas for larger values of vy (i.e. v9 > 1.5m/s),
this threshold is exceeded.

@ e (b)

A — 1p=0.5m/s 2600 2530
— 2400 vp=1.0m/s = 9500 3
= “ v=1.5m/s 5
" 2000 1=2.0m/s = 2100 2401
‘ \ 2306
1600 2300[ 9946
\ \ 2200}
1200 \ \
2100}
800
\ \ 2000
400 1900}
% 0.4 0.8 1.2 1.6 2.0 BO0=05 10 15 20
£l vy [m/s]

Fig. 9. GRF's for ¢ 4, = 15° and different values of the velocity vo: (a) time histories Fy(t),
(b) maximum values F, naz

Figure 10 presents maximum values of GRF as a function of the velocity vy for different
values of the angle ¢ 4.py,. The maximum value of GRF increases with the increasing speed vg
as well as the angle ¢ 4,y,. For the lowest presented value of vy equal to 0.5m/s, the maximum
value of GRF increases from 2217 N for ¢4, = 0 to 2335 N for ¢4, = 30°. For the largest
value of vy equal to 3.0m/s, the maximum value of GRF increases from 2898 N for ¢ 4,,, = 0
to 3000 N for ¢4y, = 30°. If one considers the case ¢4y, = 0, the maximum value of GRF
increases from 2217N for vg = 0.5m/s to 2898 N for vy = 3.0m/s. In the case of ¢4,y = 30°,
the maximum value of GRF increases from 2335 N for vy = 0.5m/s to 3000 N for vyp = 3.0m/s.
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For small values of vy (vp < 1m/s), the maximum value of GRF is less than the distal radius
fracture threshold, regardless of the angle ¢ 4,y,. In the case of vy = 1.5 m/s, the maximum value
of GRF is less than the mentioned fracture threshold when 0 < ¢4, < 10°, whereas GRF
exceeds this threshold for ¢4, > 15°. For vy > 2.0m/s, the maximum of GRF exceeds the
distal radius fracture threshold regardless of the angle ¢ 4.y,. Concluding, for a small walking
speed before the falling process, the value of the angle ¢a,,, does not have a great influence.
At a higher speed of human gait, the distal radius fracture threshold is usually exceeded, finally
leading to injuries and/or fractures of the upper extremities. In the case of vg = 1.5m/s, the
correct configuration of the human body (the correct value of the angle ¢ 4,4,) at the moment of
the impact to the ground can reduce the maximum value of GRF and, as a result, can protect
the faller from potential injuries or fractures of the upper extremity bones.

3000 :
Fymaz [N} PArm [O}
—a—0 5
10 —=—15
2800 20 —e 95
2600

/ A
92400k - - . /%Distalradiusfracwre threshold

2200
0.5 1.0 1.5 2.0 2.5 3.0

Fig. 10. Maximum values F}, ,q, of GRF as a function of the velocity vy for different values of
the angle ¢ Arm

6. Finite element analysis of the radial bone

6.1. Geometry and material properties of the radial bone model

The DICOM data used in this paper come from cadavers of 35-years-old man with a height of
1.73m and weight of 75kg. These data have been obtained using a Siemens 64 Slice computed
tomography (CT) Scanner in the Department of Forensic Medicine, Jagiellonian University
Medical College, Cracow, Poland. The DICOM file of all upper extremity bones composed of
the total number of 274 slices with the slice thickness equal to 1.5mm, pixel size equal to
0.977 mm and resolution 512x512 was imported to Mimics. During the next steps, the radius
was separated, the computer model of this bone was obtained, and the computational mesh of
the radius was corrected to avoid further numerical errors. As a result, the mesh of the radius
was reduced to 3444 surface elements, and the correctness of the constructed computational
mesh was verified using a Fix Wizard function. Finally, a realistic 3D FE model of the radius
consisting of 15751 FEs was obtained and used for the strength analysis in Ansys. We used the
SOLID185 FE-shaped tetrahedron element. The assumed in this paper isotropy of the material is
not ideal, but the CT data provided only scalar information, and the determination of principal
material directions had to be inferred (Neuert et al., 2013).

Material inhomogeneity of the radius was modelled in Mimics based on the CT images. First,
we tested three different density-elasticity relationships describing human long bones to obtain
the correct range of Young’s modulus of the radius based on the CT images and the Hounsfield
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Unit scale. Finally, mechanical properties of the considered radial bone were calculated based
on the density-elasticity relationships proposed by Rho et al. (1995)

p = 1.067THU + 131 E = 0.004p*%" (6.1)

where p expressed in [kg/m?] represents density of the bone, HU is the nondimensional Hounsfield
Unit, E expressed in [MPa] denotes Young’s modulus, whereas v is Poisson’s ratio. The obtained
range of Young’s modulus of the radial bone is close to the range of the appropriate values for this
bone presented in the literature. Young’s moduli of the radius vary in the range 600-12000 MPa
(see Fig. 11), whereas Poisson’s ratio equals 0.3 for all FEs.

2080

1500

P Einaa= 12000 MPa
1000
500

—q14 197 508 819 1130 1444
Hounsfield units E,;,=600MPa

Fig. 11. Histogram and cross-sections of the radius showing quantitive distributions of FEs characterised
by different Hounsfield Units and spatial distribution of inhomogeneous material properties

6.2. Load and boundary conditions

Numerical results presented in Fig. 6 were applied as the load conditions of the developed FE
upper extremity model analysed in Ansys. These time histories of GRFs correspond to the GRF
for the standing position and the walking speed vy = 1.5m/s. As far as the boundary conditions
applied in the analysed numerical FE model of the radius were concerned, all six spatial DoFs
in the proximal radius (region of the elbow joint) were fixed. The angle between the longitudinal
axis of the radius and axis of the gravity field was equal to ¢ 4.y, while the GRF was applied
in the region of the radial neck in the vertical direction (direction of the gravity field). In all
the investigated cases, we considered the same time-varying load condition (see Fig. 6), but the
analysis was conducted for different directions of the GRF acting on the radius (i.e. for different

angles ¢ Arm )-

6.3. Stress and strain analyses

To predict bone fracture sites, we decided to measure the maximum von Mises stresses as
the main criterion first. Moreover, we also measured maximal strains of the bones as another
criterion leading to the additional information useful for a better understanding of the upper
extremity behaviour under the applied load conditions, i.e. the assessment of the radius fracture
site and failure load. The determination of the moment of time when the maximum stresses and
strains were the highest enabled finding the fracture site and to investigate the state of the rest
of the bones. The mentioned results are presented in Figs. 12 and 13 in the form of von Mises
stress and strain distributions.

Values of both the maximal von Mises stress and bone strains significantly depend on the
value of the angle ¢ 4,,,,. Namely, with an- increase in the angle ¢ 4,,, von Mises stresses and
strains also increase. It should be noted that in the case of axial compression of the bone
(¢ Arm = 0), there are no bending torques and the bone itself is more resistant in such a configu-
ration in comparison to the nonaxial compression. In the case of nonaxial GRF, bending torques
are significant and, therefore, there are considerable values of both stresses and strains. For all
the considered cases, the maximum values of stress and strain occur for ¢ ., = 30°.
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Fig. 12. Stress distributions in the radius for different angles ¢ 4.,
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Fig. 13. Strain distributions in the radius for different angles ¢ 4.,

0.0369

¢A rm =30 °

The results presented in Figs. 12 and 13 show also other regularity. Namely, the maximum
stresses occur on the medial side (diaphysis) of the radius bone while the maximum strains occur
in the distal region of this bone. As it is known, Colles’ fracture is the most common type of
injury related to the forward fall on the outstretched upper extremities. Therefore, the presented
results indicate that the strain criterion can be more useful for estimating the radius fracture
site (the maximum strains are concentrated in the distal radius, see Fig. 13).

Table 3. Maximum von Mises stress and maximum strains for three different angles ¢ 4,4,

| Radius | Time [s] |

Py von Mises stress [MPa] | 65.54 0.122
Arm = Strain [] 0.0154 | 0.126
é _ 150 | VoR Mises stress [MPa] | 78.88 0.132
Arm Strain [] 0.0186 | 0.132
b = 300 |VOD Mises stress [MPa] | 148.58 | 0.124
rm Strain [ ] 0.0363 | 0.124

In contrast to previous numerous papers dealing usually with resting conditions in our studies
we carried out also a transient state analysis in Ansys. Values of maximum stresses and strains
of the radius bone for different angles ¢ 4., are presented in Table 3. The maximum values of
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the von Mises stress and strains do not occur at the moment of the maximum peak of GRF but
later, i.e. at the time about 0.12-0.13s.

7. Conclusions

The forward fall model proposed in this paper enables one to estimate the vertical ground reac-
tion forces acting on the hands in various scenarios of the human falling process. The obtained
numerical simulations fit with other results presented in the literature (Kim and Ashton-Miller,
2009), both from a qualitative and quantitative point of view. Moreover, the simulations show
that the parameters describing the human body and parameters modelling biomechanical pro-
perties between the palmar cartilages and the ground have an essential influence on the obtained
results.

It should be emphasized that the developed model has some limitations. First of all, the
movement of the shoulder grid with respect of the torso and stiffness/damping properties of the
shoulder joint have not been implemented in our model. Moreover, the horizontal component
of the ground reaction force has not been considered. Nevertheless, the mentioned limitations
may be of interest for our future study. On the other hand, our further modifications and
improvements of the proposed model can be oriented on the increase of the number of DoF's of
the mechanical model describing the human body as well as taking into consideration the rotary
stiffness and damping properties in each of the human joints.

The choice of a linear material law is justified by small displacements of the radius bone
observed during compressive tests presented in the literature (Bosisio et al., 2007). Although
all bones have been modelled as a linear elastic isotropic material, in our opinion, the applied
simplification should not significantly affect the ability of the proposed model to predict fracture
sites and failure load of the radius bone under loads resulting from a forward fall. The variability
of Poisson’s ratio has not been evaluated in our investigations.

The performed numerical investigations with the time history of the GRF that occur during
the falling process in the forward direction on the outstretched arms are sufficient to determi-
ne potential fracture sites and the obtained results agree with numerical /experimental results
presented in the literature (Edwards and Troy, 2012). In addition, the obtained results indicate
that the angle ¢ 4., and, consequently, the direction of load applied to the radius have a strong
impact on the fracture strength of this bone. It means that falls from a standing position on the
outstretched arms generate the value of GRF which can exceed the mean human distal radius
fracture threshold. Moreover, we have also shown that the maximal strain criterion seems to be
more useful for the estimation of the fracture site than the appropriate von Mises stress crite-
rion. Although we obtained various numerical results, unfortunately we were unable to compare
these results with own experimental studies from a quantitative point of view. However, the
obtained numerical results show that our model provides a realistic estimation of radius bone
strain, fracture strength and fracture side estimation under various loading scenarios simulating
a forward fall.
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