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Abstract Forward falls on outstretched hands are caused by unexpected lost of
stability and they are always related with different kinds of injuries. This paper
takes attempt to explain and figure out the multifaceted problems of forward fall. In
order to estimate the critical value of the force acting on the hands at the moment of
impact on the ground, the relative simple mechanical model is proposed. Mathe-
matical model is described by the second order differential equations obtained by
the Newton—Euler method, and its parameters are identified and validated using
experimental data from one of the recent paper. Some interesting results are
obtained, presented and discussed. The presented numerical simulations show that
the proposed model demonstrate good accordance with real tested objects presented
in the literature. The model predicts the highest impact force and finally allows to
simulate various scenarios of human falls.

1 Introduction

Slips, Trips and Falls (STF) are the highest single cause of upper limb injuries. Falls
occur in all age groups and the falls on the outstretched hand are a significant cause
of upper limb injury including 90 % of fracture at the distal radius region [1].
A forward fall is the most common type of fall and more than half of the falls among
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the elderly occur in the forward direction. An attempt to determine the biome-
chanical factors which have the greatest influence on the risk of injury has been made
in [2]. On the basis of impact forces measured during low-height forwards falls onto
the outstretched hand, a two degrees of freedom, lumped-parameter mathematical
model reflecting the real impact forces has been created. Computer simulations in
ADAMS (multibody dynamics simulation software created originally by Mechan-
ical Dynamics Incorporated and then developed by MSC Software Corporation) was
used to predict the extent to which age-related muscle atrophy may adversely affect
the safe arrest of a forward fall onto the arms. The biomechanical factors affecting
the separate risks for wrist fracture or head impact is examined using a
two-dimensional, 5-link, forward dynamic model [3]. In reference [4] other two
degree of freedom discrete impact model is constructed through system identification
and validated using experimental data, in order to understand the dynamic interac-
tions of various biomechanical parameters in bimanual forward fall arrests. To
evaluate a worst case scenario well-known falling situations of snowboarders are
modelled in paper [5] in different falling scenarios of snowboarders and simulated in
order to calculate the resulting loads in the upper extremity. In the mentioned paper
numerical simulations are carried out using the multi body dynamics software
package SIMPACK 9.0 (SIMPACK AG, Wessling, Germany). The backward fall
on outstretched joints of the upper extremity is evaluated as worst case scenario. In
reference [6] numerical model of upper limb constructed from computed tomogra-
phy (CT) data under load of real contact force using Finite Element Method (FEM) is
calculated in order to obtain stress distribution and evaluate the most risk areas of
fracture bones. In turn, a three degree of freedom mathematical model of human
body during forward fall on outstretched hands is presented in [7], where dynamical
forces acting on the human parts are obtained by solving the appropriate second
order differential equations of motion. Also many other papers have shown utilizing
spring-damper to contact modelling of human parts with the ground in various types
of motion (for instance, see references [8—11]). Motivated by the references men-
tioned in this paper, we present a dynamic model with “soft” spring-damper contact
which allows to predict ground reaction force in different scenario of human fall.

2 Model of the Biomechanical System

The human forward fall on outstretched hands is schematically presented in Fig. 1.
The main assumption for working out the appropriate mathematical model is to take
into account flat two degrees of freedom mechanical model.

In Fig. 1, the angle ¢, (r) denotes the angle between horizontal x axis and the
longitudinal axis of the body 1. The angle ¢, (¢) is the angle measured from the axis
of the body 1 to the axis of the body 2 (its value is defined in the range from 0 to 90
degrees and increases during falling). Parameters a; and a, denote distances
between the centres of mass and rotation axes for bodies 1 and 2, respectively, /; is
a distance form support point to shoulder joint and /, is whole length of the upper
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Fig. 1 Model of the investigated biomechanical system

limb. The bodies 1 and 2 have masses m;, m, and moments of inertia about centres
of the masses I} and I,, respectively. The appropriate values of the viscous damping
coefficients in the joints 1 and 2 equal to ¢; and c;, respectively, are also included.
The equations of motion describing the dynamics of the considered mechanical
system have been obtained by the Newton—Euler method. Free Body Diagrams
(FBD’s) of the considered system are shown in Fig. 2.

In our model, we take the following vectors:

rei () =[x (), y1(2), 0] = a1 cos @, (1), a1 sin g, (1), 0], (1)

rea(t) = [xa(2), y2(), 0]" = [1; cos @, (¢) + az cos a(t), Iy sin g, () — ay sin (1), 0]",

(2)
L (1) = [l cos 1 (1), Iy sin g, (1), 0], (3)
L(7)=[li cos g, (t) + L cos a(t),l; sing, (t) — L sina(t), O]T, 4)

where a(f) =z — @, (t) — ,(1).

The forces Q,=[0, —m g, O}T and Q, =10, —myg, O]T are the gravity forces
acting on the centre of gravity of bodies 1 and 2, respectively, where g denotes gravity
coefficient (g =9.81 m-s~2). The force R(z) = [R,(t), Ry(¢),0]" is the join 1 reaction
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Fig. 2 Free body diagrams of the considered biomechanical system

force. The unknown joint force presented in the free-body diagrams (Fig. 2) is

denoted as P(t) = [P,(t), P,(¢),0]". In turn, the force F(r) = [F,(1), F,(1),0]" is the

ground reaction force. Next, let M, () =[0,0,0]” and M;(z) = [0, 0, M».(#)]" denote

the torques generated in joints 1 and 2, respectively. Then, for two considered in Fig. 2

free bodies, we can write down the following equations of motion in vector form.
For body 1, we have

mi ¥ei (1) =R (1) +Q, +P(1), (5)
L (1) +crgn (1) =My (1) = My (1) + TR (1) + 701 (1), (6)
and for body 2 we have
my¥ea (1) = = P(1) + Qu + F(1), (7)
L (1) + 22 (1) =M (1) + T2 (1) + T8 (1), (8)

where

’CR(Z‘) = —TIC1 (l) X R(t) =
=1[0,0,a;R,(¢) sin @, (1) — a1 Ry (t) cos ¢, (1)],

1 (1) = [L (1) = re1 ()] X P(2)

=[0,0, (Iy —ay)Py(t) cos ¢, (1) — (I1 —a1)P«(t) sin @, (t)]T, (10)
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()= — [L(t) —rea ()] X P(1) = (an
=1[0,0,ayP,(t) cos a(t) + azP,(t) sin a(r)]",
(1) = [L(t) —re2 (1) X F(1) =

12
=10,0, (lh —a2)F, (1) cos a(t) + (I — az) Fy (1) sin (1)), (12)
are the moments generated by the forces R(¢), P(¢) and F(¢), respectively. Writing
down this vector form equation in the scalar form we obtain the following system of
differential equations:

oy (1) = Ra(1) + P (1)

i (1) = Ry(1) = mig + Py (1)

Lig (1) + 61601(t) = =M. (t) + aiR.(t) sin g, (1) — a1Ry (1) cos ¢, () +

+ (I —a)Py(1) c0s 9, (1) = (1 - an)Pold) sy (1) W
maia(t) = — Py(f) + Fy(2)

ma¥a (1) = = Py(1) = mag + Fy (1)

Iz(ﬁz(f) C2g02(t) =M22( ) +(12P ([) cos (X([) + asz(t) sin (Z([) +

+ (b —a2)Fy(t) cosa(t) + (I — ax)F(t) sina(z).

Equation (13) can be written in the form

L1 (1) + c191 (1) = = Mo (1) + a1R.(¢) sin @y (1) — a1R, (1) cos ¢, (1) +

+ (=P, (1) cos gy 1) (1 —a)Pilr) sin gy 1), 1
Lo (t) + coga(t) = Mo, (1) + ar Py(t) cos a(f) +ayPy(1) sina(z) + (15)
+ (b —ay)Fy(t) cosa(t) + (L — az) F.(1) sina(?),
where
Py(1) = Fx(t) —maia(1), (16)
Py(t) = Fy(t) — maya(t) — mag, (17)
Ry (1) =my% (1) — Py(t) =miX, (1) + mpka(t) — Fi(2), (18)

Ry(t) =m¥1(t) + mig — Py(t) =mi$1(t) + maya(t) + mig + mag — Fy(t).  (19)

At the time of stumble over an obstacle, human instinctively hold out his hands
quickly to the front to fall on them and in this way to absorb the fall. With a rough
approximation, it can be assumed that a human hold his hands quickly to such a
position ¢, that at the moment of the fall, they are adjusted approximately per-
pendicular to the axis of the body (¢, ~ 90°). Due to the hands moment of inertia
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the time needed for hold out both hands it is non-zero, so we assumed angle graph
@, (1) as

@2(1) =go(1=e™"), (20)

where ¢, denotes the angle between torso with legs and hands, while constant
parameter A corresponds to “speed” hold out the hands by human. Knowing the
function graph ¢,(¢) on the basis of Eq. (15) the torque generated by human hands
at their extraction in the process of falling can be calculated as follows:

My (1) =L (t) + c2g2(1) — axPy(t) cos a(t) + 20
—ayP (1) sina(r) — (b — ax)Fy(t) cos a(t) — (b — ax) Fy (1) sin a(1).

Finally, substituting Egs. (21) to (14) gives one differential equation for the
rotation of the body 1, whose the solution is function ¢, (z).

Ground reaction forces modelling

At the end of the second body the force F(¢) is applied, which corresponds to the
force resulting from impact. This force occurs only in the contact point of the
ground (with no contact this force is zero). The force F(z) is applied at the tip of
body 2 meaning the end of the second link (point hand contact with the ground). In
a real system the connection between the parts of the human body are stiffness and
damped. Damping forces in assumed model are not included, but this behaviour of
real joints is modelled as ground stiffness and damping, which followed the fall of
the human body. The stiffness and damping parameters of the ground are chosen
such that the obtained numerical results coincide with the experimental results
presented in the literature.

The impact force, including stiffness and damping of the ground, is taken into
account in the following form

Fi(t) = = [ke(x(2) = x0) + bux(1)] - 1( = ¥(1)), (22)
Fy(t) = = lkyy(1) + byy ()] - 1( = (1)), (23)

where k,, k, are ground stiffness coefficients, by, b, are ground viscous damping
coefficients, x0=+/B + 1B =201 cos ¢y, x(t) =1 cos ¢, (t) + L cos a(t),
y(t) =1 sing,(¢t) — L sina(t), and the function 1(—y(z)) is the step function
defined as follows:

1-={g i 2050 (24

The initial conditions
To carry out numerical simulation of the proposed mathematical model initial
conditions ¢, (0) and ¢;(0) are required. Assuming that before stumbling human
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has hands stacked along the torso, we take ¢,(0)=x/2 (see Fig. 1). In turn, the
initial velocity ¢;(0) is estimated based on the linear velocity vy of human motion
at the moment of stumbling, and assuming that the rotation of his body takes about
a fulcrum feet (see Fig. 1). The principle of conservation of momentum yields

(m1 +VI12)(0—V0):FAI, (25)

where FAt is an impulse force that causes rotation of the human at the moment of
stumbling an obstacle. In turn, rotational motion of a human body around the axis
of rotation (around the legs) is governed by the equation

=17 = gy (1) = - TN (o) (26)

] Afmt(t)

where [ is the moment of inertia of the human around the legs axis with his hands
adjusted along the body, and r is the distance of the centre of human gravity in a
standing position with hands adjusted along the body from the ground.

3 Simulation Results

The results of numerical simulations were obtained using Mathematica 10 software.
In order to determine the centre of gravity of a component of the human parts and
the moments of inertia, one can employ the proper command of the programs
AutoDesk Inventor. The full 3D scanned human body model is presented in Fig. 3
due to courtesy of Rory Craig (GrabCAD) [12]. Even though human body does not
consist of a homogenous structure, the value of the mass is calculated assuming the
average density p=1050 kg-m~3. Parameters used in numerical simulations are
presented in Table 1. The simulations presented in Figs. 4, 5, 6, 7 and 8 are carried
out for the fixed ground parameters: k,=k,=k=16 000 N- m~! and
by=b,=b=1 000 N-s-m~L

Figure 4 shows a times histories of force Fy(¢) acting on the single hand for
vo=0, A=4 s~ ! and for the different angle ¢, between the arm and normal axis
of the ground. In the case of free fall of the human body the influence of the angle
¢ am at the moment of the fall on the Fymax can be neglected. Small differences in
larger values of force Fynax and shorter time falling are caused by the higher amount
of torque generated by human hands M>,(¢), which is transformed to the human
body and causes its rotation about a support point.

The results presented in Figs. 5 and 6 show the influence of different values of
the velocity vy and parameter 4 on time histories of force Fy(r).

Figure 5 shows that for larger values the parameter 4, the time of falling process
on the ground is lower, but this has no significant impact on the force Fymax.
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Fig. 3 Calculation of parameters for the human body [12]

Table 1 Body segment Value Unit
:zziis;ﬁazﬁbﬁzments of Parameters ap; a 1.01; 0.22 m
coefficients hs by r 1.4;0.53; 1.03 m

my; mp 61.0; 7.4 kg

I LT 199;0232;103 |kg - m?

cl; ¢ 0.1; 0.1 N -m-s

Figure 6 shows that the initial value of the speed of the falling of human is much
higher. Furthermore, in this case, (vp =2 m-s~ 1) the influence of the parameter 4 is
higher than for the case of velocity vy =0.

Figures 7 and 8 show the influence of parameters vy and A on times histories of
force for different angle values ¢,,, angles with a simultaneous increase of the
velocity vy and A (at higher initial velocity value of human hold out hands). As
might be expected, higher initial velocities vy imply a rapid human fall on the

awrejcew @p.lodz.pl
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Fig. 4 Time histories of contact force Fy,(f) a and its maximum values Fym, b for different angle
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Fig. 5 Time histories of contact force Fy(¢) a and its maximum values Fym, b for different
parameters A (¢ pm = 13.5°, vo=0)

(a) (b)
3000 7 3000 1
— =45 2543
2500 | 2410 2481
_____ ies o 2500
— 20001 —mime st o 2000
< 1500 1 g 15001
= £
1000 4 =" 1000 -
500 4 500 A
0 +—d—v . . . . . . , 0 A
04 06 08 1 12 14 16 18 2 4 5 6
1[s] 2 [s™

Fig. 6 Time histories of contact force F,(¢) a and its maximum values Fyn, b for different
parameters A (¢ pm = 13.5°, vo=0)
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Fig. 7 Time histories of contact force F,(¢) for different values of parameters vy and A.
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Fig. 8 Maximum values Fyna of contact force as a function of velocity vy for different angles

¢Arm

ground and influence of the angle ¢y, has also an impact on the force Fymax
(Fig. 9).

In what fallows we study the impact of ground parameters (stiffness and
damping) on the obtained results. The following parameters are fixed: ¢4, = 13.5°,
vo=2m-s~ ! and 1=8 s~'. As can be seen, the highest effect on the maximum
force value F,(r) has damping of the ground. It follows from the fact that when
human hand is in a contact with the ground, the force of the damping is activated by
the ground, which is proportional to the impact velocity with the coefficient of
proportionality 5. Component of the force F,(z) associated with the ground stiffness

awrejcew @p.lodz.pl
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Fig. 9 Time histories of contact force Fy(¢) for different values of parameters 5 and k
(Ppam =135, vo=2m-s", 1=4s"1). ak=16000N - m™".bb=1000N - s - m . ck=
5000N - m™'.db=500N - s - m"

k does not essentially affect the value of the maximum Fyn,y (it increases from zero
at the time of hand contact with the ground, proportionally to the penetration depth
into the ground.

4 Conclusions

This paper presents a relatively simple mechanical model governing the forward fall
on outstretched hands. The considered model is constructed based on a mechanical
system with two degrees of freedom and classical impact notion. Numerical sim-
ulations are performed for the parameters obtained based on the scanning computer
model of the human body. In turn, biochemical properties of the human cartilage
joint are modelled by the properties of the ground stiffness and damping. As it is
shown, the obtained results fit well with experimental results presented in the
literature, both from a qualitative and quantitative point of view. In particular, the
model allows to estimate magnitude of contact force in various scenarios of falling
process. The numerical simulations show that the essential influences on the
obtained results have not only parameters describing the human body, but also the
parameters modelling the ground. Although the proposed model is relatively sim-
ple, it has been validated by numerical computations. Further modifications and
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improvements of the proposed model relies on taking into account the stiffness and
damping in each of the joints as well as through increase of the number of degrees
of freedom of the human body. These issues will be the subject of our further
investigations related to the problem of the forward fall on the outstretched hands.
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