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Abstract
Summary Osteoporotic hip fracture, mostly induced in falls
among the elderly, is a major health burden over the world.
The impact force applied to the hip is an important factor in
determining the risk of hip fracture. However, biomechanical
researches have yielded conflicting conclusions about whether
the fall-induced impact force can be accurately predicted by
the available models. It also has been debated whether or not
the effect of impact force has been considered appropriately in
hip fracture risk assessment tools. This study aimed to provide
a state-of-the-art review of the available methods for
predicting the impact force, investigate their strengths/limita-
tions, and suggest further improvements in modeling of hu-
man body falling.
Methods We divided the effective parameters on impact force
to two categories: (1) the parameters that can be determined
subject-specifically and (2) the parameters that may signifi-
cantly vary from fall to fall for an individual and cannot be
considered subject-specifically.
Results The parameters in the first category can be investigated
in human body fall experiments. Video capture of real-life falls
was reported as a valuable method to investigate the parameters

in the second category that significantly affect the impact force
and cannot be determined in human body fall experiments.
Conclusions The analysis of the gathered data revealed that
there is a need to develop modified biomechanical models for
more accurate prediction of the impact force and appropriately
adopt them in hip fracture risk assessment tools in order to
achieve a better precision in identifying high-risk patients.
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Introduction

Most injuries (87% of fractures) to older adults result from
falls [1, 2]. Hip fracture is one of the most common conse-
quences of falls [3, 4], as the applied force to the femur can
easily exceed the bone strength. Hip fracture has become a
major health problem over the world [5] as it is associated
with significant morbidity, disability, reduced quality of life,
and mortality [6]. It is also a substantial source of long-term
institutionalization [7] and health care expenditure [8].
Statistical studies showed that falls from sideways are the
main cause of hip fractures (63–69% in fall-related fractures)
[5, 9]. Therefore, prediction of sideways fall-induced impact
force to the femur has received much attention in the last two
decades. There are two main approaches to predict the impact
force for hip fracture risk assessment purposes: (a) mathemat-
ical modeling of human body falling and (b) empirical func-
tions. In mathematical modeling, human body dynamic
models are proposed to predict the kinematics of body falling,
determine the impact velocity, and simulate the interaction
between the body and the ground during the impact.
Experimentally derived empirical functions are also proposed
to predict the impact force based on the body parameters,
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mostly body weight, body height, and trochanteric soft tissue
thickness (STT). Although remarkable efforts have been con-
ducted to propose models for predicting the impact force, their
accuracy is still questionable. The limited accuracy is due to
inadequate consideration of joint reactions during the fall, ig-
noring the pre-impact movements of body segments, insuffi-
cient consideration of the effect of subject-specific fall type,
fall direction (forward, backward, and sideways), and contact
site on the magnitude of the impact force, and neglecting how
the cause of fall (slip, trip, or uneven floor) and the initial
conditions (fall from standing height, low stools, stairs, etc.)
affect the kinematics of body segments during the fall. A con-
siderable number of simplifications and assumptions have al-
so been used in modeling, including limited number of links
for analysis of the human body falling and insufficient number
of degrees of freedom for simulating the impact phase by
vibrational models.

Not only the available methods have limitations in
predicting the impact force, impact force itself is not properly
considered as a risk factor in hip fracture risk assessment tools.
For example, the effect of impact force is completely ignored
in areal bone mineral density (BMD) estimation from dual X-
ray absorptiometry (DXA), volumetric BMD from quantita-
tive computed tomography (QCT), and hip structural analysis
(HSA). FRAX® (fracture risk assessment tool) considers the
body weight and body height as rough representatives of the
impact force. Nevertheless, the impact force is not explicitly
calculated in FRAX. Only in 2D and 3D finite element anal-
yses (FEA) of femur, the impact force is directly taken into
account for assessment of hip fracture risk, although with a
limited accuracy. This inadequate consideration may be due to
the limitations of the available models for predicting impact
force and insufficient understanding of the effect of real-life
fall-induced impact force on hip fracture risk. Therefore, in
spite of the importance of the impact force, it seems it has not
received enough attention. This study aims to provide a re-
view on researches invested on predicting the fall-induced
impact force to (1) reveal major challenges and limitations in
modeling of human body falling and characterization of the
interaction between the body and the ground during the im-
pact, (2) shed lights to resolve the current issues and clarify the
missing parameters in the available models, and (3) provide
suggestions for future research studies. To this end, the section
BEffect of impact force on hip fracture risk^ investigates the
range of the fall-induced impact force and the range of the
force that can cause a hip fracture. It also presents the potential
reasons why impact force has not been appropriately consid-
ered as a risk factor in hip fracture risk assessment tools. The
section BHow much impact force differs from subject to
subject^ surveys the parameters that affect the impact force
and evaluates the necessity for subject-specific prediction of
impact force. The section BAvailable models to predict the
impact force^ provides a review on available models for

predicting the impact force and addresses their strengths/lim-
itations. The section BMissing/neglected variables in available
models for predicting fall-induced impact force^ investigates
the missing parameters in the available models and provides
recommendations for future research studies.

Effect of impact force on hip fracture risk

From the biomechanical point of view, the fracture risk de-
pends on the bone strength and the applied force. The fracture
risk is measured by load to strength ratio (LSR) [10, 11] as the
following:

LSR ¼ The applied load
The bone strength

ð1Þ

where the bone strength is themaximum force that the bone
can withstand without fracture and the applied load is the fall-
induced impact force to the hip. If the applied load is greater
than the bone strength (LSR>1), the bone will fracture. In this
criterion, the applied impact force to the femur is one of the
two main determinants of fracture risk [12], and thus, many
researches have been conducted to determine the range of the
fall-induced impact force as well as the range of the force that
can cause a hip fracture. These two parameters are investigat-
ed in the following sections.

Range of the fall-induced impact force to the hip

Fall experiments and dynamic models are the two main ap-
proaches that have been used to determine the range of the
fall-induced impact force. Experimental studies have imple-
mented three methods: (1) voluntary natural fall from standing
height by young adults, (2) pelvis-release experiments to mea-
sure the damping properties of hip soft tissues and predict the
impact force, and (3) fall from a kneeling position to measure
the impact force in a low-severity fall. Apart from the exper-
iments, dynamic models have been developed to determine
the fall-induced impact force. First, the kinematics of body
segments during the fall are simulated by the dynamic models
to determine the hip impact velocity. The velocity is then used
in an impact model to simulate the interaction between the
body and the ground and determine the applied force to the
hip. Table 1 provides a review on the studies conducted to
determine the range of hip impact velocity and force in a fall.

Based on the benchmark works, conducted by Robinovitch
and his colleagues, the average pelvis impact velocity in an
unexpected sideways fall from standing height is 3.0 m/s with
a standard deviation of 1.0 m/s [23], although it can be higher
for some persons, even up to approximately 5 m/s [16]. There
is a positive correlation between the impact velocity and im-
pact force during lateral pelvic impact [13]. The peak impact
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force in a fall from standing height is ranged from 4050 to
6420 N [15]. It may be increased up to 8600 N for an average
individual in a fall from a pelvis height of 0.7 m [13].
However, in a low-severity fall, the impact velocity is approx-
imately 1.0 m/s and the impact force can vary from 1 to 2.5 kN
[24]. Generally, impact velocity of 3.0 m/s (SD = 1) [23] and
femoral force of 5200 N [13] are the mean values in an unex-
pected fall from sideways for an average individual.

There are many uncertainties in an unexpected real fall that
can significantly affect the magnitude of the impact force,
including fall direction (forward, backward, or sideways), ini-
tial conditions of fall, impact site (anterior/posterior side of the
femur or greater trochanter), body stiffness, stiffness of the
floor (hard wood or carpeted), and pre-impact movements to
arrest the fall [21–23, 28]. Therefore, the range of the impact
velocity and impact force may vary from subject to subject
and even for one subject from fall to fall. For example, any
attempt to recover balance, which is common among young
adults, may remarkably affect the impact force. Feldman et al.
[23] showed that even unsuccessful attempts to recover bal-
ance by stepping may affect the magnitude of the hip impact
force. Even holding an object [29] may affect the fall kinemat-
ics and reduce the applied force to the hip. Since people may
experience falls in different environments, they may react dif-
ferently and thus the impact force will be different. Therefore,
if not impossible, it is very difficult to integrate all aspects of
an unexpected real fall in modeling or even experiments.
Hence, the listed results in Table 1 provide a fair estimation
of the force that a subject may experience in a fall from stand-
ing height.

Range of the force that can cause a fracture in a femur

Apart from the studies conducted to find the range of the fall-
induced impact force, tremendous efforts have been devoted
to determine the strength of the femur and evaluate whether or
not the fall-induced impact force is sufficient to cause a hip
fracture. Experimental tests and finite element analysis are the
most common approaches in determining the femoral
strength. Table 2 provides a review on the studies conducted
to determine the femur strength and the range of the force that
can cause a fracture in a femur.

The reviewed studies generally investigated the femoral
strength in single-limb stance and fall loading configurations.
It has been illustrated that the strength of femur is generally
lower under fall loading conditions. From the biomechanical
point of view, the potential reason is that a higher moment is
applied to the femoral neck in the fall loading configuration,
and thus, the fracture occurs under a lower force [37]. Across
the listed studies that investigated the single-limb stance load-
ing configuration, the median femoral strength was 7214 N.
The average femoral strength under fall loading configuration
was 3462 N with a standard deviation of 1520 N (ranged from

573 to 15,034 N) [66]. The structural capacity of the proximal
femur is even sensitive to a slight variation in lateral versus
posterolateral loading angle in a sideways fall, i.e., when the
subject rolls forward/backward. Slightly rolling forward can
increase the load required to fracture the femur [40]. Not only
the loading configuration affects the femoral fracture force but
sex is also an effective parameter on the bone strength. The
femoral strength was reported to be lower in women than in
men. For the studies that male and female data were separated,
the strength of femur was 4027 ± 1464 N for men and 2771 ±
1136 N for women. Age is also an effective parameter in
determining the strength of femur due to its direct correlation
with BMD. For studies that reported age-specific values, the
femoral strength was approximately 40% lower in older adults
(2888 N for subjects with the mean age of 80.9 years vs.
4766 N for subjects with the mean age of 63.9 years).
Loading rate is another effective parameter on the femur
strength. Although there is still an ongoing discussion on
how the femur strength is affected by the load rate [62], frac-
ture force is generally reported to be greater at a higher load
rate [38, 67, 68].

Figure 1 provides a summary of Tables 1 and 2 and com-
pares the range of fall-induced impact force to the hip with the
average femur strength. Concluded from Fig. 1, the median
value of the femoral force in an unexpected fall from sideways
for an average individual (5200 N) is well within or even
beyond the range of the fracture force measured in experimen-
tal studies (3500 N). Therefore, an unexpected lateral fall to
the hip has the potential of fracturing the femur, especially in
the elderly. Accurate prediction of fall-induced impact force is
thus of great significance in developing hip fracture risk as-
sessment tools. However, most of the currently available tools
in clinics ignore the effect of impact force or do not appropri-
ately consider it. The following section investigates how the
impact force is considered in clinical hip fracture risk assess-
ment tools.

Consideration of/neglecting the impact force in hip
fracture risk assessment tools

Among the four dominant biomechanical variables affecting
fracture risk, i.e., risk of fall, impact force, bone quality, and
bone geometry [12], the first two variables are the difficult
ones to be accommodated in assessment of fracture risk.

There are four fracture risk assessment tools currently used
in clinical studies, i.e., BMD (T-score) determined fromDXA,
hip structural analysis (HSA), FRAX (fracture risk assessment
tool), and finite element analysis. Bone densitometry based on
hip DXA is now a well-established method in clinical centers
for monitoring osteoporosis. It is referred to as the “gold stan-
dard” by WHO. However, bone quality is the only effective
parameter in assessing hip fracture risk by T-score. It means if
the bone quality is the same for two subjects who may

2762 Osteoporos Int (2017) 28:2759–2780



T
ab

le
2

R
es
ul
ts
fr
om

st
ud
ie
s
re
po
rt
in
g
th
e
ra
ng
e
of

fe
m
or
al
fr
ac
tu
re

fo
rc
e

St
ud
y

M
ea
n
(S
D
or

ra
ng
e)

ag
e
in

ye
ar
s,
sa
m
pl
e
si
ze

M
et
ho
d
(o
bj
ec
tiv

e
of

th
e
st
ud
y)

M
ea
n
(S
D
)/
ra
ng
e
of

fr
ac
tu
re

fo
rc
e
(N

)

M
en

W
om

en
M
ix
ed

S
m
ith

[3
0]

50
,n

=
1

SF
/O
L
S
(d
et
er
m
in
in
g
th
e
fr
ac
tu
re

fo
rc
e)

43
14
–1
88
26

a
fo
r
O
L
S

26
68
–1
50
34

a
fo
r
S
F

P
hi
lli
ps

et
al
.[
31
]

21
-8
9a
,n

=
39

O
L
S
(d
et
er
m
in
e
th
e
fr
ac
tu
re

fo
rc
e)

26
68
–1
33
44

a

D
al
en

et
al
.[
32
]

n
=
7

n
=
54

67
–
80

a ,
n
=
61

O
L
S
(e
va
lu
at
e
th
e
ef
fe
ct
of

B
M
D
on

th
e
fe
m
ur

st
re
ng
th
)

10
00
–9
75
0a

L
ei
ch
te
r
et
al
.[
33
,3
4]

32
–
83

a ,
n
=
9

56
–
80

a ,
n
=
9

O
L
S
(d
et
er
m
in
e
th
e
fr
ac
tu
re

fo
rc
e)

15
97
–1
27
40

a

A
lh
o
et
al
.[
35
]

n
=
18

n
=
18

57
–
87

a ,
n
=
36

O
L
S
(d
et
er
m
in
e
th
e
fr
ac
tu
re

fo
rc
e)

27
50
–9
61
0a

E
ss
es

et
al
.[
36
]

72
(5
.5
),
n
=
4

73
.7
(1
3.
9)
,n

=
4

72
.9

(9
.8
),
n
=
8

O
L
S
(d
et
er
m
in
e
th
e
fe
m
ur

st
re
ng
th
)

20
00
–9
55
0a

L
ot
z
et
al
.[
37
]

70
.9
(9
.7
),
n
=
7

67
.4
(7
.7
),
n
=
5

69
.4

(8
.7
),
n
=
12

SF
(d
et
er
m
in
e
th
e
fr
ac
tu
re

fo
rc
e)

77
8–
40
39

a

C
ou
rt
ne
y
et
al
.[
38
]

n
=
6c

n
=
7d

n
=
4c

n
=
3d

73
.8

(7
.1
)c

31
.7

(1
2)

d
SF

(e
va
lu
at
e
th
e
ef
fe
ct
of

lo
ad

ra
te
on

th
e
fe
m
ur

st
re
ng
th
)

34
50

(1
34
0)

st
at
ic
lo
ad
in
g
(2

m
m
⁄s)

41
70

(1
59
0)

dy
na
m
ic
lo
ad
in
g

(1
00

m
m
⁄s)

B
ou
xs
ei
n
et
al
.[
39
]

n
=
10

n
=
6

76
(5
9–
96
)b
,n

=
16

SF
(i
de
nt
if
y
th
e
fe
m
or
al
fr
ac
tu
re

lo
ad
)

36
80

(1
54
0)

P
in
ill
a
et
al
.[
40
]

78
(9
.7
),
n
=
33

SF
(e
va
lu
at
e
th
e
ef
fe
ct
of

lo
ad
in
g
di
re
ct
io
n

on
th
e
fe
m
ur

st
re
ng
th
)

40
50

(9
00
)
fo
r
0°

lo
ad

an
gl
e

38
20

(9
10
)
fo
r
15
°
lo
ad

an
gl
e

30
60

(8
90
)
fo
r
30
°
lo
ad

an
gl
e

C
he
ng

et
al
.[
41
,4
2]

67
(1
5)
,n

=
36

71
(1
5)
,n

=
28

69
(1
5)
,n

=
64

SF
(e
va
lu
at
e
th
e
ef
fe
ct
of

B
M
D
an
d
bo
ne

ge
om

et
ry

on
th
e
fe
m
ur

st
re
ng
th
)

46
30

(1
55
0)

fo
r
m
en

31
40

(1
24
0)

fo
r
w
om

en

L
an
g
et
al
.[
43
]

n
=
5

n
=
8

73
(1
1)
,n

=
13

SF
/O
L
S
(A

ss
es
s
th
e
pr
ox
im

al
fe
m
ur

st
re
ng
th
)

57
4–
46
40

fo
r
SF

43
00
–1
36
00

fo
r
O
L
S

K
ey
ak

et
al
.[
44
]

n
=
8

n
=
10

70
.3
a ,
n
=
18

SF
/O
L
S
(i
de
nt
if
y
th
e
fe
m
or
al
fr
ac
tu
re

lo
ad
)

57
3–
46
40

a
fo
r
S
F

31
30
–1
50
00

a
fo
r
O
L
S

B
ou
xs
ei
n
et
al
.[
45
]

78
(1
0)
,n

=
10

82
(1
3)
,n

=
16

81
(1
2)
,n

=
26

SF
(e
va
lu
at
e
th
e
ef
fe
ct
of

B
M
D
on

th
e
fe
m
ur

st
re
ng
th
)

35
93

(1
61
4)

fo
r
m
en

19
97

(1
12
7)

fo
r
w
om

en

K
ey
ak

[4
6]

n
=
7

n
=
10

70
(5
2–
92
)b
,

n
=
17

SF
/O
L
S
(e
va
lu
at
e
th
e
ef
fe
ct
of

lo
ad
in
g

co
nf
ig
ur
at
io
n
on

th
e
fe
m
ur

st
re
ng
th
)

24
00

b
fo
r
S
F

85
00

b
fo
r
O
L
S

L
oc
hm

ul
le
r
et
al
.[
47
]

75
.8
(1
1.
3)
,n

=
42

81
.6
(9
.0
),
n
=
63

79
.3

(9
.9
),
n
=
10
5

SF
/O
L
S
(d
et
er
m
in
e
th
e
fr
ac
tu
re

fo
rc
e)

42
30

(1
53
0)

fo
r
m
en

30
70

(1
06
0)

fo
r
w
om

en

E
ck
st
ei
n
et
al
.[
48
]

n
=
24

n
=
30

79
.0

(1
0.
6)
,n

=
54

SF
(e
va
lu
at
e
th
e
re
pr
od
uc
ib
ili
ty

er
ro
r

of
st
re
ng
th

te
st
s)

39
51

(1
65
9)

H
ei
ni

et
al
.[
49
]

76
.0

(7
.2
),
n
=
20

SF
(e
va
lu
at
e
th
e
ef
fe
ct
of

fe
m
or
op
la
st
y-

au
gm

en
ta
tio

n
on

fe
m
ur

st
re
ng
th
)

24
99

(6
95
)
fo
r
S
F

57
64

(1
39
4)

fo
r
O
L
S

M
an
sk
e
et
al
.[
50
]

69
(1
6)
,n

=
23

SF
(e
va
lu
at
e
th
e
co
rr
el
at
io
n
be
tw
ee
n

bo
ne

ge
om

et
ry

an
d
fe
m
ur

st
re
ng
th
)

43
54

(1
88
6)

Pu
lk
ki
ne
n
et
al
.[
51
]

79
.1
b
,n

=
63

81
.7
b
,n

=
77

81
b
,n

=
14
0

SF
(i
de
nt
if
y
th
e
ge
om

et
ri
c
de
te
rm

in
an
ts

of
fr
ac
tu
re

ty
pe
)

42
09

(3
47
7–
54
68
)a
fo
r
m
en

28
21

(2
29
7–
35
63
)a
fo
r
w
om

en

Pu
lk
ki
ne
n
et
al
.[
52
]

78
(1
1)
,n

=
28

82
(1
1)
,n

=
34

80
(1
1)
,n

=
62

SF
(e
va
lu
at
e
th
e
fe
m
ur

st
re
ng
th

fr
om

ra
di
og
ra
ph
s)

40
79

(1
16
5)

fo
r
m
en

28
79

(1
11
7)

fo
r
w
om

en

Osteoporos Int (2017) 28:2759–2780 2763



T
ab

le
2

(c
on
tin

ue
d)

St
ud
y

M
ea
n
(S
D
or

ra
ng
e)

ag
e
in

ye
ar
s,
sa
m
pl
e
si
ze

M
et
ho
d
(o
bj
ec
tiv

e
of

th
e
st
ud
y)

M
ea
n
(S
D
)/
ra
ng
e
of

fr
ac
tu
re

fo
rc
e
(N

)

M
en

W
om

en
M
ix
ed

L
an
gt
on

et
al
.[
53
]

n
=
8

n
=
10

52
–9
2a
,n

=
18

O
L
S
(i
de
nt
if
y
th
e
fa
ilu

re
lo
ad
)

31
90
–1
50
00

a

B
ak
ke
r
et
al
.[
54
]

85
.6
(8
.6
),
n
=
6

84
.8
(6
.6
),
n
=
6

85
.2

(7
.2
),
n
=
12

SF
(e
va
lu
at
e
th
e
fr
ac
tu
re

in
iti
at
io
n
lo
ca
tio

n)
40
32

(3
70
)

D
ra
go
m
ir
et
al
.[
55
]

63
.6
(1
1.
5)
,n

=
5

65
.8
(9
.3
),
n
=
13

65
.2

(9
.7
),
n
=
18

SF
(i
de
nt
if
y
th
e
fr
ac
tu
re

lo
ad
)

26
47
–5
98
0a

fo
r
m
en

14
09
–6
17
9a

fo
r
w
om

en

B
ui
js
et
al
.[
56
]

65
.9

(6
.5
),
n
=
22

SF
(i
de
nt
if
y
th
e
fe
m
ur

st
re
ng
th
)

16
30
–7
87
0a

K
oi
vu
m
ak
ie
ta
l.
[5
7,
58
]

n
=
20

n
=
41

80
.4

(9
.2
),
n
=
61

SF
(i
de
nt
if
y
th
e
fr
ac
tu
re

fo
rc
e)

15
20
–5
46
0a

N
is
hi
ya
m
a
et
al
.[
59
]

70
.2
(9
.6
),
n
=
5

78
.9
(1
3.
4)
,n

=
15

76
.7

(1
2.
9)
,n

=
20

SF
(i
de
nt
if
y
th
e
fr
ac
tu
re

fo
rc
e)

13
80
–4
34
0a

D
al
l’
A
ra

et
al
.[
60
]

n
=
17

n
=
21

76
(1
2)
,n

=
38

SF
/O
L
S
(d
et
er
m
in
e
th
e
fr
ac
tu
re

fo
rc
e)

38
00
–1
42
00

a
fo
r
O
L
S

14
50
–5
22
0a

fo
r
S
F

M
ir
za
ei
et
al
.[
61
]

36
.5
(1
3.
2)
,n

=
6

30
.2
(6
.7
),
n
=
4

34
.0

(1
0.
6)
,n

=
10

O
L
S
(i
de
nt
if
y
th
e
fa
ilu

re
st
re
ng
th
)

34
30
–1
16
00

a

G
ilc
hr
is
te
ta
l.
[6
2]

82
.0
(1
2.
7)
,n

=
2

77
.2
(9
.9
),
n
=
19

77
.6

(9
.9
),
n
=
21

SF
(e
va
lu
at
e
th
e
ef
fe
ct
of

lo
ad
in
g
ra
te

on
fe
m
ur

st
re
ng
th
)

23
90

(1
41
0-
37
20
)a
fo
r
im

pa
ct
lo
ad
in
g
ra
te

31
50

(2
17
0-
53
00
)a
fo
r
fa
st
lo
ad
in
g
ra
te

24
20

(1
46
0–
44
40
)a
fo
r
sl
ow

lo
ad
in
g
ra
te

A
ri
za

et
al
.[
63
]

73
,n

=
1

76
.1
(1
0.
9)
,n

=
14

75
.9

(1
0.
6)
,n

=
15

SF
(i
de
nt
if
y
th
e
fr
ac
tu
re

lo
ad

by
dr
op

to
w
er

ex
pe
ri
m
en
ts
)

14
70
–3
72
0a

G
ra
ss
ie
ta
l.
[6
4,
65
]

40
.0
(2
5.
5)
,n

=
2

40
.0

(2
5.
5)
,n

=
2

O
L
S
(i
de
nt
if
y
th
e
fa
ilu

re
lo
ad
)

10
61
9
(3
90
8)

A
ve
ra
ge

ac
ro
ss

al
lt
he

st
ud
ie
s

73
.9

78
.5

76
.6

–
34
62

fo
r
S
F

72
14

fo
r
O
L
S

SF
ex
pe
ri
m
en
ts
on

ca
da
ve
ri
c
fe
m
ur

un
de
r
si
de
w
ay
s
fa
ll
lo
ad
in
g
co
nd
iti
on
s,
O
LS

ex
pe
ri
m
en
ts
on

ca
da
ve
ri
c
fe
m
ur

un
de
r
on
e-
le
g
st
an
ce

lo
ad
in
g
co
nd
iti
on
s

a
R
an
ge

is
pr
ov
id
ed

b
SD

is
no
tp

ro
vi
de
d

c
E
ld
er
ly

su
bj
ec
ts

d
Y
ou
ng

su
bj
ec
ts

2764 Osteoporos Int (2017) 28:2759–2780



experience different impact forces in falls from standing
height because of the differences in their physical attributes,
T-score predicts the same fracture risk for both. Therefore, this
method does not take the effect of impact force into consider-
ation for assessing the risk of hip fracture.

The HSA is constructed based on the principle that a line of
pixel values across the bone is summed up in the projected
DXA image [69]. Bone quality and bone geometry are the
only effective parameters in HSA. Similar to the T-score esti-
mation, HSA does not consider the effect of impact force in
assessment of hip fracture risk.

FRAX integrates 12 clinical risk factors to assess the frac-
ture risk for an individual, including age, sex, weight, height,
previous fracture, parental hip fracture history, current
smoking, glucocorticoids, rheumatoid arthritis, secondary os-
teoporosis, alcohol consumption, and femoral neck BMD [12,
70]. Although body weight and body height are two of the
determinants of impact force and they are indeed included in
FRAX, other effective parameters are neglected.

In the FE analysis, introduced to orthopedic biomechanics
in 1970s [71], load/constraint conditions are applied to the
model, constructed from DXA/QCT image, to calculate the
strain and stress distribution in the proximal femur and assess
the fracture risk. Compared to other clinical assessment tools,
FE analysis considers the effect of impact force more appro-
priately and this is one of the potential reasons why its accu-
racy is more convincing [12]. However, many effective pa-
rameters are still neglected or not appropriately considered in
calculating the impact force, including body segment anthro-
pometric parameters, kinematics of body segments during the
fall, nature and direction of the fall, initial conditions of the
fall, body configuration before the impact, action of joints,
energy absorption during the impact, etc.

It has been demonstrated [12] that in most of the clinical
fracture risk assessment tools, bone quality and bone geome-
try have received much more attention than the impact force.
Potential reasons are threefold: (1) difficulties in predicting the
subject-specific fall scenario, (2) limitations of the available
methods in predicting the impact force, and (3) insufficient
investigation of the direct effect of real-life fall-induced im-
pact force on hip fracture risk. In order to facilitate the appro-
priate consideration of impact force in hip fracture risk assess-
ment tools, there is a need tomodify the available impact force
predictors. Before that, it should be well-understood what

parameters affect the impact force and how much they differ
from subject to subject. The following section evaluates the
necessity for developing a subject-specific impact force
predictor.

How much impact force differs from subject
to subject

Robinovitch et al. [13] illustrated that the peak force in a
lateral pelvis impact is a function of (1) impact velocity, (2)
effective pelvis mass (i.e., the mass of the pelvis and
connecting structures which contribute to the impact loads),
and (3) effective pelvis stiffness (i.e., the in-series stiffness of
the soft tissue–femur–pelvis complex). All these parameters
are interestingly dependent on a complex combination of body
parameters [27]. Changes in any of these three factors may
significantly affect the magnitude of the applied force to the
femur.

Impact velocity

Impact velocity has a positive correlation with body weight
and body height. It indicates that heavier and taller subjects
experience a higher impact velocity in a fall from standing
height. Greater weight and height increases the initial potential
energy, which is converted to the kinetic energy at the impact
instant and increases the impact velocity and subsequently the
impact force. The effects of weight and height on the impact
force are even different between men and women. As a result
of a biomechanical statistic [27], body weight has a greater
effect on the impact force in men than in women. One of the
potential reasons for this phenomenon is that the stiffness/
damping properties of the body during the impact are differ-
ently associated with the STT in men and women. Heavy and
tall men not only have thinner hip soft tissues than women,
they generally have stiffer tissues [25]. It may be due to the
difference in muscle/fat content between men and women
(higher muscle content in men compared to women) [13, 72,
73]. Therefore, body anthropometric parameters may signifi-
cantly affect the impact velocity and impact force.

Cause of fall, that is significantly different in individuals
with different age and life style, can also remarkably affect the
impact velocity and thus the magnitude of the force applied to
the femur. Incorrect weight shifting is the most important
cause of fall among the elderly [74] while the cause of fall
may be different in younger adults. Differences in the cause of
fall affect the initial conditions, i.e., trunk angle and gate ve-
locity (e.g., falls from standing or during walking), and sub-
sequently change the impact velocity. The cause of fall may
also affect the duration of the fall that can limit the time for the
individual to effectively break the fall with hands or knees.
Even if two subjects experience a fall from the same initial

Fig. 1 Box plot showing median, quartiles, and range of lateral fall-
induced impact force to the hip in comparison with the median femur
strength
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conditions, they may react differently to decrease the severity
of the fall, based on their physical abilities, age, and knowl-
edge of effective pre-impact movement strategies. Therefore,
impact velocity, as one of the most effective factors on the
impact force, can significantly vary from subject to subject.

Effective mass during the impact

Apart from the impact velocity, effective mass, i.e., the mass
of that part of the body that moves downwards and contributes
to the impact load [13, 14], also changes the magnitude of the
force applied to the femur. It is the summation of the effective
masses of all body segments at the impact moment [14].
Greater effective mass increases the impact force. In determin-
ing the effective mass, the position and orientation of all body
segments before the impact are considered in a mathematical
model to correlate the vertical position of the hip with its
vertical acceleration [75]. Body configuration at the impact
instant can thus significantly affect the effective mass. For
example, less vertical orientation of the trunk [76] and smaller
flexion-extension knee angle (i.e., the angle between the
shank and the thigh) [77] can decrease the effective mass
and subsequently the impact force. Body segment anthropo-
metric parameters, such as mass, mass center, and mass mo-
ment of inertia, are other determinants of the effective mass.
Heavier and longer body segments, i.e., shank, thigh, and
trunk, have more contribution to the total effective mass
[78]. The overall body configuration is another effective fac-
tor. Generally, individuals with upside-down pear-shaped
body configuration have a greater effective mass during the
impact compared to individuals with pear-shaped body con-
figuration [78]. Therefore, the effective mass may also re-
markably vary from individual to individual.

Effective pelvis stiffness

The interaction between the body and the ground in the impact
stage of a fall is a combination of hyperelastic behavior of the
hip soft tissues, fat, skin, muscle, cartilage, and ligaments [79,
80] and visco-elasto-plastic response of the bone [67, 81].
This complex interaction has been mostly simulated by
damped vibrational systems, composed of springs and
dampers [13]. The spring-damper combination represents the
stiffness and damping properties of the soft tissue–femur–pel-
vis complex that has a significant influence on the amount of
absorbed energy during the impact. Table 3 provides a review
on the studies that investigated the variation of body stiffness
and absorbed energy among different individuals.

As shown in Table 3, body stiffness and damping coeffi-
cient remarkably varies among different individuals since it is
affected by trochanteric soft tissue thickness (STT), BMI,
body configuration at the impact instant, landing surface, con-
dition of muscles (relaxed/contracted), etc. Among all

parameters, body mass index, trochanteric soft tissue thick-
ness, and muscle conditions are the most effective factors on
the body stiffness during the impact. It has to be pointed out
that the effective pelvis stiffness not only depends on the body
parameters but also on the force-deflection and force-velocity
properties of the pelvis and the ligaments connecting the pel-
vis to the trunk and thigh [13, 18]. Age [90] and sex [27] also
affect the pelvis stiffness and subsequently the hip fracture risk
(Fig. 2). For example, if a man and a woman in similar range
of age with the same trochanteric soft tissue thickness and
effective mass experience a lateral fall with the same impact
velocity, the impact force for the male subject is generally
higher than that for the female subject [25, 27]. It indicates
that the amount of absorbed energy during the impact is af-
fected by sex due in part to the differences in the muscle/fat
content in the hip region. In addition to the mentioned param-
eters, floor surface may also change the magnitude of the
impact force [89]. The floor can be hard wood or carpeted that
affects the amount of absorbed energy during the impact, and
thus, people with different life styles may experience different
impact forces in falls on the hip.

Since the body stiffness is one of the most dominant pa-
rameters affecting the pelvis stiffness and subsequently the hip
fracture risk, many studies have devoted to wearable protec-
tive pads [66, 91–93]. Hip protectors significantly contribute
in attenuating the impact energy and may reduce the axial
compressive force induced to the femur by 20% [94] and the
peak pressure by 70% [95], especially for low BMI subjects
who generally do not have thick trochanteric soft tissues.
Research studies have thus shown that these pads can remark-
ably reduce the risk of fall-induced hip fracture.

In general, impact velocity, effective mass, and effective
stiffness as determinants of the hip impact force are influenced
by age, sex, body anthropometric parameters, body configu-
ration at the impact instant, pre-impact movements, hip soft
tissue thickness, and muscle conditions, and thus, the impact
force significantly varies from subject to subjects. Since the
impact force may remarkably affect the risk of hip fracture,
accurate subject-specific prediction of impact force can be
considered as of great significance in improving hip fracture
risk assessment tools.

Available models to predict the impact force

The available models in the literature to simulate the body
falling are generally composed of two parts: (a) a dynamic
model to simulate the kinematics of body segments during
the fall and (b) an impact model to simulate the interaction
between the body and the ground. In this section, a review is
provided on the available dynamic and impact models for
simulating the body falling and their strength/weaknesses are
investigated.
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Human body dynamic models for simulating the fall

The purpose of dynamic models, presented in the literature, is
to predict the hip impact velocity in a fall. The simplest yet
effective biodynamic models for simulating the lateral fall are
point-mass (Fig. 3a) and one-link single-degree of freedom
(DoF) (Fig. 3b) models based on energy conservation [14].
The hip impact velocity is calculated by equating the available
potential energy at the onset of the fall to the potential and
kinetic energy at the impact moment. Assuming the location
of the hip at the middle of the body, the hip impact velocity by
the point-mass and the one-link model are respectively repre-
sented by Eqs. (2) and (3), where hcg is the height of the centre
of gravity of the body.

V ¼ 4:43
ffiffiffiffiffiffi
hcg

p ð2Þ
V ¼ 3:84

ffiffiffiffiffiffi
hcg

p ð3Þ

Both models have a single DOF and the only difference is
that in the point-mass model the mass falls vertically while the
one-link model includes the effect of rotational energy.
Equations (2) and (3) show that by a slight change in the
assumptions, the resulted velocities are considerably different.

A two-link model has also been proposed to represent low-
er extremity (leg segment) and upper extremity (trunk), inter-
connected by a hinge at the hip joint [14]. The trunk orienta-
tion may vary prior to impact, and thus, two different config-
urations are considered for the trunk angle, i.e., vertical
(Fig. 3c) and 45° (Fig. 3d). The hip impact velocity in vertical
and 45° configuration of the trunk is respectively represented
by Eqs. (4) and (5), where h is the total body height.

V ¼ 3:24
ffiffiffi
h

p
ð4Þ

V ¼ 2:72
ffiffiffi
h

p
ð5ÞT
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Fig. 2 Femoral fracture risk at various levels of BMI (kg/m2) for 50 men
and 80 women (reproduced from [27] with permission). Fracture risk
increases with decreased BMI (but with different trends in men and
women) due to the lower capacity of hip soft tissues to absorb impact
energy
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Inspired by a pioneering work performed by Kroonenberg
et al. [14], a three-link model is also proposed [77, 78, 96] to
simulate the motion of shank, thigh, and trunk in a fall from
sideways (Fig. 3e). In this model, the body is represented as an
open chain of three links connected by frictionless hinges
[14]. This model has two rotational degrees of freedom for
the hip, i.e., flexion/extension and abduction/adduction, one
flexion/extension degree of freedom for the knee, and an
abduction/adduction degree of freedom for the ankle.
Rotational springs are incorporated in the hinges to account
for muscle forces acting on the joints. Required body segment
anthropometric parameters, including length, mass, mass cen-
ter, and mass moment of inertia, are derived from the whole-
body DXA image of the subject [77, 97] and are assigned to
the corresponding links. Inverse-dynamic approach was used
to take the effect of hip and knee joint torques into account
[98]. Subject-specific consideration of body segment anthro-
pometric parameters and joint torques improved the accuracy
of the model in predicting the hip impact velocity [77, 78].

More complex models have also been introduced to simu-
late the fall from sideways and determine the impact velocity.
Lo and Ashton-Miller [99] proposed an 11-link model, includ-
ing shanks, thighs, pelvis, trunk, head, upper arms, and fore-
arms, to simulate the lateral fall from standing height (Fig. 3f).
The rigid segments were connected by frictionless hinges
(knees, neck, and elbows), universal (waist and shoulder),
and ball-and-socket joints (hips). The rotational joint torques
were simulated by a pair of agonist and antagonist joint mus-
cle torque actuators. Table 4 shows the range of error for
available models in predicting the hip impact velocity in a fall
from sideways.

Comparison between the error of different models in
Table 4 shows that increasing the complexity of the model
does not necessarily result in improved predictions. For exam-
ple, the accuracy of the two-linkmodel (with the 45° jackknife
configuration) in predicting the impact velocity is greater than
that of the three-link model (A) [14]. Therefore, increasing the
number of links without a proper consideration of the joint

Fig. 3 a Point-mass, b single-
link, c vertical trunk, and d 45°
trunk model for simulating the
body falling from standing height
[14]. e Projection of three-link
human body dynamic model on
sagittal and coronal plane
(reproduced from [77] with
permission). fRight posterolateral
view showing the 11-link
dynamic model to simulate
sideways body falling
(reproduced from [99] with
permission)
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torques may even increase the uncertainties of the model and
thus reduces the accuracy of predictions. The error of the
three-link model (C) (3–10%) [78] is lower than that of
three-link model (A) and (B) that indicates the significance
of subject-specific consideration of effective parameters in
modeling. However, the three-link model (C) is validated by
only three subjects due to the difficult nature of the performed
fall experiments. Further validations for this model can im-
prove its application in clinical studies. The error of the 11-
link model that simulates the kinematics of all body segments
[99] is 2–27% in predicting the hip impact velocity, which
seems to be the most accurate model among the available
ones. Therefore, the number of links and consideration of joint
torques and subject-specific body segment anthropometric pa-
rameters are the factors that together can effectively improve
the ability of the model in predicting the hip impact velocity in
a fall. Although increasing the number of links with proper
consideration of joint torques improves the accuracy of pre-
dictions, it also increases the complexity of the model and
subsequently the computational time and storage. Since the
models are being used in clinical applications, a combination
of model complexity, model accuracy, computational efficien-
cy, and ease of adopting in clinics should be considered to
select an appropriate dynamic model for hip fracture risk as-
sessment tools.

Models to simulate the impact stage of a fall and determine
the impact force

A benchmark work by Robinovitch et al. [13] simulated the
interaction between the body and the ground by a single-
degree of freedom damped vibrational system as shown in
Fig. 4a. m is the effective mass and K and b are, respectively,
body stiffness and damping properties, that are determined
from force-deflection and force-velocity properties of the tro-
chanteric soft tissues, muscles of the pelvis, abdomen, lower
legs, and the skeletal components [13]. This is the simplest

effective model capable of simulating the oscillatory response
of the body during the impact stage of a fall.

Robinovitch and colleagues also proposed three nonlinear
single-degree of freedom (DOF) shock-absorbing systems for
simulating the impact stage of a fall [19], i.e., Voigt support
model (Fig. 4b), Maxwell support model (Fig. 4c), and stan-
dard linear solid support model (Fig. 4d). Results showed that
theMaxwell and standard linear solid support models are better
predictors of the peak impact force. Trunk-straight and trunk-
flexed configurations of the hip during the impact were also
simulated by a two DOF model (Fig. 4e) in order to determine
the distribution of contact force to the hip [18]. This model
considered both compressive and flexural motion of the body
during the impact where both compressive stiffness and
damping coefficients were significantly greater than flexural
ones. Results showed that with the flexed trunk, the stiffness
and the applied force to the hip are significantly increased. The
increase in the stiffness is due to the changes in the geometrical
relations between femur, pelvis, and supporting ligaments [18].
Also, in the trunk-upright configuration, a larger trunk mass is
located closer to the hip that remarkably increases the effective
mass during the fall [18]. Although the implemented damper in
the vibrational models is to take the effect of damped energy
into account, experimental studies showed that the proximal
femur region absorbs the vast majority of the impact energy,
and only 15% of the total impact force is applied to structures
surrounding the hip [18].

Force-deflection properties of the pelvis are also measured
in vivo by Robinovitch et al. [13, 18] and Laing et al. [24] to
evaluate whether characterization of nonlinearities in stiffness
affects the accuracy of a mass-spring model in predicting the
peak impact force. Results demonstrated that the force-
deflection is slightly nonlinear (limited to force below 300 N),
characterized by increasing stiffness as deflection increases.
However, for loads beyond 300 N stiffness remained constant.

The characteristics of the introduced impact models are
determined from pelvis-release experiments with living
humans [13, 17, 18, 24, 25, 28, 89, 90, 94, 95], cadaver-

Table 4 Range of error in predicting the hip impact velocity in sideways falls

Method Relative error in predicting the hip
impact velocity in sideways falls

Point-mass one degree of freedom [13, 14] 42% <error<58%

One-link one degree of freedom [14] 23% <error<37%

Two-link model (vertical jackknife) [14] 45% <error<62%

Two-link model (45° jackknife) [14] 22% <error<36%

Three-link model (A) without taking the joint torques into account [14] 48% <error<61%

Three-link model (B) with consideration of the muscle torques in the knee joint [14] 34% <error<46%

Three-link model (C) with consideration of the subject-specific anthropometric
parameters and muscle torques in hip and knee joint [77, 78]

3% <error<10%

11-link model with joint torques at knees, hips, shoulders, neck, elbows, and waist [99] 2% <error<27%
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based studies [15], or surrogate human pelvis-pendulum-foam
soft tissue [19, 66]. Each approach has its own advantages and
limitations. The chief strength of the cadaver-based studies is
that the cadaver can be subjected to the impact force occurring
in real-life falls without any limitation or simplification in
performing the experiments. However, the response of the
cadaver may considerably differ from that of the living hu-
man, due to the post-mortem changes in the skin and fat in the
hip region, lack of active/passive joint muscle actions, and
lack of cognition to avoid the fall by real-life pre-impact
movements. Furthermore, kinematic constraints are required
in order tomimic a real-life fall by a cadaver that will affect the
dynamic response [18]. The main weakness of using living
humans is that the experiments can only be performed at safe
loading levels, which is approximately 250 N [18]. The po-
tential issue is that trochanteric soft tissues show nonlinear
force-deflection and force-velocity properties only at low
force region (0–300 N) [24] while the response of body at
the low force regime is not the representative of that occurring

in an actual fall [18]. Furthermore, experiments are only con-
ducted on young adults and the results may not be interpret-
able for the elderly. For experiments on foam as a surrogate of
human soft tissues, again results may significantly differ from
what is happening in real-life falls, due to the remarkable
differences between the structure of foam and human soft
tissues. The other limitation for pendulum experiments with
femur covered by foam is that it only simulates the effect of
trochanteric soft tissues in attenuating the impact energy,
while in a real-life fall, energy absorption during the impact
is a complicated mechanism where other structures also con-
tribute, including pelvis, muscle and ligaments that connect
the pelvis to the trunk and lower limbs, and femur [18].

In addition to the aforementioned models, Lo and Ashton-
Miller proposed formulas (Eqs. (6) and (7)) to separately cal-
culate the stiffness and damping of soft tissues and boney parts
for body segments that could potentially impact the ground,
such as heels, knees, greater trochanters, pelvis, shoulders,
thorax, elbows, wrists, and head [99, 100].

K ¼ 3:5 MN
.
m

3
� �

B ¼ 6 m
.
s

� �−1

8><
>: ; for soft tissue impact over the lateral; anterior and posterior surfaces of the pelvis; thorax; and shoulders: ð6Þ

K ¼ 10:0 MN
.
m

3
� �

B ¼ 7 m
.
s

� �−1

8><
>: ; for boney tissue impact at the heel; knee; greater trochanter; elbow;wrist; and head: ð7Þ

Although specific determination of the stiffness and
damping properties of each body part during the impact can
remarkably increase the accuracy of predictions, these

properties are not the same for all subjects. As an instance,
the stiffness and damping of the anterior and posterior surfaces
of the pelvis, thorax, and shoulders can considerably differ

Fig. 4 aMass-springmodel, bVoigt support model, cMaxwell support model, and d standard linear solid support model for simulating the impact stage
of a fall. e Trunk-straight and trunk-flexed configuration in pelvis-release experiments (reproduced from [18] with permission)
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between overweight and underweight subjects and also be-
tween men and women [27], while Eqs. (6) and (7) consider
the same stiffness and damping for all individuals.

Apart from the introduced vibrational models to simulate
the impact stage of a fall, two empirical equations are also
proposed to predict the peak impact force in a lateral fall.
Equation (8) is proposed by Kroonenberg et al. [14], where

n ¼ V

ffiffiffiffiffiffiffiffiffiffi
71000
EMð Þp

9:81 , V ¼ 2:72
ffiffiffi
h

p
, ω = π − tan−1n, me is the effec-

tive mass (0.35 of body weight), and V is the impact velocity.

Fpeak ¼ me � g � nsin ωð Þ−cos ωð Þ þ 1ð Þ ð8Þ

Equation (9) is obtained by Robinovitch et al. [13] and
extrapolated by Yoshikawa et al. [101], where h is body height
in centimeters and W is body weight in Newton.

Fpeak ¼ 8:25�W �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h
170

� �s
ð9Þ

The effective parameters in both empirical equations are
body weight and body height. Ignoring other effective param-
eters, such as trochanteric soft tissue thickness, influences the
accuracy of the equations in predicting the peak impact force
[77].

A method is also proposed by Robinovitch et al. [15] to
consider the effect of hip soft tissues in attenuating the force
applied to the greater trochanter. They suggested that for each
millimeter increase in tissue thickness, peak force at the great-
er trochanter level decreases by 71 N. In most FE analyses of
the proximal femur, a combination of Kroonenberg and
Robinovitch method is implemented to predict the force ap-
plied to the femur in a sideways fall as follows:

Fpeak ¼ me � g � nsin ωð Þ−cos ωð Þ þ 1ð Þ−71� STT ð10Þ

Although it is a simplification to combine Eq. 8 with
Robinovitch method, as in study of Robinovitch et al. [15],
the difference between the forces at soft tissue surface and at
the greater trochanter was not reported to be 71 N/mm; how-
ever, Eq. 10 is the most common method for determining the
fall-induced impact force in hip fracture risk assessment tools.
Results of hip fracture studies, particularly FE analyses,
proved the effectiveness of this formula in estimating the
fall-induced impact force to the hip.

Furthermore, a subject-specific damped vibrational model
has been proposed [77] to simulate the interaction between the
body and the ground. The stiffness and damping properties of
the impact model are derived subject-specifically considering
the gender of the individual, as well as the thickness of tro-
chanteric soft tissues [27]. However, several simplifications
are still used in modeling, including the limited number of
degrees of freedom and neglecting the risk of fall and pre-
impact movement strategies. Whole-body DXA image is also

needed by this model that may affect its applicability in
clinics.

Missing/neglected variables in available models
for predicting fall-induced impact force

A fall has three phases: (1) the instability phase, (2) the de-
scent phase, and (3) the impact phase [17, 102]. There are
many variables in each of these phases that may significantly
change the kinematics of the fall and subsequently the impact
force. In this section, missing parameters in currently available
models for predicting the impact force are investigated and
suggestions for future studies are provided.

Instability phase

Instability phase is directly affected by the cause of fall. Most
of the models are focused on determining the mechanics of fall
without considering how and why the fall occurs. The com-
mon causes of falls among the elderly are incorrect weight
shifting (41%), trip or stumble (21%), hit or bump (11%), loss
of support (11%), collapse (11%), and slipping (3%) [74].

Elderly people mostly initiate the fall because of incorrect
transfer or shifting of body weight. As an instance, elderly
with walkers who are standing and want to initiate a turn by
rotating the walker are likely to lose their balance as the center
of gravity is moved outside the base of support [74]. Trip and
stumble are mostly attributed to foot catching on the ground
and difficulty in raising the foot [74]. Collisions with environ-
mental objects and being pushed or pulled by another person
are the most common causes of falls by hit or bump [74]. The
cause of fall affects the initial conditions of the faller, the
direction of the fall, i.e., sideways, forward, and backward,
the kinematics of body segments during descent phase, possi-
bility of using pre-impact movement strategies, and thus the
magnitude of the impact force. As an instance, the possibility
of stepping, squatting, forward walking, sitting down, and use
of knees to break the fall is different in falls from different
directions. Also, a fall due to trip, stumble, or slipping may
cause a greater impact force compared to a fall due to incorrect
weight shifting as the initial velocity at the moment of loss of
balance is greater and the time to effectively arrest the fall is
shorter. Common activities at the time of fall initiation, i.e.,
walking forward, standing quietly, sitting down, and initiation
of walking [74], and gate speed also affect the instability
phase. It has been demonstrated that slips and faints lead to
forward falls at fast gate speed. However, at lower gate speed,
slips and faints result in sideways falls with impact on the hip,
suggesting a greater risk for hip fracture [103]. Not only the
cause of fall varies among different subjects due to the differ-
ences in the life style and thus environmental hazards but also
one individual may experience falls with different initial
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conditions. Therefore, if not impossible, it is very difficult to
consider the subject-specific cause of fall for hip fracture risk
assessment purposes. That is the potential reason why the
cause of fall is totally neglected in hip fracture risk assessment
tools. Determining the age-based most frequent initial condi-
tions using database of video-captured falls [74] may be
implementable for the dynamic models to predict the impact
force for a subject with a specific age. Another reasonable way
is to consider the most common cause of fall among the elder-
ly (incorrect weight shifting [74]) and extract the correspond-
ing initial conditions to be used for prediction of the impact
force in hip fracture risk assessment tools. Also, an investiga-
tion can be conducted to find the most dangerous and sever
cause of fall among the elderly to be adopted in impact force
predictions. So far, results of typical falls of young adults on a
thick foam mattress have been used for determining the initial
conditions of a fall from sideways [14, 16, 23]. However,
findings of video capture of the circumstances of falls in the
elderly people [74] can be more useful in extracting the initial
conditions of a real-life fall. Improving estimation of the initial
conditions based on the most frequent cause of fall may in-
crease the accuracy of predicted impact force and hip fracture
risk.

Descent phase

Descent phase is between the instant of instability and the
impact moment. The most important parameters in this phase
that change the magnitude of the impact force are the action of
joints and the use of body segments to arrest the fall, i.e., pre-
impact movement strategies. Rotational springs [14] and time-
dependent functions [78, 98] have been proposed to be
accounted for the action of hip and knee during descent.
However, one of the criticisms of the currently available
methods is that the action of joints is not considered subject-
specifically while joint actions may significantly vary from
subject to subject. Sedentary individuals may less properly
use their joints to decrease the severity of the fall compared
to athletes. The joints action during the descent phase may
also be culture-dependent. In many Asian countries, people
frequently adopt floor sitting in their daily living activities
[104, 105], and thus, they may be more experienced in effec-
tively using their body segments to control their balance by
applying appropriate torques in their joints. This experience
may help them to more appropriately react during the descent
phase. The age is another effective parameter, i.e., younger
subjects may be able to more properly use their joints to de-
crease the severity of the fall [23].

Pre-impact movements can also remarkably influence the
hip impact force. Although any fall from standing height can
potentially lead to a hip fracture, only less than 2% of falls in
older adults result in hip fracture [106], suggesting that pro-
tective responses can effectively reduce the severity of the fall

and facilitate safe landing. Breaking the fall using outstretched
hands and stepping are the most common strategies to reduce
the impact force in young adults [23, 107]. These strategies
can be more effectively implemented in sideways and forward
falls [21, 100, 108, 109]. Impacting with knees [23], forward/
backward rotation [21], squatting [22], eccentric contraction
of lower extremity muscles [20], and knee extension during
the final stage of descent [20] are other strategies to reduce the
severity of the fall. It has been demonstrated that the hip im-
pact force can be reduced by 56% if the subject uses the knee,
hip, and spine rotations to arrest a lateral fall [99]. The reasons
for this force reduction include distribution of the impact over
a large body area and allowing more time for dissipation of the
impact energy [99]. Experimental studies showed that martial
arts, such as changing the fall into a rolling movement, can
also reduce the hip impact force by 27 – 30% [76]. Holding an
object to break the fall is another common activity that may
significantly change the kinematics of fall [29] and subse-
quently reduce the applied force to the hip. Not only the nature
of the protective responses affects the magnitude of the impact
force but reaction time also influences their effectiveness.
Increase in reaction time among the elderly may explain
why many hip fractures occur among the older adults but
few occur among younger people [107]. Table 5 provides a
review on how pre-impact movements can change the magni-
tude of the impact force.

Although using body segments to break the fall is quite
common as an inherent activity, pre-impact movement strate-
gies have not been appropriately considered in available
models for predicting the impact force. Concluded from
Table 5, the action of an individual to arrest the fall may
significantly differ from fall to fall based on many parameters,
including the cause and initial conditions of fall that affect the
duration of the descent phase, environmental parameters such
as the darkness of the room that affects the implementation of
the pre-impact movement strategies, subject’s physical ability,
subject’s knowledge of pre-impact movement strategies, and
the level of cognition of the faller during the descent phase.
Therefore, it is impossible to consider the subject-specific pre-
impact movements in dynamic models for determining the
impact force. Again, the applicable method is to determine
the most frequent reaction of the elderly during the descent
phase to be considered in modeling. As initiated by Choi,
Wakeling, and Robinovitch [116], the valuable recorded
videos of real-life falls [74] can be used to identify common
pre-impact movements to arrest the fall. Then, mathematical
modeling of the pre-impact movements can be added to the
impact force predictors for more reliable hip fracture risk as-
sessment. Although hip fracture risk assessment tools are be-
ing used in clinics for individuals with varying range of age,
the elderly are mostly prone to hip fracture due to the higher
risk of fall, lower chance to effectively break the fall, and
lower BMD. It may help explain why this study recommends
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using the elderly database for improving the impact force
predictors.

From Table 5, not only martial art fall techniques can sub-
stantially reduce the impact force but also learning them may
reduce the fear of falling that can result in prevention of falls.
Surprisingly, learning martial art fall techniques is achievable
in a very short time [113], even for the elderly people [114]. It
has been demonstrated that older individuals can learn the
basics of protective fall techniques within five weekly training
sessions [114]. Nevertheless, instructing/learning fall tech-
niques has not received much attention since its importance
has not been emphasized. Future studies can invest on intro-
ducing new martial art fall techniques and propose guidelines
for vastly implementing them among the elderly.

Impact phase

The last phase in a human body falling is when the hip impacts
the ground. Fall direction that affects the boundary conditions
of the proximal femur in the impact phase is an important
parameter in simulating the proximal femur under fall-
induced impact force. As an instance, in an impact with the
lateral aspect of the hip, the force is applied to the greater
trochanter while in a forward/backward fall the force is ap-
plied to the anterior/posterior aspect of the femur. Evidence
showed that the impact during the fall to the sides, as opposed
to the anterior/posterior aspect of the pelvis, substantially in-
creases the risk for hip fracture [21]. Surprisingly, more than
60% of hip fractures are caused by sideways falls [5, 9], al-
though the number of forward falls is three times that of lateral
falls [1, 117]. The magnitude of the impact force is also influ-
enced by the impact site. Potential reasons are the difference in
the thickness of soft tissues overlying the hip in lateral, ante-
rior, and posterior aspects of the hip and the difference in
boundary conditions of the femur during the impact. Other
effective parameters in the impact phase are the condition of
muscles (relaxed/contracted), the portion of muscles and lig-
aments that contribute to the impact which is depended on the
landing surface, abdominal and thoracic viscera, flexural de-
formation of the spine, and muscular connections between the
trunk and the thigh [18]. The hardness of floor is also an
effective parameter in the impact stage. Falling on a hard floor
and a carpet does not lead to a same impact force. Again, it is
not applicable to consider the impact site, muscle conditions,
and floor hardness, subject-specifically, as these parameters
are not constant for an individual. Therefore, lateral fall on a
hard floor as the most sever scenario can be considered in
impact force predictors. Also, the structure of muscles and
ligaments peripheral to the hip and the joint torques that the
individual applies during the impact is very complex to be
taken subject-specifically into account for determining the im-
pact force. There is a controversy between the effect of muscle
conditions and pre-impact movements to reduce the severity

of the fall. Although results of fall experiments have shown
that impact with relaxed muscle will cause a safer landing [13,
17], any reaction in the lower extremity to arrest the fall may
contract the muscles peripheral to the hip. Therefore, a com-
prehensive research is in need to determine how the muscle
conditions and pre-impact movements should compromise to
reduce the impact force.

One of the criticisms of the available models in predicting
the impact force is that only the thickness of hip soft tissues
has been considered for determining the attenuated impact
energy. Studies on impact stage of human body falling have
shown that a complex combination of interdependent body
parameters can also influence the attenuated energy, including
the fat and muscle content, age- and sex-related properties of
soft tissues, flexural deformation of the spine, connection be-
tween trunk and lower limb, muscle conditions (relaxed/
contracted), and landing surface [13, 15, 18, 24, 27, 78, 80,
90]. Therefore, future studies are still in need to determine the
subject-specific stiffness/damping properties of the body for
accurate prediction of fall-induced impact force.

Furthermore, research studies have mostly been focused on
determining the peak impact force applied to the femur in a
sideways fall. Since our understanding of the visco-elasto-
plastic properties of the bone has recently been improved
[38, 67, 68, 81, 118–120], prediction of the impact force time
history may significantly improve the accuracy of future FE
models in hip fracture risk assessment. Although considerable
amount of studies have devoted to determine the strain-
dependent properties of bone, these properties have not been
adequately implemented in hip fracture risk assessment tools.
Predicting the time history of impact force is much more help-
ful when the strain-dependent bone failure material properties
are well investigated.

Conclusions

Sideways fall-induced impact force is one of the important
determinants of hip fracture risk. Nevertheless, the available
methods have limitations in predicting the impact force. These
limitations are mostly due to the great number of uncertainties
in simulating an unexpected real fall, including fall direction
(forward, backward, or sideways), initial conditions of fall,
impact site (anterior/posterior side of the femur or greater tro-
chanter), body stiffness, stiffness of the floor (hard wood or
carpeted), and pre-impact movements to arrest the fall. Not
only the available models have limitations in considering all
these parameters for simulating the fall and predicting the
impact force, impact force itself is not appropriately consid-
ered as a risk factor in hip fracture risk assessment tools. This
study reviewed the researches that investigated the range of
impact force in a sideways fall and the range of femoral frac-
ture force. Our review showed that the median value of the
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femoral force in an unexpected fall from sideways for an av-
erage individual (5200 N) is well within or even beyond the
range of the femoral fracture force measured in experimental
studies (3500 N). Therefore, accurate prediction of fall-
induced impact force is of great significance in developing
hip fracture risk assessment tools, although it has not received
as much attention as the bone strength did.

The mostly used formulas for predicting the impact force
only consider body weight, body height, and hip soft tissues.
However, there are many parameters that can be considered in
modeling of human body falling to improve prediction of the
impact force. This review divided these parameters to two
categories: (1) the parameters that can be determined
subject-specifically and (2) the parameters that may signifi-
cantly differ from fall to fall for an individual and cannot be
considered subject-specifically.

Body segment anthropometric parameters and body
stiffness/damping properties are the effective factors that can
be taken into account subject-specifically. Researches have
been conducted to determine the anthropometric parameters
from clinical images with an appropriate accuracy. Also, many
studies have been devoted to investigate body stiffness/
damping properties from experimentations. However, we con-
clude that accurate subject-specific determination of stiffness/
damping properties is complex since they are affected by
many parameters, including fall direction, condition of mus-
cles (relaxed/contracted), landing surface and the portion of
muscles and ligaments that contribute to the impact, abdomi-
nal and thoracic viscera, and flexural deformation of the spine.
So far, trochanteric soft tissue thickness has been considered
as a determinant of the attenuated impact force while other
factors can also remarkably affect the impact scenario. This
review concludes that more research is required on this topic.
Future studies are in need to investigate how sex affects the
attenuated force per each millimeter of hip soft tissues, how
the portion of fat/muscle content affects the attenuated force,
how to take the flexural deformation of spine into account, and
how the landing surface and the portion of muscles that con-
tribute to the impact can be considered in determining the
impact force.

Pre-impact movements to arrest the fall as well as cause
and initial conditions of fall are the parameters that cannot be
considered subject-specifically as they may vary from fall to
fall for an individual. These parameters significantly affect the
kinematics of fall and subsequently the magnitude of the im-
pact force. The lack of information about the complicated
effect of cause/initial conditions of fall and pre-impact move-
ments on the magnitude of the impact force is due, in part, to
the limitations in performing real-life fall experiments because
of the ethical and safety reasons. Therefore, this study sug-
gested using collected database of real-life falls to extract
these parameters. As initiated by Robinovitch et al. [74],
video-captured falls, experienced by the elderly at long-term

care facilities, can be used to determine the most frequent
causes of falls. Recorded videos can also be analyzed to ex-
tract the common initial conditions of falls and the frequent
pre-impact movements to arrest the fall. Results of analyses
can then be implemented in human body modeling to more
realistically simulate the human body falling and determine
the impact force. This review also concludes that determina-
tion of joint torques is quite complicated and more research is
required on this topic.

Not only there is a need for developing an accurate model
for predicting the fall-induced impact force, impact force itself
should be more appropriately considered in hip fracture risk
assessment tools. FE models are the only tools that explicitly
take the impact force into consideration. An improved model
for determining the impact force can be a step forward to more
appropriately consider the impact force in hip fracture risk
assessment.

Due to the worldwide increasing rate of hip fractures, de-
veloping an accurate model for predicting the impact force
and adopting the model in hip fracture risk assessment tools
can be considered as a crucial priority for biomechanical re-
searches. It could improve the accuracy of identifying patients
at high risk of fracture who may benefit from in-time
treatment.
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