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ABSTRACT

Hip fracture due to falls has a great effect on the survival rate and quality of life
of the elderly, and is known to be the main cause of lowering the quality of life by increasing
the medical expenses of the elderly. In addition, hip fractures due to falls are more frequent
in females than in males and as higher the age group. There is a hip protector to prevent hip
fracture in the elderly. Impact protection performance evaluation based on impact simulator
was performed on the clinical efficacy of current commercial hip protector. However, the
existing impact protection performance evaluation by impact simulator is limited by the time
and cost limitations. Furthermore, differences have arisen due to experimental limitations
that are difficult to account for differences due to biomechanical factors such as differences
in evaluation systems and subjects, human shape, stiffness, and trochanteric soft tissue
thickness in experimental design. As a result, even in the case of the same subject to be
evaluated, there was a difference in the results in the impact protection performance
evaluation. In addition, existing commercial products are limited in that they are not
manufactured based on the body size of older women aged 60 or older who have the highest
hip fracture risk.

To supplement the limitations of existing commercial hip protectors, the present
study through the usability evaluation research (Jeon et al., 2014) produced a hip protector

based on the human scan data (Size Korea, 2004) of the elderly Korean women over 60 years



of age. In this study, the optimum hardness of the fabricated hip protector was derived
through evaluation of impact protection performance by hardness, and the evaluation method
to prove the superiority of the properties was presented. The proposed study consists of the
following five steps. (1) Analysis of characteristics and limitations of existing impact
protection performance evaluation study and design of impact protection performance
evaluation by benchmarking. (2) Designing an evaluation system based on an impact
simulator suitable for the hip protector to be evaluated by referring to the impact simulator
recommended design presented in the previous study. (3) Establishment of an impact
protection performance evaluation protocol based on the human body size data of elderly
women, and an impact simulation to determine the optimal hardness of the hip protector to
be evaluated. (4) Finite element (FE) modeling is carried out for Finite element analysis
(FEA) study to supplement impact protection performance evaluation based on impact
simulator. (5) The optimal hardness of the hip protector to be evaluated based on the finite
element model (FEM) is determined and compared with the impact simulator results. (6)
FEM for verifying the superiority of the properties of the polyurethane material used in the
production of the hip protector.

First, in design of impact protection performance evaluation step, this study
analyzed and benchmarked the characteristics and limitations of previous studies validating
the clinical efficacy of the hip protector. In addition, this study referred to Robinovtich et al.
(2009) and International Hip Protector Research Group (IHPRG) which established the
recommended design guideline, which is an international standard for the design of impact
simulator. In addition, this study referred to Robinovtich (2009) and IHPRG which
established the recommended design guideline, which is an international standard for the
design of impact simulator. Therefore, this study selected the parameters for the design
conditions of the impact simulator to evaluate the impact protection performance of the hip
protector based on the size data of the elderly Korean women.

Second, in design of evaluation system by impact simulator, this study designed the
impact simulator based on the parameters of the selected impact simulator, and made of
surrogate pelvis parts using the human model (Sawbones, Vashon: WA, USA) for
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mechanical testing. This study also developed the evaluation system for measuring the total
force and femoral neck force required to derive selected the main measures, and selecting
measures for quantitative evaluation of the impact protection performance of the hip
protector to be evaluated.

Third, in design of evaluation protocol development and impact test by impact
simulator system, based on the body size data of older Korean women aged 60 years and
older, which are major experiment subjects, this study derived theoretical calculation value
of total peak force through reference to the rigid model of van Den Kroonenberg et al. (1995).
This research validated that total peak force based on the weight and height of Korean elderly
woman aged 60 or more, and the total peak force of Bouxsein et al. (2007) based on the rigid
model theoretical equation of van Den Kroonenberg et al. (1995), have the similar theoretical
value within + 200 N. The evaluation protocol for the impact test was established by
applying the theoretical values, and the femoral neck peak force (N), attenuated peak force
(N), force attenuation (%), and fracture risk by hardness of hip protector were analyzed. This
regression model shows that the impact protection performance is the most superior at
optimal hardness of 44.8 A (R?= 79.4%, femoral neck peak force = 0.7462x2-66.9x + 4205).

Fourth, in design of FE modeling for finite element analysis of hip protector for the
impact protection performance, FE modeling is performed under the same conditions as the
impact simulator. Also, based on the human body model used in the impact simulator, FE
modeling was performed with reflecting by characteristics of human body of elderly woman
(bone shape, bone density, bone mass, trochanteric soft tissue thickness, and femur angle).
Also, the properties of hyperelastic materials such as soft tissue and pad were applied to FE
modeling through material test evaluation. Finally, 99% of the elements of parts made of
elastic or hyperelastic were meshed with aspect ratio < 2 to prevent numerical errors in the
analysis and to ensure the reliability of the results.

Fifth, in the optimum hardness derivation step for determining impact protection
performance of hip protector based FEA, the center of gravity and inertia values are derived
from the 35 ° and 0 ° conditions of the model developed through the FEA dedicated tool,

and the analysis was carried out by deriving the angular velocities of 2.96 and 2.92
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respectively, when wearing and not wearing the pad. The results of hardness analysis for the
pad evaluated that the impact protection performance evaluation was superb as in terms of
stress and force in order of 40 A> 50 A > 60 A> 70 A pad, and in case of wearing 40 A pad
against not wearing pad, contact force attenuation decreased 14.17%, femoral neck force
attenuation decreased 25%, and stress decreased 12.5%. Out of pads of target hardness of
evaluation, wearing 40 A pad in FEA had the most excellent impact protection performance
that was similar to the optimal hardness of 44.8 A pad derived from impact simulation test
by impact simulator.

Sixth, from the viewpoint of verification of physical properties, polyurethane
material, which is the property of hip protector used in this study, was found to have excellent
impact protection performance in terms of femoral neck force attenuation and stress as
compared with general rubber material. The internal energy absorbed by the pad was found
to be superior to the rubber material, but the internal energy absorbed by the bone was lower
than that of the rubber material. As a result, when the pad was made of a polyurethane
material, it was found that the impact protection performance was superior to that of a pad
made of a rubber material.

In this study, an impact simulator was developed by referring to the recommended
guide line of the impact simulator design presented by IHPRG and Robinovitch et al. (2009),
impact simulation test by the impact simulator and FEA were performed to obtain optimal
hardness of the hip protector, and the impact protection performance according to the
properties of the hip protector was evaluated through impact simulation test by the FEA.
Finally, this study can be used as a standard study for the evaluation of the impact protection
performance of the hip protector by carrying out the impact simulation test based on the
impact simulator and FEA which can complement and replace the limit of impact simulation

test based on the impact simulator.
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I. Introduction

1.1. Research Background
SAom Qg uHd FHE »=gle] AEEH mH] g gt

=1e) grel AE Al T8 ddoew dEA v avd =4 @)

= 90%:= Yol o] wHAEH(Grisso et al., 1990), ¢F 20%:= 1Y ol

O

AEste et A71re] Ag vjgow Q] A, =7F4 SRH] Fgo]
7+52 4 9 tHEmpana et al., 2004). 205039l = Figure 1.13} o] ma 3tz <13

HE AT SR A AAFo®R 20500 nEFe] uyE FHo] 450

Ni

Al

~ 6005t 71 o] HAE Ao =R o FHa glon,

ot
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i

=4 32 F 511 %

ol
rlr

T2l A HAE A og o F 5 tH(Compston et al., 2008; Cooper et
al., 1992; Gullberg et al., 1997). o] = 1&gk A}3] 4 H]-&2 202510 28xYof &3t
Ao oaEar drti(Burge et al., 2007). SAto] wE uyd Fd Ao
A= (hip fracture risk)= A= o] A5shol wel F435] SU7FsH, B RY=
Ao A 1dd =4 AP =7 =4 HERdTH(Kirke et al., 2002). A7 6541
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A

o] g

oz

o

e
o

73

g
e

Aoz A ATH(Tinetti et al., 1997). "]=-2] 745 654

o]l w=9lo] Ataralel {191 F YAko] oF 66%E A EHE A= U A
1



x5 x 3~4 }:‘7‘}3
A 6 g 1302+ ) 400 ~ 600t NG

205041 07100/ yoar
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Ao (Sleet et al., 2008), HF o2 As FAF T 20%T 54 A7t o
EAyolar, 10%E FAH 2 4ex] A TH(Tinetti et al., 1996). =3k, 17 3547 o
aEA 1id =4 AU BAs A Amd A Az 1809 EEvt
28I ATk d 9], 2007). 7 =919 S AE HlEx= HAAA =<9
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add FHE oY AFls 9 Al dE FE(hip)el 7heiAl =

A4S &9 (impact absorbing) =% 52 ®HAK(impact shunting)dlo] 572 = (impact

protector)o] XA o= ALE¥ i1 Qlt}. Hip protectore] =82 u3dd =4
AFES 50% ©]4 7FA(Kannus et al., 2000)A]7] a2, 7Rel ¥ 2 =H|S $10,000
o]Ab 7+~ (Singh, 2004)A1 7]+ Ao R Haw i Qo) thaksk oAt A TE(Kiel

et al., 2007; Parker et al., 2006; Sawka et al., 2005)-> hip protector®] <74

2

a8 (clinical efficacy)ell thal] Awtd AzE Yefga = Aot} ozt

Akl Ad = (1) H-2 43 7] hip protector 2-8-(e.g., over size), (2) -2 4 3}

o
o>

;23 design, 12|31 (3) ®E3skE hip protector A5 H7F HFHO HA

71 hip protectore] 74 H3o Ae Hrl #d dFELS F=E
=8OS 2 hip protectore] 4 Ho TS HrlsHr] Y M| impact
simulatorE 283} hip protectore] &5, F7, 77, A7H F4 BRI AS5S
H7}8FSlt). Choi et al. (2010) pad Z-8 A] peak pressure”} 70% SHolA] = A&
uletsl gl 0., Holzer et al. (2009) 2 Li et al. (2013)> soft type2] hip protector”}
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hard type©] hip protectoroll ¥la] T4 &4 Adeol °F 2 ~ 5uf Hojurha g

T Aol

oo

HEH | van Schoor et al. (2006)< hard type©| soft typeol] H]3l| %2
Holual hard type®] hip protectors AHE3S o] zykdo] wE= 3ol fracture

threshold 7]5%(3,100 N)=- 94 %= Aoz 1leks}At) Daners et al. (2008) hip

)

protector®] foam pad F717} FAETE T4 5T 45l Folds TR
10 mm<3 femoral neck force”} 21.4% #+4)3Ed o™, shell¥}t foams ZA3sH pad
2+ A] femoral neck force”} shell & e ] pad tiH] 55.7%, foam 3 Ef ] pad ojH]
24.1% FAastel F4 B Aol Fobxls 3elelith Kannus et al. (1999)>
3l 7)s(energy shunt + partly absorb)e] Z-8% hip protector’} T
75 (absorb)7F A 8¥ AR 2 ~ 3] W 59S 7okl Laing &
Robinovitch, (2008)> IY-of HZehA] &= d=rt Fiet HE5ste vz

H] 3l femoral neckell 2H&3= 524 STHo] 2 misoll A ¢F 1.949], 3 m/soll A <F

S

150 $=3+S "ok o]¢} 7Fo] hip protectord] 74 XH3E AT B @4
ATE g SUeA Fgse] gtoh, W7 system kel Aelz <l

A3 type(e.g, FE)9 hip protectortol = T4 H3E e H7l ZA3to

A3E Faske] hip protectorE AlZFelr] FE AA ol Hgh FA3gE hip
protectorlol = &4 K35 AFol xfol7} R ¥ il <t} Impact simulatorE
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]

83 v F4 Ko H{rF A9 A5 4 & I=(effective velocity), =3}
=o|(falling height), —12]a Y3} Al n#-do| 283} F 7 (effective mass)ol]
w2 total force] *}©](Choi et al., 2010; Kannus et al., 1999; Laing & Robinovitch, 2008;
Sze et al., 2008) o] <]l H}= FF(Li et al., 2013), <13 (soft tissue) 7 (van Schoor
et al., 2006), <14 3 “F(Laing & Robinovitch, 2008; Mills N.J., 1996)° w2} & sk
hip protector {tll%= F24 H3s s H7F Ayel Zol7t wAstal ot 53],
T4 B3 AT Hrbol 7Hg & &S WX = parameters total peak force<! ),
Li et al. (2013), Nabhani and Bamford et al. (2002), van Schoor et al. (2006)-> 1] 3}
23S 53 total peak forceE =E3F 7|<& -3 (Hayes etal., 1996; Robinovitch et al.,

1991)°l] <+ 3Fe] impact simulator 7]HF hip protector®] 24 H3E A5 HIE

ﬂl

N
1z

3

SRR

213t total peak forceE =Z3151.2.H, Derler et al. (2005)> <1#]9] i1

.

7} %= (femoral strength)E =748k 71 &< (Courtney et al., 1994; Mills N.J., 1996;
Pinilla et al., 1996)= -&3l impact simulation= 3} total peak forceE =%73}%13L,
Kannus et al. (1999) % Sze et al. (2008)<> femoral strength =73 (Courtney et al., 1995)
2 2lA] 43} 2§l (Cheng et al.,, 1997; Robinovitch et al.,, 1991; Stankewich et al.,
1996)2 33 7]E EHAS F3 impact simulationS $13F total peak force=
=3}tk Robinovitch et al. (2009)> 167] &4 =A}gE <A femoral
strength®] H+ F=%]ol] 7]4Hks}o] fracture thresholdE A S}al, Robinovitch et al.
(1991l A Fask o A HAS] muscle relaxed JEIS]  pelvis release
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experimentol] <A 3Fo] impact simulator T+Adel ©$t design parameters (e.g.,
effective mass, effective pelvic stiffness, soft tissue covering, minimal thickness of soft
tissue covering over the greater trochanter, impact velocity)E A A| 3} 31 T}

71E Q1A Ad 7|9t hip protectore] F74 X% A H7KChoi et al.,

2010)= HAFEAE AA wbeel W/FAIA hip protectore] A RS

oX,

=
o

of,

e FRFoRA AA HAREH SHeg, A7), BMYS @ B

7Featod, AdA SHelA @Al S ddAzry 44 9oz

=

Hol 75t FHol QAW NAYA 3 YA FAF 3 WP

+

£

L 210 799 YR o= QlaE AdAded A dTh
71& impact simulator 7]%F hip protector®] 574 X3 AT H7F A=

thetet A 794 hip protectore] T4 s HIIE TR oY, At

mee] YA SH A Aol EAgT A FHE FEs] g v&
AzFA el A% 7} Wal(Daners et al., 2008), T&E Z+ H7} systemitol] 2 &9
A3 230wl Axrr Aolst Al yEhd, sk el worce case fall
T3> biomechanical testing§- “gH] W72 AR Fdo] o]Hrl.

Impact simulator % 1A A& 79k H7to] dAHE Heetr] sl

Table 1.1} o] 7} 34 &% finite element model (FEM)S &8 3

A7 3 EAT 712 FEM 7|HF 224 BHE AT H7F A 5-(Daners et al., 2008;



Madrecka et al., 2012; Majumder et al., 2008b; Schmitt et al., 2004)+= hip protector®]
pad7} HZ¥ impactor %= human modelS A EaL padd BA 2 AY

Zo] FEE THSEA ol

X

U3}ate] pad7} W= force, stress HEi= straing
=748t pade]l T4 RIS AHeS Hredd aEd, Vs AT S
371 (Daners et al., 2008; Madrecka et al., 2012; Schmitt et al., 2004)2] -7} <1A)]
FEMS A &35k ol AA] udd F-9lo =&3f= force & stressol] tofj st
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Table 1.1. 7|<& FEM 7]

W4 1o AT

)

o,

AT 5

Y93} FEM 3

37k W

No Author (year : g5 =3 34 Measure FEM simulation 217
(vear) (impactor/human) hip protector v o 1 Al
Impact simulator 2]
=
Protector shell 6 <5 A (T s R
‘M) - %72l pad A1%-2| >
Shell )= Wl p
e— ' ol Ej—'i) R pag 9] total ~
1 Daners et al. (2008) Impactor model s @7} K fi o Cyindrichl aluminiom
' A2 3 98k Cshell 2 foam ©= eolacemene |
T4 € hip protector Strip <, F7
6 Z(Shell (15mm), Foam H 34 B Impactor
(15 mm), Shell & Foam (5 | 5 %7}
mm, 10 mm, 15 mm))
o)
Human model }3} Ezgk;]or::()etal
=7 L= =2 =A
2 Majumder et al. (2008) A zpoystyrene (EPS) ;rﬂ] oﬂq [.i} %" [Fracture risk
58 years old 1 male cadaver | foam 3 & T Ae HU) ax/ |
(CT-scan data) (Fmax/Femora
fracture load)
AR polyurethane gel =74 {9 5
pad4 & FA 2 A total peak force
) 718 polyurethane gel wE hip pad 2] Pad energy
3 Madrecka et al. (2012 3] e . o - o=
( ) Impactor model 43} pad 6 27 B o (A7 ZAeh
N - 7} Pad 2] stress :
PFe A Fo 9 strain A,
Impact simulator
=il
214 geometry 7|02 Sﬂf;’\g@rﬂ _ Pad <] force
4 Schmitt et al. (2004) Impactor model =3} AAE R 3% (hard, we Artificial
soft, hard + soft)2] pad i e 4 femoral neck ©| il
7 A 237t

force
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e

A hip protector®] 4 B3 A% B7FE 984 = (1) hip protector 7=
Z5d gg AL 524 HARI} AFEolok 3k, (2) XF=3hE biomechnical

testing system (Robinovitch et al., 2009)& #%]-8-3F impact simulator 7|9t 4 H3&

ds A7 dastH, (3) A 545 skl mesh quality’t HEE Q1A
FEM<S €83} worse case fallS Al @¢k FEA 7|4F hip protector®] %74 H&

3

o{(‘

A717h Bas

1.2. Objectives of the Study

B otE el myZo A 48 welste] JNEE hip protectors]
73 B3 A% HE 9% 73 84 e Z3E (1) FIAXRAE 53
=4 X35 As A7} protocol 5%, (2) Impact simulator 7]%F hip protector %2
B35 Ae H7F A=Y e 3) £24 B3 s H7FE E3F hip protector 44

o
=
i
Ho

glot (4) A 5ol 118 % finite element model (FEM) 7', (5) FEM

N
rE
=
=
—
D

element analysis (FEA)E &3+ hip protectore] #H4 A% 2 $4 EA

Ee] BATLA A% E=uE A

A, 2 AFE hip protectord] =72 H3E A% 7} protocol FHS
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(2009)©] pendulum based drop tower system-=- %313}o] Size Korea, (2015)° 3 %
AE T = oA IEF60A o) AA X FHe] 7]9kgk van Den
Kroonenberg et al. (1995)2] rigid models &-&3}o] 7l4kel total peak forceZ
7|E=0. 2 parametersE A7g3sto] AAEATE S, AA OiEFS oW 2 S
Z2 3} fAFekAl Al ZFE biomechanical test-8- surrogate pelvis model (Sawbones,
Vashon: WA, USA)S 715  loadcellS femoral neckell #-23le] femoral neck
forceE =75}z, force plateES *|Holl A X3} total forces Ao SAH} =S
AA = AT

A A, impact simulator 7]¥F 24 B3 e H7E i 77H4] HR9
pad & A4 AxE WIS ==k AAY impact simulators &-8-3}o]

kol QA S medste] siekE hip protectore] 7F2 AE(10A~T70A) T

SA, impact simulator 7]HF A5 H.kskal FEA 7|RE hip protectore]
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=74 B3 A% F7ME 93] impact simulator 7]5F dATte] EAJ o= <la) V)&
biomechanical testing-§& surrogate pelvis modeloll A &% %] 53t 55 o] A9
Q1A sF-g4 54 (1) quadriceps angle, (2) femoral neck ¢ (shape, density, size)
(3) pelvic, (4) trochanteric soft tissue thickness, (5) bones & T <% 9] contact
55 193] FE modelings} i Tl

oAl A, e FEME 53 FEAS $313Fo] impact simulator 72 ¥}<}
FEMS %1533, hip protector pad®]l 72 4= =% rubber A2} =
Aol A AFE-SE polyurethane A& o] =4 B]WE &3 polyurethane A& <
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o

5o $54E vwster

e . = Hip protector 445 &7+ &g
. Literature review 2
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system 7Y
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79t sH 58 A5 "t
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I1. Literature Review

2.1. Functional Anatomy of the Hip

aEd RelE oW, Ag, 2§, ¥F, ¥w- For TAHM
dnstdon Bid F2E AN ok B FAAE ndde 23
TZoF #eEy u#Adel 7)ol thske] Kinesiology of the Musculoskeletal System:
Foundations for Rehabilitation (Donald A. Neumann, 2010) % Gray’s Anatomy for

Students E-Book (Drake. Richard, 2009)2 #i13}o] 7)<3s}9it}.

2.1.1. Bones of the Hip

A

H¥H(Coax H= hip joint)S =wHo] 9

H] -4 (acetabulum) &} ) &

ot
tlo
_0|L
oy
I
-
n
1o
of
kg
o
lo,

= T (femoral head)”} Wy&= FiEo=z AAY
HE FF7F o]F+= FoF A7Zl(ball and socket joint) Efo] ], T}k wigko g

m,
Aol (Figure 2.1). ThE Rl W THE A AZE

i
i)
Mo
oift
o
N
L
olr
%

dojglom, 9 W)Yoz H|<>(acetabular labrum)o] H]Gte} Al hE

.

aAI g owE FubE(pelvis), WEF(femur)old, e

2 (ilium), 2= (ischium), = (pubis)Z T4 =o] A ThH(Figure 2.2). W2 o]
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w2 s o] derh ARl (2041 o]d)el HWA shutel wE= XA H

<Lateral open-joint view>

|72 Bz
(Acetabular labrum) (Articular cartilage of acetabulum )
b i il f bul
Hyeloy

HEIZF

(Head of Femur)_q (Ligamentum teres)

&

gelry
ey (Transverse ligament)

(Capsular ligaments)

Figure 2.1. Hip jointe] 35-3t4 =

T
g2

Iliac crest
Wsperss)  mgau

(Anterior gluteal line)

s AP RFZ 3
2524 A i e i ol SR
itgiirios il W 3 (Anterior superior iliac spine)
g Za

o) FEEES
B2

ASEES PRV of iliug) i (Anterior inferior iliac spine)
(Posterior superior iliac spine) [ ] - =
sisxza e ' g (Acetabulum)
(Posterior inferior iliacs; V A ==
(e =g sp y ugre
=2 ‘ (Acetabular notch)

Greater sciatic notch -
( ) zz3 | 4§ S (Obturator foramen)

(Ischial spi
A%BHE

(Lesser sciatic notch) X|Z2ZZE (Pubic tubercle)

-
IEEE

(Ischial tuberosity)

X| = HI(Body of pubis)

Figure 2.2. Pelvis®] 3l 5-8t4 =%
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e = (femun) 1A =24 7 7Hg A3 A, A FhEe] 9159
Aol dEE AR, S/ FH(patella)y AAHE SR, Ela I o)

S¢S oloFE FEhaf)ye®  FdE o] Arh(Figure 2.4). tEES A
Al oF va vbE A, A% d=dEe] Bl oF 40~50 cm7g =]

Wol& 7Rtk AN dEITe Rolol wheh FRo

O

o] ¥ = (femoral head),

Ql ¥ “d5-(femoral

i
M

Qe 7oA ZIAEte] AAZMRE Ol TheolAlE F
neck), o % Z}(greater trochanter)®} A~7A|(lesser trochanter)Alo]E Sl& H-H=
o] <FE°|] FFste AR (intertrochanter) 2 U ol itk A 4321

AS QEIFFE R dF o7 AZAER a1, Figure 2.59F o] 120° ~

o

135° (Donad A. Neumann, 2010)2] neck shaft angle® WS o2 EZF o] glon,

[

A 2= WS "lojyw Wukal(coxa vera) B 2]Wkil(coxa valga)Et -2
FEol WyPo] WAst] }A| F9 &4 alo]l Hrh &F diEES
S (lateral) 2} U HF-(medial) 4§ 7](condyle)= FAAEHTY, -2 HS EIFS

7R EEFe] 559 7 (shaft)= 7! €% 3 (long cylindrical) E e o] &

i
st
tlo
ot

o,

o) ¥ 5 =+ 3k(femoral extremities) S A A3t o
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<Anterior view>

CHH Xp(Greater trochanter)

—

-

CHE|ZHY

(Intertrochanteric line)

CHE| Z £ (Neck of femur)

2T XHLesser trochanter)

CHE X

i (Shaft of femur)

ot
(Patellar surface)

QA% dat

'l (Lateral epicondyle)
/“\ W At

A i\ (Medial cpicondyle) t
N

i
(Medial Condyle)

. »
{ ot ‘
s} HE|Z 5 (Head of femur) )

\

<Posterior view>

HAIZHS
Intertrochanteric crest)
~ A Z2M(Pectineal Line)

<

EZZ B (Gluteal tuberosity)
ZM(Linea aspera)

|

14ZHE E (Intercondylar notch)

3
QAx:

(Lateral Condyle)

Figure 2.4. Femur®] 584 =z

Coxa vara
(<120

Normal
(120°135°%

130°

Coxa valga
(>135%)

140°

Figure 2.5. Femur2] neck shaft angle

pAlEte R, ARl thEE

bone, osteonal bone),

=7+ (medullary cavity) 2

H
T

3L

=2

=i}
=

A *'dZ(cortical bone, compact

&)l 2 (cancellous bone, spongy bone, trabecula bone),

“~(bone marrow)Z A =™ 12| <= (cartilage),

= %(periosteum), = Fi= =X (epiphyseal line) = -4 ¥ tH(Figure 2.6).
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XY=
(Compact bone) sE=

Db (Spongy bone)
[ B |

(Periosteum)

(Amcular Cartllage)

;z

g (Blood marrow)

(Blood vessels) =Thet

(Epiphyseal Plate)

_A_A

(Blood marrow cavity)

Figure 2.6. Femure] W5 -4

2.1.2. Osteokinematics

G #A w253 A SH(femoral on pelvic hip osteokinematics)©] 1t}. Hip joint2]
9~ 4F 8-S 3 (saggital plane, frontal plane, horizontal plane), 3% (x, y, zZ)°ll A
< F(tilt, lateral tilt, lateral rotation)2] 2] <) o] A&} femoral head 54 3} knee

joint T4} Abel el #7de] hip jointe] EH =0tk A thE =] ek =9k B

H59 E2 Figure 273 #o] 3o 9F R Fy u@He gFo=
o] F ot} WA, pelvic tilt(FW 71&d)S Fsd 2 &3] (upward and

downward rotation)>F 2.2 YA, 3] (upward rotation) 3L
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femur$] ol A pelvico] o & 720X = &2 < (anterior tilt) =, pelvice] &0l
A= e = <& hip joint flexion % lumbar hyperextensione] Ay shy,
314k 3] A (doward rotation) &5 LA femur oA pelvico] F = 7oA =
&2 9 (posterior tilt)©>. = lumbar flextion = hip joint extension®] wrAYEitE

9]

B\

=3 &2 % (pelvic lateral tilting)> 3% Zdlto] tfE &% Futwt} &7k

i

2 Ao 2 pelvic lateral tilt2} lumbar lateral flexion©] & A]ol wASECE o] wj hip
joint abduction H=+ pelvic depression©] HHAISHH lateral tilting> 7F2~3} L, hip joint

adduction X+= pelvic elevationo] 233} lateral tilting> 5 7}gHC}.

<Sagittal plane rotation> <Frontal plane rotation> <Horizontal plane rotation>

“Anterior

Posterior ~ pelvic tilt

pelvic tilt"

Abduction
Extension

e

rotation «_
\ —g

LNt

Yraigmy
Internal
Q £ olah
H

(a) Pelvic tilt (b) Pelvic lateral tilt (c) Pelvic lateral rotation

Figure 2.7. Pelvic on femoral hip osteokinematics
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12

s}
=

o

s

9]=3] A (pelvic lateral rotation) &% HIPA F Q3
, 52 Z(longitudinal axis)S 4] 02 femur7t 314 % Aefol A pelvicol
)

=
3] 73}kl hip internal rotation 2 hip external rotationo] WAYSiTE olu] AT S

=ZHko] ¢to g FFol= A9 hip jointol A internal

2
2
ot
o
=
=2
>
[-4]1‘4
=
I8

©
1

rotationo] TASIH, HZ FFol= H$ hip jointoll Al external rotation©]

THE Nkl ok dEFe 52 Figure 2.87 o] = 3(flexion),
217 (extension), 9] % (abduction), W] %(adduction), <5 (circular rotation),
W=3] (internal rotation) 2 £ =3] H(lateral rotation) Fo] Ut FILLEFL

YEE 9T mE 9EmoR o Byel Wi st A% ge Folv,
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Adduction

Gluteus medius.
Ischiotemoral
ligamont
(superior fibers)

Tensor fasciae latae
and ihotiral band

(d) Adduction

(b) Extension

Internal rotation

(b) Internal rotation

(c) Abduction

External rotation

liofemoral and
pubofemoral ligaments

(c) External rotation

Figure 2.8. Femoral on pelvic hip osteokinematics

2.1.3. Muscle of the Hip

npAe] $Fe

pom, WHde U5 (medial), =32

o) Z=(lateral), 183 AlHE

ek WSl A%

j -

19
=

71 e

EEEA

<"} (posterior)©l]

o]
U - (adductor longus), T A *(adductor brevis)©]

22

]’Hﬁ! %‘:‘—, gx‘j! ﬁx‘jol
5o Avf(anterial), ¢4

Ago] o

< Figure 2.99} #Zo] thu]d<*(adductor magnus),



#Aste] o] F adductor’t E&th o] 9ol EhI(gracilis)@} X & <*(pectineus)©]
ALk o] ZTHFEL A9 WHEEF #ostH, #4217 (obturator nerve)oll
oja] 2ttt oo 2 A=Y A5 tEAI7 (femoral nerve)oll & s #4-8-Fktt
At YA3 ZHES AT (iliacus)® o) & (psoas major)C.® TAH
7+ Q T (iliopsoas muscle), 53 < (sartorius), 370<] 3 <*(vastus)®! =3 <*(vastus
medialis), & 7Fd<t(vastus intermedius), = F<*(vasuts lateralis), 1¥]il
o & 4] (rectus femoris) & 2 o] Fo X1 o) E] A=<(quadriceps femoris group)©]  S1Tt.
o] ZFEL A wmHEEdd s, thEAGd o] gy w3
PEALFZY e AIFxdo] 71A8 &3 A A(knee extensor)ol]

SWES AdsA HH, =

auyz
(Quadratus lumborum)

& 9 2(Psoas major m.)

dE2

(Tliacus) K| &= 2 (Pectineus m.)

—
qEE

(Crest of ilium)

A 2=(Sacrum)
Cfg|2at &t ZHL M 2 (Adductor longus m.)
8t 2 (Gracilis m.)

G2

(Tensor fasciae lata m.) /

CHElZ 2 (Adductor magnus m.)
gRecn%s 2 & Z(Sartorius m.)
emoris m.)
o=z L} Z& 2 (Vastus medialis m.)
(Vastus = 5
lateralis m.) CHE[ A2

(Quadriceps tendon)

Figure 2.9. Hip9] 2% 2 U5 <5
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9=of X3 TEL Figure 2.103} o] FHo] gl FT(gluteus)©]
ATt T2 A7]el wEl tlieH(gluteus maximus), F T i(gluteus medius),
oA t(gluteus minimus)e] 371X 7F Qlth 1 Qo= o) B g (tensor fasciae
latae)o] UTh ©] LHEL A o ol TSI, AE417 (superior
gluteal nerve)oll oJaf #&3it}h o elm Ee] A 55l f1AsH
A 5o #oldts, &A1 7 (inferior gluteal nerve)oll &8 =2F-&3ktl,

kol YA L5 &Y E(hamstring) o2 U] E| o] FX(biceps femoris),
HE7 9k (semitendinosus), WFEFFf(semimembranosus) &2 A& o] ATE 9]
THES F=AAANA TIAEEY, 1#HEE AAATL ERES 2FA =
A el o, =417 (sciatic nerve)ell &J 3l 2F-8-3gktt
, 9=3ld % (lateral rotation)ol]l ToIstE 670 23] A E(lateral
rotators)?l o] <X (pisiforms), &= E(gemellus  superior), W] 3 <X (obturator
internus), 4] = (gemellus inferior), <] 7 2§ < (obturator externus),
o B AHF<(quadratus femoris) 7} 1o, aLybA o] HAA S SHSFH EHF-E
ngzEow 3 H sAle nHdS SkFow IHee AdEEs o

A agol e HEsh= QduAIS AQdstas BT =417 F(sacral
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e Gz

EZ5(Crest of ilium) ey
\ . (Gluteus medius m.)
pr—— ™

L =
3= Xz 2 Z(Sacrum) o
(Pectineusm.)  Ljm|A2

/ [ L.
y (Gluteus minimus m.)

X|Z (Pubis) (Obturator 0|.’&.>'—:l .
olm|af 2 internus m. ) (Piriformis m.)
(Obturator Qe AWRD

externus m.) (Gluteus

. (Superior gemellus m.)
maximus m. )

SHE R

a2 (Infenor gemellus m.)
= (Adductor QH M2
OHEl=
(Femur) Group) (Obturator externus m.)

CHLH T 2 (Adductor = b2 (Gracilis m.)

=1 i §
magnus m.) LHE/gE2

grora (Quadratus femoris m.)
(Semimembranosus m.) Eo|s=2
HrAZ (Biceps femoris m.)

(Semitendinosus m.)

Figure 2.10. Hipe] ¥, 9|5 2 93d <5

2.2. Characteristics of Hip Fracture by Fall

2.2.1. Biomechanical Principles of Falls

S ARL, A A, Aaloly A som Bl oALel AFgle]
SeokA @Al flel A otelFom AlAS] §A7F ol st e 4B =Th(Tinett
et al., 1997). Lockhart et al. (2005) Figure 2.113} o] o4 2gdx}le} &
environmentel] 2] initial  slipe]  HAYSAS W] detection  THAI O A]
o 1--8-9](degradation of sensing mechanism)Q!  A]ok(vision), %% | (vestibular),
873 7 2 (proprioception)ell - et RRAMNIF O] 50w AYEHIAES W

recovery SAGNA =5 A3 =gA DAY, &5 A3 w2
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Environment Initiation Detection Recovery

Low —» Higher RCOF Non Optimal CNS Non
Effect ADCOF (than ADCOF) Detection of Optimal

Perturbation Muscular
Contraction

! ! !

Possible  conamination Initial Gait Characteristics Degradation of Muscular Weakness
Causes (o1l, water, etc.) - stride length Sensing Mechanism - lower extremity
- heel velocity - proprioceptive
- vestibular

- vision

RCOF: Required coefficient of friction
ADCOF: available dynamic coefficient of friction

Figure 2.11. Ye] A9 st4 e (Lockhart et al., 2005)

e ele AlA7F  protective mechanisms W& 7]o] ZHo] F=EA
Gdol  HAske As #otsidlen,  dA2Tel HlE aHFYFE
DAY A Eke] 93 muscle latency timese] 74 F muscle relaxedol] A]

active= 2] Hgho] g ifo] WA= AL motetglvh(F[2,39] = 13.77; p <

el wE uyd o] AAAetH 2l Figure 2.129F ol S
Z (fall initiation), <} (fall decent), T-&=(impact)e] Z} TAIE 913 2.2I(risk factor)
1 a3 U4 (structural capacity of the hip)oll whe} 134 =" o] dAsh=
P8l S 3t}(Hayes et al., 1996). Hayes et al. (1996) % Robinovitch et al. (1991)
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Figure 2.13%} o] 0.7 m =o](Ad] 9] =ol Hf)ddlA A<l &, 20, 304
(n = 605 o= A st dF(pelvis release experiment)s Fa <5

k]

3Bl (muscle active & relaxed state)ol] w2 S Al A4S =EF3Qlch 1

i

muscle active state & | FAS 12,100 N, 4

flo

6,370 N, ~22] 327 muscle relaxed

state & W YAL 6,100 N, oJA& 5050 NO.2 Z=ZA3]o] LAzt om AH

s

5 gejel mek G Al FAYe Aol7t s ot

Active protective mechanism: using

Primary determinants of hip fracture the outstretched arm to break the fall
¥ Neuromuscular status
L v Cognitive status .
Fall initiation v Vision Hip fracture
v Environmental hazards
-..J._:I,..-
—_— v Fall direction
v Energy content and fall
Fall decent height
v Impact surface
—_— v" Muscle activity
-..J._:I,..-
v Impact location Structural i .
; . ; Ve
Impact v Soft tissue attenuation capacity of the v Eggz m{:;‘:r:lt density
Y Impact surfa-_:e fer_nur N v" Bone grchitec?LrJre
v" Muscle activity Applied load

Figure 2.12. 7gol uw}

il

aHd -] A4 2l (Hayesetal., 1996)
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bias spring

T electromagnetic brake 15,000 T T T "
8BS

12,000 |
Male

10,000 | muscle active —
ke by
: muscle relaxed
winch < ] 7,500
— 5000 S Female
trunk-sraight ! N 1 muscle active —

T—""%  male relaxed
female relaxed

Muscle relaxed 5500 [ | muscle relaxed —

' 0 1 1 1 1
68 Lepa 0 0.2 0.4 0.6 0.8 1.0

High fidelity force platform
Figure 2.13. Pelvis release experimentE g3+ mathematical body model

(Hayes et al., 1996; Robinovitch et al., 1991)

2.2.3. Risk Factors of Hip Fracture

ad ZHY 938 Q2(risk factors of hip fracture)> <1-8H7 <1x}¢}
Wl shA dxfel e UidA HF Axket Y FE, 79 34, 54 A7)}

Aolsk 4= It} Lim et al. (2010)S HAto] W& 137

7 H_(demographical information) ¢} ¥ =, ¥ ksl 59 AA| AEHE At
Hip fracture®] <Q153t4 QRlel+= A, A4, 2%, 57, BMI, soft
tissue 77, AF S°] At} Bjorgul & Reikeras (2007), Chevalley et al. (2007),

Lonnroos et al. (2006) FAdoll ®a] ofAdo] T ] 7}k uybd HHo 93 w7}
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W 7}%= = femoral strengthe] Z}o]& ©

}=]o] femoral strength7} &d oll

T2 343 As

= 94

TA A7

T =
= 2-1-=

sideways

-
T

ZAow metxQlt)y. E3H Robionovitch et al. (2009)

-
T

B EESE

3+ 2 (compressive

?:5}

8

ST [e)
=4S

fall’ e ol ] Table 2.13 7o)

=
=

3} oA cadaver] femoral strength

o] 654 o]

o ==
E—lxé]o

force)

ﬁo

=y

strength7} %
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Table 2.1. Sideways fall->- &3t 117 2}2] cadaveric proximal femur2] strength=

=

=% A+ 23 (Robinovitch et

al., 2009)
Subject age (Mean * SD, years; sample size, n) Femur strength (Mean + SD, N)
Author (years) Condition
Female Male Mixed Female Male Mixed
Lotz and Hayes, (1990)° 69+9;n=24 2,110 + 1,060
Deformation rate = 100 mnvs 74+7,n=8 4,100 + 1,600
Courtney et al. (1994) Deformation rate = 2 mnvs 74+7,n=8 3,440+ 1,330
Bouxsein et al. (1995)° 76 (59~ 96)°; n =16 3,680 + 1,540
0’ Load angle 79+11;n =11 4,050 + 900
Pinilla et al. (1996)° 15o Load angle 81+7;n=11 3,820 £ 910
300 Load angle 74+11;n =11 3,060 (890)
Cheng et al. (1997), (1998)d 71+15 n =28 67 £15;n =36 69 + 15;n =64 3,140 + 1,240 4,630 + 1,550 3,980 + 1,600
Bouxsein et al. (1999)° 82+13;n =16 78 +10; n =10 81+12,n =26 1,997 + 1,127 3,593 + 1,614 2,636 + 1,534
Keyak et al. (2000)° 70(52~92)% n =17 2,400*
Lochmuller et al. (2002)d 82+9;n =63 76+ 11;n =42 3,070 + 1,060 4,230 + 1,530
Eckstein et al. (2004) 79+11;n =54 3,925 + 1,650
Heini et al. (2004)° 76+7;n =20 2,499 + 695
Manske et al. (2006)° 69+ 16;n =23 4,354 + 1,886
Pulkkinen et al. (2006)° 82;n =77 79 n =63 81;n =140 2,821° 4,209 3472
Bouxsein et al. (2007)° 81+ 11;n =49 3,353+ 1,809
Cervical fx 82+11;n =34 78+ 11;n =28 2,879 + 1,117 4,079 + 1,165
Pulinen et al (2008) Trochanteric fx 3,053 + 976 5,506 + 1,374
Average 2,827 N 4,375 3,392
Median 2,996 N

3SD not provided; "Range (not SD) reported
°Specimens were stored fresh-frozen
dSpecimens were embalmed in alcohol/formalin

¢Specimens were stored frozen, but the authors did not specif
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167 &3 < Courtney et al. (19942 < = Ao wE u3Ho
7+ % (strength) S ¥ 223} 2™, 60 ~ 80tH(73.1 + 7.84)2] 74-%- 10 ~ 40tH(30.0 +
11.9 years)ol] H]3l| femur strength”7} ©F 50% SFeks-= 815 3l(old: 3, 770 N, young:

7550 N), @A ] median S A

jin)
&

a1 F9 femur strength=
oA ol 74 FAHETE oF 30% Wekth(female: 2,966 N, male: 4,220 N). Kirke et al.

(2002) 2 Rowe et al. (1993)2> A& o] F7gtel wel Yido] HIHsHAl A sk

ad =4 T E] =2 S yolslqlt) Choi et al. (2010), Lauritzen et al.

(1993), La Vecchia et al. (1991), Robinovitch et al. (1995)> BMI A7} WHS4=
a7 FA-e] YL =S AL Totelgl 91, Choiet al. (2010)S Low BMIE

high BMIE.T} 266% =< A< mletallthF = 6.7, p = 0.024). ©]& %< BMI

32

A 4=¢] fattissue”} natural padding®] &S sk o & mholE$Th Farahmand et
al. (2000) %! Owusu et al. (1998)2 7]¢F =-Alel digh 13d =4 9P L9

gRe] o B4R A% A7 24E apd 2E A¥El Eolas

%

ghotst Tt HbHo| EHAVE Wol yaASLE A" 2@ FAH 3k AAY,
trochanterS Y11 9+ softtissue 77 FAHNA 4 &4 gy dAgsto =

wireh vk

U
i)
do
o

Skl AAel dege gleS shebahalr,
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Lafleur, (2016) <14 trochanter 7915 Y+ soft tissue +7& 54
71 ATE Table 2.29F Zo] A8 vl Robinovtich et al. (1995)2 604 o] 4
1S A9l trochanter F-9]2] soft tissue F7= ARAIS] A&} 7 N (greater
trochanteric bursa)2 needle probe= =7 3}o] <A 2] soft tissue F717F 8 ~ 45 mm,

ol 24 mmel AS Feksiglon, Y AF Al JAS impact energy”t

jakid

2+-8-stdf| soft tissue 771 1 mm I femoral neckel]l =}-8-3}+= peak force7} 71 N

o

s

gl

AL gobskglt). T3 Bouxsein et al. (2007), Minns et al. (2007), Nielson et

%

al. (2009)2> n¥dE FHTI v FAT9 soft tissue FAE FASIY @A

i

=4 YIS vobslglth Minns et al. (2007) 183 ool 14 ZAT (n
= 20)9 A soft tissue 77} 18 mm, H|=A 7 (n = 12)914 28 mm?l Ao = soft
tissue FA7F FAETE 1@d =4 ALV RS FHotslgltl. Bouxsein
et al. (2007)> Hit 80419 1HIF oS A S Z hip fracture (n = 21)°l A
B3t soft tissue 77} 40.4 mm= controls™ (n = 42)°| A <t soft tissue 7

49.8 mmel vl gF2 AS Tholeiqitt.
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Table 2.2. Trochanteric soft tissue thickness& #|=3F 7] &

A+ A} (Lafleur, 2016)

'?;égg)s Category Sample Size Age (years) TSTT (mm) Method Major Contribution (for TSTT)
Robinovitch 7 males and 7 females 269+55 26.1+12.7 US (standing) Pioneer study that first demonstrated that TSTT influences
et al. (1991) (20 ~ 35) (9.0 ~ 50.0) pelvic stiffness
Robinovitch 3 male and 6 female 72.0+4.0 . First to use surrogate pelvis test system, made attenuation
et al. (1995) cadavers (60 ~ 102) 24.0£130(80~450) Direct measurement equation of 71N/?nm P Y
Etheridge . 759+ 8.6 Showed that TSTT energy dissipation changes at different
et al. (2005) Mechanical 10 female pelvises (53 - 82) 41.3+18.8(13.4~79.0) |CT velocities
Majumder Male FEM of pelvis- Made a FEM that can be used to simulate different fall
et aJI. (2008) role femur-TSTT P NIA 5 14,17, 23, and 26 NIA scenarios
Majumder Demons_trated that _TSTT was a more dominant pz_:lrameter

7 FE males N/A 5,14, 17, 23, and 26 N/A than weight and height (when it comes to normalized peak
etal. (2013) § - - .
orce, time to peak force, and strain ratio)
Choi et al. 17 young females 212+ 27 321+7.2 US (sidelying) Demonstrated that TST stiffness and damping is
(2015) 17 older females 69.9+4.7 304+ 149 decreased in older women versus young women
. Showed significant difference in TSTT between fracture
S[O;Xig:ﬁ) gi E?(nég;::s (all females) ;gg f gg jgj f igg Whole-body DXA cases and contro_ls, and was trending to being a predictor
' T o of hip fracture (independent of BMD)
Nielson 222 controls 742+6.1 31+115 Whole-body DXA | TSTT was not significantly different between the male
et al. (2009) TSTT and 70 Fx cases (all males) 79.7+6.0 29.1+ 11.9 (13.3 ~78.0) [ and subset of QCT | groups, but the Factor of Risk was demonstrated to be
Roberts Ex risk 48 female and 25 male 74.4+8.9 41.86 + 30.84 BMI regression Showed that the Factor of Risk has better predictive
et al. (2010) cadavers (55~98) o equations capabilities than using solely BMD T-scores
30.1+9.3, Factor of Risk was significantly associated to hip fracture
Dufour 425 males (26 Fx) 76.0+5.1 295+99 BMI regression risk in a population-based cohort study (in men and
etal. (2012) 675 women (110 Fx) (67 ~ 95) 55.3+16.8 equations women) // Showed that fall force and TSTT was
49.5+16.8 predictive of hip fracture in women, independent of BMD
Maitland US (standing) and | Found significant correlations between US TSTT, DXA,
et al. (1993) 50 females 72040 (allover 65) | 15.0 ~85.0 ng K BMI, Blz and hip circumference
Minns 12 controls 82.0 (69 ~ 88) 18.1 US (standing) Provided insights as to how hip protectors should be
et al. (2007) Measurement | 20 Fx cases (all females) | 79.0 (76 ~ 93) 27.9 made// GT is 12cm postero-lateral from ASIS
Schacter and technique | 2 cohorts, 56.6 + 20.8 (all over 20) | 49.0 + 23,0 (3.0 ~ 140.0) Made regression model of TSTT that uses regional DXA

Leslie (2014)

Levine
et al. (2015)

188 each 83% female

54.8 + 20.1 (all over 20)

48.0 + 21.0 (3.0 ~ 140.0)

Whole-body DXA

scan info of the spine and hip

10 females,
10 males, 20 Mixed

223+11
222+1.9

33.3+6.6,22.8+9.7
28.1+9.7

US (standing)

Demonstrated that changes of posture (flex, ext, flex+add)
influence TSTT

DXA: Dual-energy X-ray absorptiometry; TSTT: Trochanteric soft tissue thicknes
QCT: Quantitative computed tomography; BMD: Bone mineral density
BMI: Body mass index; BIA: Bioelectrical impedance analysis
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Nielson et al. (2009)2 1HZF PAle] nad ZA*(n = 70)o14 29.1 mm
(SD = 11.9 mm), Bl =A% (n = 222)°14] 31.0 mmel A& v}ebatad T} Wright et al.
(2012)2 Figure 2.149} 7ro] black, Asian, white, hispanic <=°.% hip fracture

gl W AL serstel, dFel wek nwd A AU Holst

=&t 7|getd gz (geometry), =tes, 2Elal FEEEH Sol stk

L

835, (2007), Han et al. (2016), 22| Im et al. (2011)S 32 =2 Z 37}
A7 Azt wls avbd =2d AREgEe]l e e Fofsigion, HEFE,
(2007)> Table 2.37 o] uHlZAro| M]3l ZdToA] LHA FS(hip axis
length)e] ZAo]7} &4l A om(p < 0.05), HEF %= A Z=(femur strength

=
index)= FA TN 98 A WES(p<0.01)S vetatA T} Faulkner et al. (1993)-2

A" 2 TR BAGle] =& aro] vl Aate] M]3l hip axis length7F 71 A&

e 134 4 dAEo] FUlsitha kgt
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.7

g
;
i
g%
g

White

Black

Asian

Hispanic

2000-01 2002-03 2004-05 200607 2008-09
| —&— White ——@-- Black —®— Asian —-#—- Hispanic |
Figure 2.14. Q1&ol| w2 32| hip fracture U] (Wright et al., 2012)
Table 2.3. 24 F4 FFo| & femoral geometry 54 (&5, 2007)
Variables Hip fracture cases Controls P pe
(n=51) (n =51) (unadjusted) (Age-adjusted)

Age (years) 77.4+7.4 67.0+£5.6 <0.001

Gender (male%) 15.7 11.8 ns

Weight (kg) 53.2+10.7 53.6+8.2 ns ns

Height (cm) 155.6 + 8.0 153.1+ 6.5 ns 0.013

BMI (kg/m?) 219+34 228+3.0 ns ns

BM Dremorai ek (g/ cm®) 0.591 + 0.103 0.712 + 0.089 <0.001 <0.001

HAL (mm) 1038+ 7.1 100.8+5.9 0.014 0.019

FSI? 1.27+0.39 149+0.28 <0.001 <0.001

CSMI? (mm*) 6,508.0 + 2,472.2 6,455.0 + 1,612.0 ns ns

CSA (mm?) 89.0+20.1 103.1+15.0 <0.001 ns

D1 (mm) 16.4+ 3.6 153+2.8 ns 0.035

D2 (mm) 473+57 46.6 £ 3.5 ns ns

D3 (mm) 324+37 308117 0.008 0.026

y? (mm) 17.2+19 158+ 1.2 <0.001 0.001

Alpha (degree) 00+31 -21+28 0.001 0.024

Theta (degree) 1250+ 3.4 1258+ 3.5 ns ns

Data are mean + SD or %. P values by independent Student’s t test for continuous variables and X? tests for categorical

variables are given.

P value by ANOVA adjusted for age

Log transformed

BMD: bone mineral density; BMI:, body mass index

CSMI: cross sectional moment of inertia; CSA: cross sectional area

FSI: femur strength index; HAL: hip axis length

NTX: N-telopepti

35



Bouxsein et al. (2007)< Table 249} Zo] nad =& F%ol wat hip

fracture cases 2 controls®] T 1Eo =2 Eglsle] 7+ 18 W soft tissuee] Hit

thicknessE S74stal, T4 S5 a3E AAste] attenuated fall force (N)=
e AT T3, 80.5 + 1054 (H$1:53~994)2 FAl (n=20), 414 (n=29)2]
cadaverell th3l sideways fallE A}-8-5}o] femoral neck] areal bone mineral density
(aBMD)%} femoral strength 7Fe] AR S =E3FtH(p < 0.01, estimated femoral
strength (N) = 7,527 x Trochanteric aBMD (g/cm?) — 443, R? = 82 %). "}X|9to =2
=% femoral strength= peak fall force®} attenuated fall forceoll Z+Z+ 1} hip

= =]

fractureol] thk risk factor (ppeakq Pattenuated fall force = =gl

=5

Table 2.4. 5 A 1&HF 342 fracture group} control group2]

(Bouxsein et al., 2007)

Difference between
. Hip fractur ntrols gr hip fracture an
Vtaliles grot?p (?]Ciuzi) CO (tnO:S4g2)OUp copntr(i;li:su;;reoﬁpi| TP
(SD units)*
Age (years) 73.9+8.3 73.9+8.0 - NS
Height (cm) 157.2+5.0 156.2+5.6 - NS
Weight (kg) 57+9.7 60.7 £ 8.2 - NS
Body mass index (kg/m?) 23.1+36 249+ 36 -0.5 0.07
Previous history of fragility fracture (%) 333 19.0 NA NS
History of falls in prior 12 months (%) 61.9 23.8 NA 0.02
Femoral neck aBMD (g/cm?) 0.57+0.08 0.64 £ 0.09 -0.82 0.003
Total hip aBMD (g/cm?) 0.66 £ 0.11 0.77£0.13 -0.92 0.001
Trochanteric soft tissue thickness (mm) 40.4 £ 16.7 49.8+16.8 -0.56 0.04
Estimated femoral strength (N) 3,210 £ 695 3,853+ 784 -0.87 0.003
Peak fall force (N) 5,641 + 522 5,795 + 420 - NS
Attenuated fall force (N) 2,772 + 939 2,258 + 1,073 0.51 0.007
Factor of risk (peak) 183+04 1.58+0.49 0.56 0.005
Factor of risk (attenuated) 0.92+0.44 0.65 + 0.50 0.57 0.004

Values are mean + SD.

* Difference between fracture cases and controls expressed as number of SDs.

T p value for difference between fracture cases and controls, assessed by unpaired t
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Hip fracture®] $H32 @llell= 54 A7), Aash 22 oF @44

2AI7EA] = A YEbS T W FEE RS w1 H (0 309 %, ©1: 31.1 %), A#
ol A (F:26.6 %, 91:37.8%), TS A WAR(H:26.6 %, 9:20 %)= HF, Y

BE oF g0 % oo Ve mugisu $ERES ue mx A

o

7Y eEE u B sl B/ vehbe A% serssin.

Pelvis Brim

Sectiom of
Minimum CSMI, CSA

\%_,;;—*‘_.

ROI: region of interest
CSMI: femoral cross sectional moment of inertia
CSA: cross sectional area

Figure 2.15. 11¥4d Ao J&& v x|:= 58 femoral geometry (3-8, 2007)
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2.2.4. Types of Hip Fracture by Fall

2ol tE =

=LA Figure 2.163}

o
O -

= O 3
T T

Al

Hn

AAFzF 24 (intertrochanteric  femur

73X ZH(femoral neck fracture)®} tHE =

Aee

7} =

(femoral neck)<

=]
Chn

fracture)o] ATt thE

B

& o] o) A2} (intertrochanter) 7}

)

Jo

]

AT A= L
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Prevention of the Hip Protection Strategies

2.3. Characteristics of the Hip Protector

2.3.1.
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)
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o

1% B
e 9da, F/A9 kR Rz A% Wg b BAL B 5 9

Ad T o 59 A9 Adide R oAtel gtebd daE Bl

IE Z2AS diete 7 AEY] a3 =E o Al (hip protector)©]
tiote]l & 4 9tk o]A¥ hip protectori= U Al FZ DA B9
37 (stiffness) = WF7L}, hip protectordll A FA S FFETFOEA oiE =9

9] (proximal)ell LAsk= Ho P& WFFHFEF AA o oF gt

2.3.2. Types of Hip Protector

N

Hip protectore =4 % 7]l wa}l energy shunting 7]5S 3h= soft

foam} energy absorbing 7]°sS 3} hard shell2 Y= 4 low, 1 o]L]d
energy shunting 3 energy absorbing 7|5 %l shell & foam= 233 I}
matrix liquid 2 silicon®= —-/J % hip protector”} A TH(Figure 2.17). %712 hip

protector= 54 &4 %2 A @3E Eol7] $18ke] plastic shell TFEE

Al =] 94| H(Parkkari et al., 1995),
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. o = 7 BA
s2z2 0 (1 H @@ 48+ ©
%Z{ SA @ Alimed Hip Shield  PelicanSuperSoft LYDS  FallGard ,~;‘ 54 24 @
O (G ‘ & )  Schoor et al. (2006)
-’ Caresse  pips  ImpactwearHP Hornsby healtny hip Schmitt et al. (2009)
+ Holzer et al. (2009) ProtectaHip+Plus Pelican 179P ProtectaHip
« Lietal (2013) abd ’
» J
Bort  HipShield  SafetyPants HipGuard  KPH
Y
U
Hipsaver  Safehip Alr-X
X/ . SALi
Matl’lx Compressible elastomeric
She” & ' 'd & capsulelf incompressible
Foam ISQIUI matrix liquid®| &S
lnicon
ShellZ} foam padZ Ze ot HEY “ 5’ 2
" X7 SA
SH ET © - Daners etal (2009) Ej = ©
E4 24 (@ - Kennus etal (1999) 428 O

Low-density silicon
Choi et al. (2010)

Figure 2.17. Classification of hip protector designs

plastic shell 7%= AF&AOl Al S 3HS op7]star abd HF-glo] HRE A ot

A= F-E=2]% foam pade} w3k plastic shello] B AR&-% a1 ¢l th(Madrecka
et al., 2012). =3, 4 &7 &3S AREAS EF A7 98] plastic
shellz} foam padE 23} sl L (Daners et al., 2008), silicony} &2 F3 A= E

R

AF-8-g+ hip protector= 7% 31 Sl TH(Courtney et al., 2001).

2.3.3. Impact Protection Performance by Type of Hip Protector

7IE AT 4 AT HME B8 23204 A&3E hip protector

FEE =24 B3 Aol sl selsldtt. Liet al. (2013)S Figure 2.18a$} 7Fo]
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concrete, wood flooring, ~22] 3L tatami matting®] v}l &4 B3 XS HIM=S

T3 Ay vle §-3o] BAIglo] soft typee] hip protector”} hard type2] hip

protectorel]l H|3l| 7 BT ATo] 432 ol3F3t) Holzer et al. (2009)%

7]

N

A8 AE 7 (hard type: 3%, soft type: 45)ol| 3 =4 AT H7E F3
soft type2] hip protector’} hard type<] hip protectordl] Wlal] &2 & Ad5o] oF
28] ~ 58 =3k soft type2] hip protector A 2 1 polyethylene=} polyurethane©]

H7F Hojt RS ketslglth. ¥, van Schoor et al. (2006)-2 Figure

fol

=4 &7
2.18b9} o] 7]F A& A|E 9% (hard type 4%, soft type 55)ol ek 4 B
s H7IE &3 hard type] hip protector’} soft type2] hip protectorol H] 3

A Eu & SRR 4 HE Aol Hojd Ao Huskgith

U\U

Kannus et al. (1999)2 7] A8 A% 439 hip protectore] th3t 54 B3 Als
H7IS Fe 53 7159 hip protector (energy shunt + partly absorb)7} tH<= absorb
71°59] hip protectorol] H| & 7 7+ Aol 43S vlelstd T} Daners et al.
(2008)S %74 H3a A% H7E £ shelldt foams Z 33 hip protector’}

AgtstAl %2 hip protectorel]l Wl T4 HE AdTo]l wobde detsiglon,

foampad®] F7A7} FAEFS T2 HE ool wohdS Fotsiqith
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Peak force wifD protector &
in Newton / wifo softtissue

8000 Z
. & wifo protectar

7000 — 18

* not significantl different
(p>0.05)

6000

2 @ average hip fracture threshold of 5000
& elderty people
E 347N 4000
a
E
= @ 3100 1 a000 Fracture threshold
2000
1634
: 1000
Test! | Test2 Testd | TestS Testi | Test | Testd
Hip protector| none [ nara | soft | none | hard | soft | none | hard | soft i
1 2 3 4 5 6 7 B 9 10 11 12
Floor material Concrete Woeod flooring Tatami matting
| Haawp | | somwp |
T~ peooor

(a) vletell W hip protector H7F  (b) 71 A& hip protector 9% H 7}
Figure 2.18. Hip protector &3 (soft, hard)oll w2 F74 ®3 45 H7F A9 o

(Lietal., 2013; van Schooler et al., 2006)

2.3.4. Efficacy of Hip Protector

Hip protector®] 44 &z digt Fade dA7A Fdd 71&
A-H=E thekslt) Duma et al. (2006) 2 Kannus et al. (2000)-> hip protector 28

Al 2dd FAHo] HIES 50% HAT F ASS Feolstslar, Burl et al

i)
o

(2003)% hip protector & AFEjoll A 60%7}A] 11d FAo] 9 Fo] i

of| 53} t). Gross et al. (2000)< hip protector S 2ol Al hip protectorE
AgotA] o 9FAL 3697 T 16797] 43%7F b 9 Fdo] Tl

hip protectorS Z-8-3F ¥ gz} 1997 AP A HQ Zdo] AFHA



orotthar B askelth A 92l Kirchner et al. (2001)2 7Fgol A YAk Al hip
protector & ol wE aEF o] A F9 Zdol dis) A+E A hip
protectorS 283k 1,034 S 499l 0.39%7F n¥E FHo] wAES L, hip
protectorS Z8-3}%] oF& 3709 F 1299l 243%7F @ ZEo] whyslo]
hip protector7} §1744 &37F &5 A8t

Hip protector®] <17d% &fel thah FaAol sl ot 7IE
A% EAET} Kiel et al. (2007)S Figure 2.193 7o) 37709 Q% olA
A2 EATS ddste] Aury 104295 A O 2 hip protectore] & ol
&l AG8FA AT, hip protectore] #-§-o] g ws] uyd =d o
g7t glon, 23|y ndd =4 Wyt wolx vt X 313kt Kannus et al.
(2007) Kiel et al. (2007) Aol A A&k hip protector’} A &0.2 37}y o

< o= g HolA Kiel et al.

ofji

A GstA g8l AE7F BojAH, =9
(2007)¢] AFWFoRE= hip protector7 A F8Ao]l e AL

drstzlels ESEstttal v Hegivh. mebA, Kiel et al. (2007)7 o] =574
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235

L
=
g 20
i Hip protector
= P
T 15 _ _
= _v/
g 104 l—l'.'—(.,/p_‘
s — No hip protector
s s
= 5 A
E 'I"'"‘__. "f-
S —

o] I-Q—IF.

Oct Jan Apr Jul Oct  Jan Apr Jul Oct
2002 2003 2004
Month

Person-years or
y | 15 45 107 168 251 320 391 478

observation

Figure 2.19. Hip protector®] 7|7 28 = w]=-8-°] &3} vl (Kiel etal., 2007)

Kiel et al. (2007)¥} 7] hip protector A7 ZA ol tigt FoH AdE AES L

5% hip protector®] JIAQl PFH AeE MHoE Hriey] 9d

—

SAHRJA A HE QA

N
Lo
i)
ko

2,
o)

| %213, Dr. Robinovitch:=
International Hip Protector Research Group (IHPRG)E Z4d3}o] 2007 119 Hx=2
3]9] 5 7}A th(Andrew, 2007). & 3] 2]o|A] Dr. Kiel<> hip protector2] A5 7=
Ak A5 AAlel wet 7= Avkd hip protector®] ®-8/dol thek Aot

Aolelttts AS wAMowR HHow, Dr. Andrews 7| A8 hip

protectorel] gk A5+ HAY #EF
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7]l @ A Aol A hip protectore] 80l Eolx= Aaprt UE

¥2
lo
filo
o
)
=
4%
)

hu]

CESH B os|d A diFEe] B HE7HE2 hip protector 7}

add - A 39E A7 AsiMe AdstaME A o s

2.3.5. Compliance of Hip Protector

Hip protector®] compliancet® MaPAF+= 32 = AR 14
=4 drge o] T8 82 F shutE WAISHSATE Cameron et al. (1994) 2
Myers et al. (1995)% hip protector®] compliance®} A¥E QL QJEZ appearance,
comfort, fit, efficacy, easy laundering, Z#]3l low cost’} A I} T3t
Cameron et al. (2003) 2 Ekman et al. (1997)2 33 zt=olyt 71y 2& hip
protector2Fg8 0 & <l3k o8t Fx w3 =93 22098 "Il Cowling,
(2004)+= hip protector®] & -84-2 randomised controlled trials (RCTs)E &3l 4=3)3h

971¢] compliance®t& X85 Table 259+ o] Aelate] Hlwal),
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Table 2.5. Hip protectors®] & ¥}ol] t]$t RCTs testing= &3¢+ compliance &+
(Cowling, 2004)

Author (years) Definition of compliance Com(g/!:)ance
Lauritzen et al. The percentage of residence given hip protectors who wore 29
(1993) them regularly
Ekman et al.

(1997) i 44
Kannus et al. Number of days protector worn as percent of all available 48
(2000) follow-up days

Chan et al. The percentage of falls recorded for which the protector was 50.3
(2000) worn in the study '
Harada et al. Percentage of the complete 24 hr wear periods and the whole 70 & 17*
(2001) observational period

Cameron et al. Percentage of time for which hip protectors were worn 57
(2001) during the day; night use was not considered

van Schoor et Unannounced visits at 1, 6 and 12 months participants were 37
al. (2003) checked to see if their were wearing the protector

Cameron et al. The amount of time that hip protector were worn during the 57
(2003) day

Birks et al. Participants who only wore protectors occasionally were 34
(2003) classed as non-compliant

-, No mention is made in this paper on the method of measuring compliance
*, Complete 24 hr wear compliance rate was 70 %, and incomplete wear was 17 %

2.3.6. Methods of Impact Protection Evaluation for Hip Protector

Hip protectore] %2 A< H7lst= 71 A4 WS experimental
testol ¥ &%} A H7Fe} impact simulator 7]¥F 7}, Z1g]al computational
test®l -3k 2 43 A (finite element analysis) 7]¥F 7171 Atk WA, Choi et al.
(201002 A4 5 cm S|4 hip protectorE &3 AEOA I HAES
YAl A Figure 2.202 7] greater trochanter -9 7} force plate % pressure matol]

Z=5HA skl hip protectore] &3E AT AF U FAPAE Aol
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Aol wlel A

i

e/

w9l @del @ol WAS: Aol Holstel o4

o

ez A3 skl th(Bjorgul & Reikeras, 2007; Chevalley et al., 2007; Lonnroos et al.,

2006). 1HFo] A%

e

@ A= A9 o A, #2 ofAde] impact
forcex= 1% oA 9] impact force?] WS EFT o7 oA S 3 S NS
Ao = 2319 tHLaing & Robinovitch, 2008). Y w-ako] 7-9- =W (lateral),
= oA 20° <k(anterolateral), =Holl A 20° ¥ (posterolateral) & A ¥ 3}t o] =

ol g 4= 2 AAEA (geometry, BMNE sty HUME £ 9SS

superior

electromagnet

location of
peak pressure

anterior

greater i
trochanter |}

NN i

/ /;;/7'; 7 ; pressure
surgical measurement

positioning force plate (RSscan)
mat (Vac-Pac) plate

50 100 150 200 250 300 350 400 450

Figure 2.20. Hip protector®] 572 H.3 A% H7IE €13 pelvis release experiment

(Choi et al., 2010)
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AR, 71¥ A5 957} impact simulator 7|9t 3 71E 53l hip protector®] F4

AsS H7) 3F3A . Daners et al. (2008), Laing & Robinovitch, (2008) 2 Holzer et al.

o =
(2009)% impact simulator 7|9t E7FE F3l thYFek Z7(impact velocity, pelvis &
femur size, soft tissue stiffness, impact force)oll 4 hip protector®] %2 A5 H7}7}

7Veshs HrEth vbX| et o 2 Daners et al. (2008) 2 Majumder et al. (2008b)->-

=

Feteamd 7)hk HIFE 28 hip protectord] =7 ASS HuF &

T 3l

ek
filo

KeN
=]
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2.4. Impact Protection Performance Evaluation by Impact Simulator

2.4.1. Types of Impact Simulator

71& A5+ hip protector 572 % 7} system SZ o4 A (impact
energy) =& flalA 4 HA=Fo] 2 HEZ A HslskE drop tower system
T 34 A=2=2 3 Yskeli= pendulum-based system-=- A}-8-3} 94 th(Figure
2.21). Robinovitch et al. (2009)= + 7}A W2 5% AA A4S DA AL 5

Ao, Ay Al agsol & Afdto] EA|ghS wHRTh WA, drop tower system-

2

/4 88 1 (Derler et al., 2005; Minns et al., 2004; van Schoor et al, 2006)E #3135}
A& guide Akelo] wpE=E ISt okEtA| e 7Eo] AP
ypolaheiar, wWhHo|  pendulum-based system= X3 <d-(Kannus et al., 1999;
Robinovitch et al., 1995)E- *F31sle] 2 gFe]ol pendulum armol] o]k AaF =7} 2

A4 wEE aelslcl W2 sesidth wed, T oA g4 BE A

FAol WS Ade A% SRS 54 T 5 dE ANE FEske] A4
JwF FAo] A3 WAREA HA Bast 9L *Ph
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quick ‘l ‘
release — | i — ‘
clip )
7Alnear bearings steel mass (28 kg)
leaf springs
steel mass —__| [} " (of stiffness 47 kN/m)
(28 kg) "Eq i
11
u)
spring ——L ]| Lt_‘ load cell at
(of stifiness % femoral neck
47 kN/m w ‘é ‘ or acetabulum pendlum
and length { )
37 cm) ‘ " impact plate of >
15 cm diameter i
surrogate \
‘ proximal femur \
‘ 'foam soft tissues
foam soft tissues
surrogate
load cell at ‘ proximal femur rigid foundation
femoral neck (\[ rigid foundation (concrete) potentiometer —— ™\ =
or acetabulum I 4 1 (concrete) (for measuring displacement)
A A J = ;4 t/—) ST :’f\*‘f—:/\%—f\%—;ﬁ
/////////) PTTTITI T T S
() Drop tower system (b) Pendulum-based system

Figure 2.21. Impact simulator2] 3 (Robinovitch et al., 2009)

2.4.2. Design Parameters for Impact Simulator

71 A5 hip protector Z-8ake] QIAEAS st A

simulation2 T-&3}7] 93} parametersE A4 $ impact simulator A A5}, 7]

o

&8 AF == AA AR hip protector®] T4 e B7F 3T Impact
simulator A A Al aElsliof & SA Wge W WEF 2 hip fracture threshold 7}
Atk G ko] A9 Waist & hip AA F-9lol 2 A¥S 3 Sze et al

(2008)& A9t @ F99 =HEs agste] FE  lateral WIFOE

AA o] Ial3kA T Fracture threshold®] 739~ impact simulator 7]%+  hip
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-

protector®] =74 A%

ftlo
ot

7

o

& X Robinovitch et al. (1991) % Hayes et al.
(1996)°] pelvis release experiment Y=+= Robionovith et al. (2009)0l] A<= % 117 2}9]
cadaveric proximal femur2] strengthS ==3F 3o H femur strength (N)=
ZFa1sle] Table 2.63 70| fracture thresholdS A A3ty =2 A3} hip fracture

threhold”} 224 2 kN, Ht] 10 kNo.Z UEwton, o]l F3 Hz Az, 449

2 2% e we O JEe 4887 qEos And,

Table 2.6. Impact simulator<] hip fracture threshold 7]<= 2 “HAFHbak

Author (years) Participants Fracture Threshold Y AlHkek
68 females . . . .
. Low impact: height 0.15 m (7 kN) Waist & hip
Sze etal. (2008) (Age: 75.4 £ High impact: height 0.25 m (10 kN) | circumference
6.2 years)
L Elderly person: 3.77 kN
(Rz%kz)lg)owtch etal. - (female: 2.966 kN; male: 4.33 kN) Lateral
Young person: 7.55 kN
Derler et al. 10 human
(2005) subject 2.5kN Lateral
Holzeer et al.
(2009) - 3.6 kN Lateral
Kannus et al.
(1999) - 3.1kN Lateral
Lie et al. (2013) - 3.472 kN Lateral
Nabhani &
Bamford et al. - 2.5kN -
(2002)
van Schoor et al.
(2006) - 3.1kN Lateral
Nankaku et al.
(2005) - 2 kN ~ 4 kN Lateral
Kannus et al. i 2.83 kN in older women i
(2007) 4.38 kN in older man
Bulat et al. (2008) | 28 old female 3.1kN Lateral
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Impact simulator A2 7] A] argjsfof & FQ A% Z71-S total peak force”}
213, total peak force #+S E==3}7] 9138 impact imulatorol] 4] A A A & Q3
parameter $tE =+ S35} =o](falling height), <3} - 7l(total effective mass), %24
2+ 5= (impact velocity), “Jd (total effective stiffness)©] )T}, Falling height= standing
Aefoll A hipo 2 ¥ mle7bx] ] ol A 2d 4= 9l al(Robinovitch et al., 1991),
total effective mass= %2 A] body weight & ¥4 ZFdo| 9IS S+ body
mass= 73 2] ¥l UH(Hayes et al., 1996). =3t F7 £+ oUA] HE HHS F3

Y3l o] @ Y3t FAl uhel A& % th(Robinovitch et al., 2009). wFA] 2o =

ol

total effective stiffness= (1) hip F91& YiL L+ soft tissuee] compressive stiffness

0510:1

Ty

2) ABHE A5 el compressive stiffness, (3) 5 (trunk), = 5H(pelvis)

~—~
~—

2 3] (lower extremities) Alo]lE Sl Ao o2 A o] ¥t (Robinovitch et
al., 2009).

Impact simulator 7]¥F 7]<= hip protector®] %72 A% H7} A7 (Derler et
al., 2005; Kannus et al., 1999; Nabbhani & Bamford, 2002; Li et al., 2013; Sze et al., 2008;
van Schoor et al., 2006)= Table 2.79} #o] pelvis release experimente] 23} 2
femoral strengthE =3 7]& A9 AHE 7|Fo=2 1 o) s G Al
total peak force 7|=o=2 41743} impact simulationS 33}l o™, o|u total
peak force2 %%3}7] 93+ parameters(43} o], Y3 FA, £4 £E)E
XA 3Fo] impact simulatorS A A 3} 91 T}
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Table 2.7. Impact simulator 7] ®F hip protector®] 57 H.3% A5 H7IE $13 total peak force 7]+ 2 A 7| parameters
System Reference
type n Effective Impact
Authors (years) (Drop Her'r?ht mass velocity oz p?\?k leIfE
tower/ (m) (kg) (mf/s) (N) Author (year) Types of test Standard (kN)
pendulum)
Li et al. (2013) Pendulum 0.4 5 2.0 5,939 + 81
L Pelvis release .
Nabhani & Drop 051 o a1 4158 N (120) Robinovitch et al. (1991) experiment Muscle relaxed:5.6
Bamford, (2002) tower ' ' '
van Schoor et al. Drop Pelvis release Muscle relaxed M: 6.1
(2006) tower 0.08 % N.S. 7,806+ 69 Hayes et al. (1996) experiment Muscle active F: 6.37
Mills N.J., (1996) 25
Dr Low: 5 Low: 2.4 + 0.25 (24.51J)
Derler et al. (2005) tovf/)gf 0.5 Mid: 10 3.1 Mid: 4.3 = 0.59 (49 J) Pinilla et al. (1996) Femoral strength | 3.8+ 0.9
High: 15 High: 6.4 £ 0.86 (74.6 J)
Courtney et al. (1994) 42402
Cheng et al. (1997), (1998) Pelvis _release Low: 3,100
(Low) experiment
Kannus et al Low: 0.1 Low: 1.4 | Low: 4,330 (41J) Courtney et al. (1995) (Low) Femoral strength | Low: 2,900 ~ 3,400
(1999) ’ Pendulum | Mid: 0.18 40.3 Mid: 1.9 Mid: 7,230 (74 J) Pelvis release
High: 0.27 High: 2.3 | High: 10,840 (110 J) Robinovitch et al. (1991) (Mid) experi Mid: 5,600
periment
; . Pelvis release .
Stankewich et al. (1996) (High) experiment High: 8,600
Drop Low: 0.15 Low: 7,000 4 Eo
Sze et al. (2008) tower | High: 0.25 N.S. N.S. High:10,000 Kannus et al. (1999)7} &<
Laing & Low: 0.05 Eé 2:4 5;(413 14,56, 1267,
Robinovitch, Pendulum | Mid: 0.1 28 . . N.S.
(2008) High: 0.2 Ex 2:3 Ex 2: N.S.
Ex3:1 Ex 3:N.S
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7]Z impact simulator 7%t 5L A7 3] wet drop tower system
714 <15+ (Derler et al., 2005; Nabhani & Bamford et al, 2002; , Sze et al., 2008; van
Schooler et al., 2006) 2} pendulum based system 7] ®F <1 5*(Kannus et al., 1999; Laing &
Robinovitch et al., 2008; Li et al., 2013)% Y& <= At} van Schooler et al. (2006)-
Figure 2.22a¢} o] femurE w®leo] A =X3s}ar, femoral head H-91°l load cells
Arelsko] impact force (N)S =7 3131t Derler et al. (2005)+= Figure 2.22b%} 32o]
Mall et al. (2000)2] o4 femure] dimension X E Z313le] hip model2]
geometryS A 7|5}aL, femoral neck F-9loll load cellS Eo} peak force (N)=
=431t} Sze et al. (2008)-> Figure 2.22c2} 2] load cellS F 7]l A x5}

54 $A #3 A% deksted 34 4

olr
of,

7}

il

-3338}aL, force platform
(Kister 9285, 2000 Hz)< &3l T4 %] WslE #4]sk3lth Nabhani & Bamford,
(2002)= Figure 2.22d¢} 7+©] van Den Kroonenberg et al. (1996)S- 313Fo] 3.1m/s<]

=4

A

EE 7tele] 120 Jo] T4 AUYAE =351, aluminium base] hip
shaped®} load cell (10kN Load Washer, Graham & White Instruments Ltd) 2 transducer

meter (PS-9A, Entran Ltd.)E ®}=oll AX|3s}aL, hip protectors L $ol Eof &4
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Fishing line

[ = ]
v ~ - . -

Metal =]
frame
Plastictbe - — _ | Y m————1|-  Lead shot-
= hanged by & fish

| line with 2 screw

Soft tissuei= 1 inch & 0.5 inch 7 2] foam 5§14t

(c) Sze et al. (2008) (d) Nabhani & Bamford, (2002)

Figure 2.22. Drop tower system 7] HF impact simulator

Laing & Robinovitch et al. (2008)->- Figure 2.23a2} 7] surrogate pelvis JtE S 2}A]
A2} 2 impact simulator®] impactor head -0l F-2t3lo] 34| Hs)stQlct. o] o
impactor head$} surrogate pelvisA}o] ol = leaf springS F-2F3lo] effective stiffness&
42kN/m= St} Li et al. (2013)<> Figure 2.23b<} 7F©] pendulum based systemoll
719+l Robinovitch et al. (2009)2] falling height= %F3238}e] pendulum arm<- 70

cm= A75to] sideways fall systems -2 35t % 3L, impactor®] headl hip protector
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i
i
o
e
o
ol
ol
32
v
A
QD
S
=
c
w

shell 2 F-#3le] Y3} F prescale filmS AF&35to] &
et al. (1999) pendulum based systemol] gt A A< hip protectore] &4 d5
H7F A7~ HAxE FEE Ao g A A FAASE Ao,
effective stiffnessE L#I3Fe] Hl=ol surrogate pelviset femurE 3L pendulum

armel| effective massE ¢ hip protector®] 52 A5 #H7} WH=S Figure 2.23c2}

o] A3k

load cell

simulated
soft
lissues

simulated
proximal
femur

—
PVC base plate  leaf springs

(a) Laing & Robinovitch, (2008) (b) Li et al. (2013)

Head of impactor

Li=1.7 m
Lz=0.35m

ho=0.100m 0,180 m, 0.266 m
M =36.3 kg

my=12 kg

mp=11.7 kg

k =18.8 kN/m

R =D/2= 0.065 m

polyethylens

joint

(c) Kannus et al. (1999)

Figure 2.23. Pendulum based system 7] ®F impact simulator
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Robinovitch et al. (2009):= 7]< hip protector®] %24 A5 H7} A5 %

pt

Yogol mE nwd Zd #dd )€ AFES vF S =, hip protector F 74
= e #E A 4 W A" AAE 9% recommended design
parametersE Table 2.83} o] AA|SFI T HESH o] A7-9] design parametersi=

2340 7|=3 g2 A mod o AE A7 £l hip protectore]

N

AFA 'Ees A A A ZFE l=d U A AFoR AN

H it} WA, effective masse} impact veloctiy®] 7-¢- 71E S A g, o=

. =2 pelvis releas exprimentsE =3 g 1 8 <1 5+(Hayes et al., 1996, Robinovitch

An}

et al.,, 1991)°l AsFe] A ASF T Great trochanter® Hil 1= soft tissue2]
FA= 223004 AwWs mEZE W, o9 soft tissue T sl ZAMSH
%15 (Bouxsein et al., 2007; Minns et al., 2007; Nielson et al., 2009)2] A3} 5 soft
tissue7l Sk=3 n¥Hd F9lo] ZEsh= FAF o] FolXE 7= AFH(Minns
et al., 2007) A= Fa13to] severed 7|2 A gslo] 7P k> FAQ1 18
mmE soft tissue F7¢] HA 7|To = HAASIN O, soft tissuee] =42 71E
hip protector®] 2 H3s Aol ds] A3 7]E A E(Derler et al., 2005;
Kannus et al., 1999; Laing & Robinovitch, 2008; Minns et al., 2004, 2007; Robinovtich et

al., 2009; van Schoor et al., 2006)< &3l polyethelene %=+ polyurethane foam rubber
NAS 7For MAASFAY. W= m g A9 peak compressive force:
Equation 4.2°914 73 pade] A4 &3 FAHAS 7|Htez, ywx] 7]FE
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paramters= E3 3.5kN~45kNS 2 =35} O 1} parameters #holl el 4.5 kNS

F ASS A3 tH(Robinovitch et al., 2009). Time to peak compressive

Z 3}

ek

force (rise time)+< European standard, (1997)3} Laing et al. (2006)= *F=3}] 30 ~ 50
ms= AT Proximal femurell %-8-% peak compressive forceE 913+ force
measurement=femoral neck A}°](Robinovitch et al., 1995; Kannus et al., 1999) %+
F++(van Schoor et al., 2006)°ll ¢ %] 3+ single axis load cellS &3l 1,000 Hz =+
I oldoe s HHsAL, Uloko. 2 greater trochanter -2](Minns et al., 2004)<]
triaxial load cell (Derler et al., 2005) %=+ buttom load cellS- A A] 3} %1 t}. Robinovitch
et al. (2009)> 7 &3t seating®} preloading, 22|32 M7} I =38 off-axis forceS
w2 7] f1siA= hip impactr] A S Fubgre] SAEY 24 w2 3%l
=3}~ (resonant frequency) 2 714 = load cell S A €lslo] A A 3lo]oF 3HS uhglt),
Force signalsS filteringsl”] 13+ frequencyi= Figure 2249} 7+o] low-pass

recursivedt 50 Hz= A A3t}
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raw force (unfiltered)
----- filtered with 200 Hz cut-off frequency
--------- filtered with 50 Hz cut-off frequency

40 r

femoral neck force (N)

O L 1 L 1 L 1 L J
0 10 20 30 40 50 60 70 80

time (ms)

Figure 2.24. Impact force =% A| noise filtering &3} (Robinovitch et al., 2009)

2.5. Finite Element Analysis for Hip Protector Evaluation

R I ES R —  s)

1o

ik

a4 oA AFEe T4 A BUrE AT
$-8.9. 491 4 (finite element analysis)o 7] 95 computational testing Aol tj 3ol

7)<} t}. Computational testing 17 2.4°|A] A3k impact simulatore} 72

o
X
)
o
%
e
ol
ki
4»

experimental testing <3 -7-2] Aoz Wy FseA uiA

=4 o ARl $4 Adee Wrbety]l fls 285 Slvh Experimental
testing 2 clinical trialsg 3 7] A& AR H&, 304 SH9] A ol
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computational testing®] “d-$- computer aided engineering (CAE) 7]4¥F 7]&&
g83to2A vt hip fracture risk fatorsE L slo] ThFSl 7ol A
simulations &% 1#d =d 4 AFYd Aess FE + don,
o g AZE HE F7re] A2k o] experimental testingoll B]E| 2 Sltii=
Aol Al ZHo] 9t} CAE 7IRF A+ F FEAE 83 A7} hip protectore]
=4 1o Ae B7HE A% A2 de &85 vk FEAC] 7IRkE ek

AA fFreesrd s 2 ohip protector®] T4 HS e WH7F A" &7

iy

ZAb= Figure 2.259F 7o) keyword 41, title screening, abstract screening, <5~
Ao #HEE H7E HF review W £d AEY 57HA @AE E5h
Ty A} Table 2.89] AEH T2 A of(keywords)E ZFste] =3 HA

AFo] E 2l ScienceDirect (www.scienceDirect.com)ol| ] A M3sl Az} 383719 =0

AL, titled} abstractE A ESFY] HF24 02 Table 2.99F 9] hip protector
H7F EE FEM Q1A BEE A A F o6dS AR 59 g/ dide=

st o, 19] 51719 hip fracture prevention®} PHE 3 S x93
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http://www.sciencedirect.com/

S1.

S2.

S3.

S4.

S65.

Keywords Z= 32 £t journal paper Z4 A4

Title screeningS S 1Kt M &

==&l full paperdj| CHoh 23 = F7}

$

Ao M2} £ E review CHAN =2 M

Figure 2.25. FEA 7|49} hip protector®] 52 B3 Als H7F 3 A4 &

Table 2.8. FEA 7]4} hip protector®] 572 H3 A% H7F A7 & A¥H Hxt
T Keywords
=4 FEM, FEA, finite element
<= A Femur, femoral, trochanter, hip, pelvis, pelvic
Ak Fracture, impact, fall, shock

* A0 22 Title, abstract, keyword ¢]5== 7324
** A Fo}: Ergonomics % biomechanics °F2] journal paper, conference paper, thesis
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Table 2.9. FEA 7]%} hip protectore] T4 H 3 s H7F A4 &8 A +7
No. Authors Year Title Source
Simulation of hip fracture in sideways fall
1 Majumder 2007 using a 3D finite element model of pelvis Medical Engineering &
et al. femur soft tissue complex with simplified Physics
representation of whole body
. Effectiveness of a foam type hip pad in . -
2 I\:Iajlumder 2008b | reduction of hip fracture: a 3D finite II3n_1ury ar?d I_:orenS|c
etal. element study iomechanics
3 Schmitt et 2004 A finite element approach and experiments | Technology and Health
al. to assess the effectiveness of hip protectors | Care
Development of a new design of hip : . .
4 | Danersetal. | 2008 | protectors using finite element analysis and mfd'.cal Engineering &
mechanical tests ysics
. . Journal of
Hirabayashi Simulation study on mechanisms of hip . : :
5 etal. 2013 fractures in backward falls Blomech.anlca.ll Science
and Engineering
Phd.Thesis: Department
Biomechanical and computational of Mechanical,
6 | Madrecka 2012 | investigation of the hip protector design ggron?jgrlclal and
and function 'Ome 'C.a . .
Engineering, University
of Limerick, Ireland
2.5.1. Finite Element Human Model

7]1<& finite element analysis (FEA) 7|5} hip fracture prevention ¥+& 214

2d A= =2 AA2] computed tomography (CT) scan data

T
T+

A

A2k artificial human modelol] 7]3bsle] A s F-91 ¢ FEMS & 3kaL,

FEA A E9o]Z 283 impact simulations S=33le] <= o & F(proximal

Foketal dAE = dak 3t Hip protector®] &4

A w3k A Ao CT-scan B3+ Saw bones
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ol 7)ukste] JRtE proximal femur FEM©) hip protector FEMS- 3-21a}o]
impact simulation A] hip protectorell 2H-&-3}= force & stress F715 F3 24
B3 Ase sk

Hirabayashi et al. (2013)-> sideways fall 25+ o}u]2} backward fall 4] Al
femoral neck §-$19] fracture 175 93 604 o] AE mEF oA 507 <]

o174 CT-scan datas 13}k =S AL-8-3Fo] multi body mathematical dynamic

model & finite element coupled human model (MFCH)<=- Figure 2.263} #+0]

N

b8} 91 Az, sideways fall 3 backward falloll 4 €] impact simulation-S- Figure 2.272}
2ol Gkl Femur 2 pelvis 372 National Institute of Information and
Communication Technology (NIICT)7} #|-&3l= LE Hy o4 S HES=

numerical shape data®ll 7] %3l 4 QAES AAlsta A3

Femoral Neckl /Neck2
Head
Greater
$ N\ /A trochanter

Neck3
Neck4
Superior
diaphysis

I Diaphysis

A: Whole body B: Hip joint C: Femur
Figure 2.26. Multi body mathematical dynamic model} finite element human model

(Hirabayashi et al., 2013)

64



A: Sideways fall B: Backward fall

-81ms Oms 12ms 27ms Oms 9 ms (side view)

Figure 2.27. FEM 7] "} sideways fall = backward fallol| 4] 2] impact simulation
(Hirabayashi et al., 2013)

Femur 2 pelvicoll ot A S X+ Table 2.103 o] &}x]e] H9 ¥H=
MEHow vy Ao sty n#HF oAl density= femure] 624 o]A+

HZ 249 standard bone densityS &-&3to] Hd 3 o] <] density Bl E E3H

El

=35}t (Lotz et al., 1991a; Peacock et al., 1998; Snyder et al., 1991). Young modulus+

!

Snyder et al. (1991) % Lotz et al. (1991a)2] W3S F3 mass density Z-E]
AlAFslS 2™, Poisson’s ratioi= Lotz et al. (1991a)E 33l A28ttt o]
femurel pelvis Akol9] contact surface= 7AAIZ HAAS T3l oF = Al

Mz e A FEE i
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Table 2.10. Thigh %% FEM2] Mechanical &4 %]

Region Type of _elements Young’s modulus | Yield stress Mass density
(and thickness) (MPa) (MPa) (gm/cm?)
Cortical bone of femur
v’ Femoral head 8.4 x 103 1.62 x 103
v" Neck 1 8.4 x 10° 1.62 x 103
v" Neck 2 12.0 x 103 1.85 x 10°
v" Neck 3 hexahedron solid 12.0 x 10° 0.31 1.85 x 10°
v" Neck 4 134 x 10° 1.94 x 103
v’ Greater trochanter 9.20 x 10° 1.67 x 103
v" Superior diaphysis 13.4 x 10° 1.94 x 10°
v Diaphysis 134 x 10° 1.94 x 103
Spongy bone of femur
v’ Femoral head 0.42 x 103 1.62 x 103
v" Neck 1 0.37 x 10° 1.62 x 10°
v" Neck 2 0.40 x 103 1.85 x 10°
v" Neck 3 hexahedron solid 0.30 x 10° 0.29 1.85 x 10°
v" Neck 4 0.19 x 10° 1.94 x 103
v’ Greater trochanter 0.25 x 10° 1.67 x 103
v' Superior diaphysis 0.20 x 108 1.94 x 108
v Diaphysis 0.15 x 10° 1.94 x 103
Cortical bone of pelvis
v' Pubis, ischium square shell (1.0 mm) 8.4 x 10° 0.31 1.62 x 103
v"Ilium, acetabulum square shell (2.0 mm)
Spongy bone of pelvis hexahedron solid 0.42 x 10° 0.29 0.46 x 10°
An isotropic
. . . nonlinear elastic
Public symphysis hexahedron solid model: Stress- 0.31 1.00 x 103
starin curve*
Publ:_symphy_msllgament square shell (9.0 mm) 20.0 0.40 1.00 x 103
ip joint ligament
Skin Square membrane 0.23 x 103 0.29 1.00 x 103
(1.0 mm)
Muscle-fat Hexagedron solid 15.0** 0.49 1.00 x 10°

*An isotropic nonlinear elastic material (Hirabayashi et al., 2013)
**A two-elements visco elastic Maxwell model: The relaxation time is set at 2.0 ms

Majumder et al. (2007, 2008a, 2008b)+= The Calcutta Medical Research Institute
(CMRY), Hospital Kolkata®] Department of Radiologyol| 4] #] &3+ 5841 43¢ w4 ¢

T 2 HEF-] CT-scan datas &-83to] FEMe 7§23}l t}. Three-dimensional
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(3D) solid model<> 987112 slices®¥ CT image (in DICOM format)2 MIMICS (trial
version 7.3, Materialise Software, Malaysia)S %3 2% %3}o] thresholding =
segmentation (bone and soft tissue) 2tH= A* A 2Fslsith. DXF format= 1GS
formato. = W33L7] 984 Mechanical Desktop (version 6.0, Auto Desk Inc.)<
ALg35t9lt) WA Eto 2 LS-DYNA (LSTCE &-83}¢] IGS dataZ Figure 2.289}
o] sacrum, left and right ilium, left and right proximal femur<} Figure 2.299} #o]
pelvis & femur 915 S22 soft tissue®] FEMS 7|3} SIth. Majumder et al.
(2007, 2008b)+= trochanteric F-¥12] soft tissue T71E5 14 mm=Z A|2}51S] o,
Majumder et al. (2008a)2] 74-9- sideways fallx] FEM2] trochanteric soft tissue 7 ]|
w2 femur 2 pelvisol #83st= T4 AdS IS 93] Robinovitch et al.

(1991)% Frarslo] 5, 14, 17, 23, 26 mme] trochanteric soft tissue F7 2 R4S

e“'\

g N
A v
I
S

(a) Anteror view (b) Lateral view

Figure 2.28. Pelvic-femur complex2] FEM (Majumder et al., 2007)
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YLX

Figure 2.29. Soft tissue2] FEM (Majumder et al., 2007)

ol finite element %2 31241 A] H Q3 FEM2] =4 (density, elastic modulus, yield

stress, post yield tangent modulus, poisson’s ratio)~> Table 2.113} 7t}

Table 2.11. Pelvis-femur-soft tissue complex FEM <] =73 %] (Majumder et al., 2008a)

. , . Post yield
Modeling entities Densm; Ve s M Vel e tangent modulus| Poisson’s ratio
(gm/cm?) (MPa) (MPa) (MPa)
0.042— b
Cancellous bone 0541 32-33402 0.354-402 0.032-3.342 0.2
Cortical bone 1.8° 22,700° 158¢ 11354 0.3¢
. Ci10 = 85.5 kPa%"
;I_'rochanterlc soft 0.749f _ B B 0.495
Issue Cor = 21.38 kPa!
. . C10 =800 kPa
Pubic symphysis' 0.749 - - 0.495
Co1 = 200 kPa

@ Based on CT scan Hounsfield values (43-949) and various relations of Keyak and Falkinstein (2003), as

described by Majumder et al. (2007).

b Dalstra et al. (1995).
¢ Kaneko et al. (2003).

d Lotz et al. (1991b).

¢ Couteau et al. (1998).
fBandak et al. (2001).
9 Mooney-Rivlin coefficients (Hallquist, 1998).
P Lemmon et al. (1997).
iC01% C10/4 (Vannah & Childress, 1996).

68



mineral density)E AF8-3}1%1. 21, Table 2.129} o] 2 A wo] Q14+

testings S3l ==} elastic modulus 2 yield stress2] A4S

EAL MIMICSE &83lo] F=s3t

.
B

Table 2.12. Relations of apparent bone density with elastic modulus and yield stress, for

cancellous bone, provided by various investigations (Majumder et al., 2007)

Investigations

Compressive elastic modulus, E

Compressive yield stress, oy

(MPa) (MPa)
Carter and Hayes, (1977) |E = 3790°€0.06p3 oy = 68°€0.06p2
Rice etal. (1988)  |E =900p2 +60 oy = 32.66p2 +2.45
Lotz etal. (1990)2  [Eb=0.7p1.2 oyb = 0.003p1.4
E =4560p—331 and E =
Rho et al. (1995) 4607.1p1.30
Femoral bone
Morgan et al. (2003)¢ |E =6850p1.49 -

Morgan and Keaveny,

(2001)¢

G001 - oy = 38.5p1.48
Morgan et al. (2003)¢ [E = 15010p2.18 B
Morgan and Keaveny - oy = 85.5p2.26

Keyak, (2001), Keyak

E = 33900p2 20

ash

for pash < 0.27

oy = 137p*88 for pash < 0.317

ash

ibi E = 5307 pash + 469 for 0.27 < =114p*72 for pash >
Tibial bone 1, 4 Falkinstein, (2003) pas of >y Pash 10T P
pash < 0.6 0.317
Pelvic bone Dalstra et al. (1995) [E =2017.3p2.46 -

Morgan et al. (2003)

E = 4730p1.56

Vertebral bone [ \organ and Keaveny

(2001)

oy =37.1pl.74

"¢ strain rate; p: apparent density (g/cm?); pash: apparent ash density (g/cm?q).

2 As reported by Lotz et al. (1991a).

b Computed tomography equivalent mineral density, expressed in g/100 cm?.

¢ For femoral neck region.
d For femoral greater trochanter region.
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A body®] spring-mass-dashpote] 12 % FEM (Majumder et al., 2007)
Majuder et al. (2007, 2008a, 2008b)+= 14| ¥4 F-9l9] FA9} S A
918l Figure 2.303 o] FEMoI Q1A F-¢lol wE lumped massE Al =3}
spring & damperE &3l <143} t}. Lumped mass$} spring & damper2] stiffness 2

damping coefficient= 7]& A5 Frxsto] Table 2.137 7ol Akt

Mass Element

Spring & Damper
Element (Overlapped)

/

(a) Rigid Floor

Figure 2.30. Pelvis-femur-soft tissue complexE sl A body2] spring-mass-

dashpoto] 12 % FEM (Majumder et al., 2007)

70



Table 2.13. Details of stiffness and damping coefficients for the spring and damper,
respectively, representing the body segments with their mass (Amirouche, 1987; Nigam &
Malik, 1987)

Body segments Damping
Stiffness (kN/m coefficient Mass (kg)”
From To ( ) (kN s/m) (ka)

Head* Neck 680.5 15 3.044
Neck* Upper torso 1392.0 15 0.207
Upper torso* Central torso 584.2 1.6 9.105
Upper torso Left upper arm* 152.1 1.0 2.322
Left upper arm Left lower arm* 98.1 1.0 1.91

Central torso* Lower torso 555.1 1.8 16.55
Lower torso* Left upper leg 130.5 1.1 12.59
Left upper leg* Left lower leg 68.9 1.0 7.827
Left lower leg* Left foot? 958.0 1.0 3.445

2.5.2. Finite Element Model by Impact Simulator

4

Hip protector®] &2 ®3 A5 B7HE 9 impactsimulator 7|9t FEM<
impact simulator 71¥F 54 As Rt A3t Hlaste] v®EAdE HEokA,
impact simulator 7|9k A9 SHAIFQD AL, H]EA Aok wWE vkt
Z7 5] U3 impact testE 3 st7] 98] FAFSE ER R A 2FSFA T Schmitt et
al. (2004)2> Derler et al. (2004a, 2004b, 2005)°1 4 A}-&4¥ Figure 2.31a2] impact
simulator 2 &-& Fa3te] FEMS AA S 7IdE FEMS Figure 2.31b<}
Z-o] aluminum A& 2] artificial pelvise} steel 12 2] femur® FAEH, F W=
ball-and-sockete] ¥4 F-oJ2 AAFJQlaL, hipe] HA W L AHS Hi
2= soft tssive X muscle surrogate:= silicone A A E FAE o] FAL <l

298 2pgegot B <A 2y thEA 28319 tH(Daners et al., 2008).
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riael gak
e B, i privecio
s sok lissue surogate

support

(a) Impact simulator (b) Impactor 7|¥+ FEM

-

Figure 2.31. Hip protector®] 524 X% A5 H7IE ¢ (a) impact simulator
(Derler et al., 2004a, 2004b, 2005) 2 (b) impactor 7]+ FEM (Schmitt et al., 2004)

Daners et al. (2008)-> ring 2 three bonded curve= A %% protector shello]]

o

rok

=4 H3o e HI7ME 93] Figure 2.32a2} o] dynamic impact testE
=33}, FEM<= Figure 2.32b2} o] A|Z3sFSlt). olu Ringe] -9 ¢F 55,0002
first order tetrahedron elements (ABAQUS element ‘C3D4’)% meshd}1 32, curved
strip= 2tz 20,0009] first order hexahedron elements (ABAQUS element ‘C3D8R’) =
mesha} ATl Figure 2.32b2] strikeri= 5.41 kgo| steel E/do =2 #|2}a}Aar,

9 9 ostriker F-91 =5 rigid surface= A 2}% 1T}, Protector shells /3 8F+=

o

Al 7Ne] strips & =% strip®] Young modulust= E = 130 GPaZ ¥%2 E =8
GPaz 2% %lal, Poisson’s ratio= v = 0.32% 2]t} Ring2] 4% Young

modulus: E = 9341 MPa, Poisson’s ratiox™= v = 0.4% & 9% 9t}
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Striker 5.41 kg

Protector shell

Cylindrical aluminium i
. support surface —
aluminium _

(a) Impact simulator (b) Impactor 7]¥+ FEM

Figure 2.32. Hip protector®] 52 A% H7IE $3t (a) impact simulator 2 (b)

impactor 7]HF FEM (Daners et al., 2008)

Madrecka et al. (2012)+= Figure 2.33%} #o] 42| polyurethane #}2 %
emm 719 HH3 BL4E Y polyurethane gel padES #12telal, =24 B3 A%
B7+E $337] 918l Figure 2.34a9} o] release plateS Holx=# loadcell S
&3l forces =73k drop weight impactorE A 2}8}al, Figure 2.34b9} o] o &

Helol FEMS A &3kl

2 A (b) 4% 2] polyurethane 22

r
>{l

(a) Pad #|

Figure 2.33. H7} 4 pad?] (a) * 2 P73} (b) 452 polyurethane | &
(Madrecka et al., 2012)
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Impactor

b RP

<
S F

(a) Impact simulator (b) FEM

Figure 2.34. Hip protector®] 52 X3 A5 H7IE 93+ (a) impact simulator 2
(b) impactor 7]¥F FEM (Madrecka et al., 2012)
4% pad?] EAS Al Feo Al¥  H7Huniaxial tensile test, simple
compression test, equal biaxial tensile test) S <=2 3}o] Table 2.14%} o] stress - strain
curve= hyperelastic (Mooney Rivlin, Neo Hooke) 2 viscoelastic 7|H-& <83}

548 =% F A 7FA impact force Z7(8.9 kN, 12 kN, 16 kN)olA z}z+

i

experimental test 2 ¥}2} H]n3}e] FE pad model2] =4 A 2= viscoelastic & 2 2
2]} modelings}$1th. FEM ' element type, number of elements, 2] 3 element

specification-> Table 2.159} o] A o35}t
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Table 2.14. Peak force values from FEA simulation and experimental testing for PU gels at

different impact forces (Madrecka et al., 2012)

Imp?f{;f)om PUB(KN) | PUCKN) | PURKN) | PUP (KN)

Experimental 8.9 2.61 2.71 3.37 3.08
Viscoelastic 8.9 2.44 (6.51 %) (7%2 L " (12%4965%) (8?731, ”
Hyperelastic 8.9 2.54 (2.68 %) (7%?2%) 2585 0(/:)4 (8.24.22%)

Experimental 16 5.38 5.14 6.11 5.87
Viscoelastic 16 5.06 (5.95 %) (O%i“‘%) (145.'2244%) (1.58';6%)
Hyperelastic 16 4.75 (11. 71 %) (7353%) (20%'6825%) (7.51'25%)

Estimated 12 3.44 3.53 4.52 4.20
Viscoelastic 12 3.51(2.03 %) (1.31';‘9%) 4 (11.5 %) (5.39'25%)

Table 2.15. Details of FEA mesh for each part in the impact model (Madrecka et al., 2012)

Part Element type LG o2 Element specification
elements
599 linear quadrilateral elements of type
Floor R3D4 609 R3D4
10 linear triangular elements of type R3D4
Impactor R3D4 7,825 7816 linear triangular elements of type R3D4
Pad C3D4 10,765 10,765 elements of type C3D4
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2.5.3. Finite Element Analysis for Hip Protector Evaluation

71& A7 251 2 25294 A<=3k human model 2 impact simulator
719k FEMS &85t Faasdirs §3 nadd 24 o AFe adtl
il o1 -34S ok Majumder et al. (2008b)-> Majumder et al. (2007) 2 Majumder et al.
(2008a)E &3l 71'¢E FE human modelS &-83Fo] #bA] A 213k polystyrene (EPS)
foam (thickness: 18, 27, 36 mm)E pelvis, femur, “12] 3L soft tissue= -4 ¥ FEMS]
x| F=3le] Figure2.359F o] sideways fallS 53+ FEsimulationS $3l hip

pade] FAHEZ femoral 9ol 283l impact force, 52 AlZH(impact time),

O>‘

231 fracture risk (@ = Far/E ) pads V28 Fej o} w] a3l Table

2169 o] EAFIATE. olw, F,. = femorald]l #83}=  peak impact
force® F, & femoral fracture load®] 7]=2]<1 4,170 N2 A sttt A<
A o8t A 22 624 oY BT HAY wFAl 7747 kge At
Hatsl S W B sks 140 9 T4 CUAE et T3 7SRt 1.904

m/s¢] impact velocity® A3 o1, ANSYS-LS-DYNAZS &&3lo] 3

{

2
o

Fgstdt. 1 A3 no pad FEILW F,. 2 fracture risk7} 7Hg =

Uelgon, FA7 FASFEE Fh. D fracture riske AT B
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Direction of Fall

18 mm thick
Foam type
Hip Pad

Figure 2.35. Sideways fallol| A foam type hip pad”} 5-2F<¥l pelvis-femur-soft tissue
complex FEM  (Majumder et al., 2008Db)

Table 2.16. Effectiveness of a foam type hip pad and its thickness for sideways fall
simulation (Majumder et al., 2008b)

H (mm) Frmax (MS) tmax (MS) (ms) Frmax/Fu
No pad - 5,225 20 50 1.253
Pad 1 18 4,251 33 69 1.019
Pad 2 27 3,801 36 75 0.933
Pad 3 36 3,535 39 82 0.848

ol& F3l HA T4 uA= LA, hip pade] FAVE FAeTE 4

AUAE HH3] F3te] femurel] 2H&3F= impact peak forceE Hojr=

&

fracture risk+= 7Hg > 25 3}e}s} gl ok (Majumder et al., 2008b).
Schmitt et al. (2004)+= Figure 2.363} o] energy shunting®] 5 7]°5<1 hard
cover ENS] hip protectore] FEME A #}slal, F7F= energy paddinge]

71%%l  foameo.=xt A% hip protector®] FEM<S  A|Z}SEATE. Figure

77



V——

Figure 2.36. FEM3} hip protector2] A% geometry (Schmitt et al., 2004)

§

2.36° 4 A ZF& hip protectorel]l th$t Figure 2.312] impact simulator 2 FEM 7|4}

i

=4 B3 A4 B7F Adel dig vlw 23S 9@ WA, Figure 2.373 7o
soft tissue surrogate”} U= AFENS} soft tissue surrogate”} $lE FEIE b A
vl sk el. 2 A3} impact simulator 2 FEA 7|WF 7} 5% femoral impact force
2 impact timeoll Al FAFEE 27 =EH A0, soft tissue surrogateS -85
AFefoll = impact simulator 2 FEA 7]t 7} 5% femoral neckol 2}&3}+=
impact forcet= F+AFSF Zho] =F % %1}, peak impact time®] 73 -~ impact simulator
719k G 7tel vlE) FEA 719k H717F 2w o] AdEE AR =EEA o=
soft tissue surrogate A1 %+ A] 2 A impact simulator®t FEM Ztell E4 2 F7 o

310 apol7t WAE ] E4 F47} AW Aow AprH,
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Figure 2.37. Soft tissue surrogate”} $1= ™ (top)<} soft tissue surrogate”} 1= o)

(bottom)©] validation process] 23} (Schmitt et al., 2004)

=4 2, Schmitt et al. (2004)+= FE simulationS- &3l no protector, foam pad, hard cover,

2] 31 foam pad<} hard coverE ZA3}SE combined pad “JEl €] hip protectorel] T gk

g§sle] femoral neckol] 2}-83}+ impact forceE Figure

2.383} #ro] ®As19 et 1 23} Figure 2.383 9] no protector

2yefoll H]al hard cover pad7} o 60%= femoral impact force7} A 7+% &= & 37}

ANew, hxrHoZ only foam pade] 9ol 30% A7FEII}

DA AR L
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1600

= com bined protector
1400 44 no protector
1200 1 foam pad
—nhard cover
1000

force [N]

800
600 / L
400 / -~
200 /

0 /

0.000 0.003 0.006 0.009 0.012 0.015 0.018 0.021
time [s]

Figure 2.38. Hip padding system?] <ol w2 ZA3} (Schmitt et al., 2004)

combined pad®] 7$-ol= F3F AEQ 45% ~ 50% T AR EIIF AATH
Foam pad®] 7d-% hard cover ¥ combined padell H|sl] F7A AJ7te] AAF =

S R CERE DT

il
ol
5

a37F 2ol 4 energy

Daners et al. (2008)<- impact simulator 7]%F dynamic testS =33}z,
F712 FEAES $33}o] Figure 2.32b2] A& 7§tk foam FENS] ring¥ 1 ~
370<] shell FERS] curve strips= -/J % protector shelldll st T4 B35 A%
H7Ve TStk WA, Figure 2.32a] impact test8 “gH|Ql Instron testing
machine IX version 8.06.00 (Instron., Inc, USA)S 53l dynamic impact test=

33}aL, Figure 2.32bollA  #|Z+E FEMe 7]4kste] 3wl FEA ZAiE
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H] 08} TE, FE simulation> Figure 2.32b2] impact simulator 7]HF FEMS- &3]
protector shellol] thdt 52 H3s A5 H7IE 93] 0.05 me =o]o|A 541 kg
F719] impactorE- kinetic energy = 2.65 J, impact velocity = 0.99 m/s= boundary
conditions 2743l FE simulationd}th. =3k shell, foam, ~22]3 shell¥}
foams ZA3st Feo] gt vla #4438t A3} protector shell®] curved
strips 71+ 2 A ZF(flexibly/hard) gl mE A3} S5 Figure 2.399F o]
flexibly bonded 2 curved strips dwl ZA37} AR ASo2 =EH o™, hard
bodned curved strips¥ ™| 1, 2, 3 curved strips =5 FEA ZA¥}7} impact simulator
Atel vlaf impact force7} A =55 A 2.1, peak impact time'= A% 1O R

LHERSE T

....... dyn test — Protector Shell

——— dyn FEA - 1 strip

15+ & 1 157 == dyn FEA - 2 strips
P — — —dyn FEA - 3 strips

0 3 6 9 12 15 0 3 6 9 12 15

Time [ms] Time [ms]
(a) FEA with flexibly bonded curved strips (b) FEA with hard bonded curved strips

Figure 2.39. Strip 71~ (1,2,37]) % bonded *}E] (flexibly/hard)el] w2 FEA 2
protector shellol] t 3+ impact simulatore] 524 H3& A5 H7F A3} vl 28z

(a) flexibly bonded curved strips, (b) hard bonded curved strips (Darners et al, 2008)
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72, shell#} foams A3Fst ol A foam F7 (5, 10, 15 mm)<d o o]
padel ZH&-3}i= maximum impact force ( Fimpace) 9 femoral neckell 2H&-3hi=
maximum resultant femoral neck force (F,.. )= Table 2.17 2 Table 2.183%} #o]

=319t} Darners et al. (2008)> impact simulator 7]¥t FEMS &3} A1

-

anthropometric datas ©|-&3}o] shelle] A4S AASHS AL, surrogate pelvis H$
A9} GAIE WS FE5YGr. T3 Table 217 2 Table 2.189] AW E E3)

shell?} foam padE A% pad7t 7FE T4 FF Adsol HAA U= A&

getglon, stripel 7Rt WaE  deformatione] A ow, foame| A7}
TAZTE 4 F7 A0 mopA= As detsit

Table 2.17. Peak values observed in the dynamic test and FE analysis (Darners et al., 2008)

Force Displacement | Time-to-force peak
FEA Test | o) p(mm) ) P

- protecor 973 7.2 103

One strip; flexible bonding - 954 8.3 12.2
Two strip; flexible bonding - 921 7.0 10.58
Three strip; flexible bonding - 1038 6.2 9.1
One strip; hard bonding - 1167 5.9 8.7
Two strip; hard bonding - 1263 5.2 7.8
Three strip; hard bonding - 1408 4.8 6.9

*Fr: Femoral neck
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Table 2.18. Impact test results on the anatomical hip model for various combinations of the
protector shell and different versions of shock absorbing foam pads (Darners et al., 2008)

Finoact(N) | Freac(N) Total m'clxim(lrjnrrr]n (;isplacement Ti;reu; I:o( rfnc;r)ce
Shell-Foam 15 3,304 1,667 38.8 16.2
Shell-Foam 10 3,512 1,952 34.6 14.7
Shell-Foam 5 3,673 2,120 35.7 15.0
Foam 15 3,845 2,197 29.2 12.6
Shell 5,655 3,768 30.6 12.4
Empty hip model 6,898 5,425 20.6 9.0

Madrecka et al. (2012)+= Figure 2.30° 4] #|2}<¥ impact simulator % FEM-S-
285} Figure 2.407} 7] 8.9 kN, 16 kN2] &3t total peak force= 3130 S
W force7t WAH= FFES aHZE oBlaste] RES HSSATE FEA
simulation % experimental test®] W]l A3} 89 kN % 16 kN2 total peak force
5w Ag zpol7b UAA| T, AL total peak force’t EEE o] FEME

)
=

N
ol\

sy,
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(Madrecka et al., 2012)
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(@) Hole 1 (7.57 % mass reduction)

a) LI e

(c) Hole 3 (17.52 % mass reduction)

a)

(e) Hole 4 (46.63 % mass reduction)

Figure 2.41. Hole arrangement®]l ™2 hip protector 7 (Madrecka et al., 2012)
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Figure 2.42. Impact force 8.9 kNl 4] hip protector pad designsll ™& PUC A& 9]
FEA simulation Z 3} (Madrecka et al., 2012)

BHoles amangerrert 2 B Holes arangemert 3 B Holes arrangement 4 BHoles arangement 5

FEM ~7]4F hip protector®] 524 A5 H7F £ 4718 <A 24 T
impact simulator 7|4t FEM-S- 2-8-3}o] impact simulator2] 374135 1. 9+3 FEA
71¥t  computational simulation testE F3 hip protectore] T4 H3E AHTE
H7bst vk Sl sHEA Rl oot lont ARl o] FA) g} Majumder et al.

(2008b)= A AA FFe] CT-scans w3l AA RS At 7|E ATE
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lo,
e
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off
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ofo
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ol
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lumped
massE F3 <AA FAS A 8o upE stiffness 9 damping &35
spring Eel TRSAAT, A A A femur ¥9 F I@A 29

2h-8-3h=  stressE dotabA]  @9kal, pad Tl uigk force SO ANE

M

FA5F o, 21A] softtissue?] geometric informationel] W pad F e A&
A¥E pad7t obd HHE FeElo] pad® AFEt] AFE FAESTh w1,

conference paper= Zd¥ o] pad &4 % FEM ¥ FH7F FE3] AASHA
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ko A7} 9t} Schitt et al. (2004)2] 739~ surrogate pelvisE <A 9} -fFALSH
Tx=2 AZste]  impact simulatorg A ASFaL femoral neckF-$l¢ll  loadcellE

Z2rslo] femoral neckol] 2H-8-3l+= forces =74 8}al, impact simulator 7]¥F FEM<

o

A#stel FEAS 8 § F A3 vaE F3 FEMS AT HelA] A

=
de7t ey, Al QA ARSH Edfemur URTE 2 B

A Eate] AA YA Al iAo m X = force E ostressE HEA1EFA] E3

Aol A stA o] Art. Darners et al. (2008) = Madrecka et al. (2012)% impact

A wE 4 Ba A
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Sl
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1o,
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surrogate pelvis F-915 A ZshA] grol uad F-9lo] 2838} stress W

Lo

A Hrip v Eete] AAl pad 2L Al AA | WA= stressE 7Ho}ElA
el Al EAg. webA, FEA 718 71E hip protector®] FZ
B3 Als H7F A9t B impact simulator 7|WF 574 H3S AE H7F A9

A S Bebstal FEA 7Ib A4-E T Aol SlojA AEAe] Ak,

1A myE B9o ZL3= stressol]l thdk FHrb v EE A Aot
o= A EAL FEMS] 73t Al w2 soft tissue H-912] A 8Hsk =24

2 thE oA 24l geometricdt FAF o] o]el$ pade] EA wols 93k
Al B37 FEs AT AR A " AR 7YY ol #, soft tissue  pad ]
45 A hyperelastic?} AR Al o]7] wistel]  sfAel] @2 A|3ho]
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289w, 14 3] A3 boundary conditione] 4173} hyperelastic A2 2]
FEA 719 3§22 $13F mechanical 2ok HE2 Q1 #[2o] &g HTtE HollA]
BE Fs okl Ay AE dAl E8t7] ofHuk= A, FEM 7R FEA 239
AEE gHE 915 mesh qualityel tig A5 B7HE o] o] Folxjof Fr=
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I11. Theory of Fall and FEM

3.1 Theoretical Equations of Sideways Fall

2 A9 impact simulationA] ©]& total peak force #t<> van Den

Kroonenberg et al. (1995)°] 7]=%¥ sideways fallA] total peak force =% 24
Ef

o

alste] =E35SIth Van Den Kroonenberg et al. (1995)% standing ‘&l ol A
sideways fall2- &3} hip impact velocity (v) 2 hip impact force (N)E ==3}7] 93+
dynamic modelsS 7521 th. Dynamic model Figure 3.1%} #©] undamped single
degee of freedom systemo]l 7]HFst), oju] M effective masse] il 4~2] ®gko =
33kt impact velocity (V)& 2AAIZITE KE lineardt spring “&5=¢1™, hipS
U= soft tissueet AMAS] 58 E3$HSH flexural stiffnessE &3 AlLtd T G
Al 283l damping &Y= Robinovitch et al. (1991)1A §=0.2 2 wn|st
Ao w7 9rE ] E dynamic modelol A= 1 shA] &ktl E dynamic modelS

Sl A Al(xpeax) spring stiffnesset Ftl deflections L2 3} total peak force

(Fpear)= Equation 3.17} 7Fo] ERAS
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L v

Figure 3.1. ©¢¥ A% (single degree of freedom) impact model
(van Den Kroonenberg et al., 1995)

Fpeak = Kxpear (Equation 3.1)

T3k, van Den Kroonenberg et al. (1995)= @ A= (single degree of freedom)

& a5 99

impact model®l] <*73}o] total peak force X hip impact velocity

T2 o2 QA el 47FA rigid-link model (point mass, and one, two, and three-link

models)S A}-&-31S1 T,

3.1.1 Point Mass Model

4=

Point mass model<- Figure 3.2a2} o] A Y3loA] oA HE

H2 o] 9] A3}o] Figure 3.2b2} #+°] modelings}le] impact velocityS Equation 3.2}

wol Aelstgiet,

1=
mghey = 2mV2,V = [Zghe, = 443,/ (Equation 3.2)

where, m: total body mass

m: gravitational acceleration 9.81m/s?
hcg : height of center of gravity
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(@) A 93 oy x BHE WHE (b) Point mass model

Figure 3.2. Point mass model (van Den Kroonenberg et al., 1995)

3.1.2 One-Link Model

One-link model> Figure 3.3%} o] 3| Y3fol| A o %] HE =

o] As}e] rotation kinetic energye] &35 E el Hlgol] S| HH S T JAAE
rigid slender bar= modelings} 31t} Rigid bare] mass¢} height™= 7}7Z} total body
mass®} body height= “42]¥ ™, modelol 4] “hip”oll & F3dl= H--2 rigide bar
A heighte] 50 %= Aol Ao, A FA T4 =o] (hy) E=3F LT
AAZ 78Rt Hipoll 2H-83F= masst total effective mass= *<]3}Slt.

Sk - model2] 3]d o] 288} rigid bare] A Ewl E (moment of inertia) =

mechanics of dynamics®] rode] ¥4 EWE $21S Fa1sle] 1=1/3mh? 02
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gelstgich. old 34 dahe] oux

velocityi= Equation 3.3¢} #o] UeRd 4 glom,

total peak force:= Equation 3.49} o] vtebd &= <t}

mgh., = %Iwz,v = /%ghgc = 3.84,/hy. (Equation 3.3)

Fryp = m¥p, + mg (Equation 3.4)

, Xnip- the vertical acceleration of the hip during impact

EESsFSsT S U

mh mg

é . Fhip

(a) Before impact (standing height)

(b) After impact

Figure 3.3. One-link model (van Den Kroonenberg et al., 1995)
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3.1.3 Two-Link Model

Two-link model-> one link model®} & 3tA 3] oA o L] HE
HH o oJAsle] ulgo]l 3| AHE FaI, Figure 3.4ast o] mEo]l gl
A ow vgy AA% leg segment 2 trunk segment®] F 7H¢] rigid slender
barZ TFAEHASH, T segmentE YT AAHF T wpEo] gl HAFHOE
AZAEO] hipell $IXFEZ modeling= Atk olWl T segment=  FAIE
tzxu dol= FdaA FAHEAY. A 933 F two-link model& Figure

3.4b9} o] =74 AHA trunk’} =221 model¥} 45°¢1 modelo] At} ©] F link

o

model?] FAE A+ Al S

A%

o2 knee flexiono] BAJE 4= UATE knee
flexionS wiAl|slal modeling®l S & 5 AT} Hip impact velocity (v)+= vertical
link model®| 4] Equation 3.5, 3.62} 7] rotational kinetic energy, translational kinetic

energy, potential energyS 3123t oy =] HE W= whg} A4 Sl

h
b= hy=3
my = -l-rn
3
my = -23- m
o 1 UONRARRERNENNANNEANNNNN
I} = - m1h1 H
3
L2
L =ramyhy
AOORRRRTRKERRRERNENANNANNN
(a) Before impact (standing height) (b) After impact (vertical: ¢, 45°:0}2)

Figure 3.4. Two-link model (van Den Kroonenberg et al., 1995)
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1 1 h .
Myghycg + Maghycg = Elfw% + Emw% +m,g = (Equation 3.5)

m 2m
my =g Ma =
_ h, _ 3h, ,g_mh?
hlcg Y hZCg_ 2 11_ 36
2V

(%] :V; wq :7,

V= /g gh =3.24Vkh  (Equation 3.6)

where, w;:the angular velocity of link 1

v,: the linear velocity of link 2

h,cg4: the initial heights of the centres of gravity link 1
h,c4: the initial heights of the centres of gravity link 2
h(h, + h,): the total body height

45° two link model°l| 4] hip impact velocity (v)== Equation 3.7% #o] &4 A

uA BE WAl wat Arkd 5 3l

myghycg + Myghyey = %I{’w% + %Izwg + %mzvzz + ng%cos45° (Equation 3.7)
where, w;:the angular velocities of the leg segment

w,: the angular velocities of the trunk segment

van Den Kroonenberg et al. (1995)+= & % leg model®] angular velocity+= trunk
model®]  angular  velocity®]  1.38¥] QA o=w  FZ5IAUT. whEbA
w,=1.38w, Y ©. 2 hip impact velocity:= Equation 3.8} o] o] % T},

V = 2.72+h (Equation 3.8)

Z}7to] link model © 2 F7Zo] WAeE B¢ FA%E= A9 vertical impact



acceleration (%)= ‘&3l hipell #-&% vertical impact forces #AlAFetal o 7] o

(%nip +9)= ¥l Equation 3.14 = Equation 3.159} #¢] effective masss =% &
I At AA modele] effective massi= ZH2Fe] 7R linkE 2] effective mass=

5 g3 3ts 58 ==H A T3 two link modeloll 4] Figure 3.59F #+o]

T2 ekl 7+ B9 torgue % force™ Equation3.9,3.10,3.112 A olg

AL,

x2,

Equation 3.9, 3.10, 3.11& =3%tsl¥ effective mass (M) Equation 3.129} o

_

H

= 5 Aok wEbd, A 0Eke] 4= BrE 442 00, 45°, 90° U effective
mass (M)T Equation 3.13%} #o] == F AgoR FTAH A] FEHFE]
Aoz AAF A i 7HHEHH total effective mass (M) Equation

3.129] effective mass (M) A5 T3k 7k o = vertical model, 45° model oA Z}Z}

Equation 3.14 % Equation 3.159} o] gost 4= )

1 . - . .
> FripsinB = 1P and —mMyinkg + Frip = MyiicXcg (Equation 3.9)

where, M, : the mass of one link

Xnip = Xeg — %cosB, (Equation 3.10)

Knip = Xeg + % (B%cosB + fBsinB) (Equation 3.11)

_ _Fhip  _ _ Mink
Xnip+g  3(sinp)?+1

(Equation 3.12)
B=0°" M=mypn, B=45°M =My, B = 90°M = -1y (Equation 3.13)
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Vertical model total effective mass (M): M = ~m, +m, = —m+=m = 2m (Equation 3.14)

45° model total effective mass (M): M= ~m, +2m, = —m+—m = —m (Equation 3.15)

Figure 3.5. 5~2] ®I3ko] B Z} o A] free-body diagram

(van Den Kroonenberg et al., 1995)

3.1.4 Three-Link Model

Three-Link model> Figure 3.63} o] wizlo] 9l Aoz AZF A
709 rigid link®] open chain®. & 43}l modeling® 21t} Al 7He] AR = (1)
Aol o8 migzt AZ¥E shank segment, (2) thigh segment, ~22]3 (3) trunk
segment® A= o] Atk Modelol A ¥4 (hip joint)S P o] =(flexion) 2
2174 (extension) ¥} <] Z (abduction) ¥ W] * (adduction)e] F 712 A= (two degree

of freedom)= &3 o™, F= &4 (knee joint)e] 7

o
1
i
M
|
ME,
r
2
o,

3 7}A A% (one degree of freedom)® AW ATE A 7Fol(shank)et HlE

Atolo] Bt aybd WjFel Wi B oo e e shA] skt
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(a) Side view (b) Rear view

Figure 3.6. Three-link model (van Den Kroonenberg et al., 1995)

A= (degree of freedom)i= 1) y-z HW oAl leg segmente] =2 F&3}
F97 Atolo] =Rl a9t 2) xz FAANA A wige] AHFES
Adste A3} Ggol Aol el e} 3) yz FUANAN EF FEo 54

i FA Aboldl y= Aol 4 gk olul o] #X=(hip trajectory)=

=

Adsta, o Aol FY AEEE EFW £4 AEEE U Fgs,

i
F

Hipel ZH83}% impact forceS Abslr] Q& A7olsl wATiel:E 22 A
uAgHol Ad®E Aom HFEtt. o Axr tE] 9 BE9 effective

mass(M)+= Z}7} Equation 3.16 2 Equation 3.17} 2t}
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3.2

I1+I,

Mlegs = W (Equation 3.16)
mq+my
3+ o5
where, d = %
142
I1+1
Mtrunk = 42 111112 (Equatlon 3. 17)
+m1+m2

where, f: the trunk angle, between the vertical and the trunk segment was determined by:

cosfB = cosk cosy (Equation 3.18)

Theory of Material Testing for Finite Element Model Development

71¥ hip protector g8 AES] AFU A2l soft tissue 2
polystyrene, polyurethane, slicon®} 742  elastomer #AZA = M 3F 9}

o) D =
FAHIFE

!

retstel 71 AQl(chain)e]  EATERE FAEY HEdE
7HA AL e T Al(polymer)oltt. 53], a8E WEEo Y SHIAAA
WA FE2 Apol7b BolAAY =ZafAA el doue SAS
Z7FA1aL It} Elastomer A AlE AA ] WEELS 8 ¥ (hyperelastic)
+ ek W (viscoelastic) .2 A 4= ¢la, Figure 3.7¢] prony series=

g-8-35lo] ANSYS &= ABAQUSeS} 72 finite element analysis tool®ll A

A ZHS F3F material test7} T Q.30 FEA X 21318 AUk o & hyperelastic
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Creep test data

€Total = € Hyperelast ic + Eviscoelasi ¢ Creep time - strain
t | Standardlinear | __
model

- Creep compliance
ot) = 2G(r — T)edt’ J=¢@) o
IODdenmodellmBlI / . W)=20/o
1
= 2 (] — —_ -
U= ERT + X + 35 -3)
= Normalized compliance
E; n J(@)=J(@0)/ J(ty)
Uniaxial tension test data ‘ FSreep{tgst data o
G)=G,+Y G’ Data fitting
= (Prony series)
G(1) = Shear modulus at t (time)
G« = Long tem shear modulus
Gl

= Prony series parameters

Figure 3.7 Prony series for properties of FEM

==

= viscoelastic EA T 3 71A] F79 EAo d|dsl= material test data
(stress-strain data)S JH3led FEM 9] tpFst 7|HS 38| hip protector 2

o1 softtissue =29 EAS o= 4= A}

3.2.1 Hyperelastic Material Test

Elastomer A2 <] hyperealstic &S A3 9 Algo=ze A%
Al¥ (uniaxial tensile test, biaxial tensile test), %= A]3(compression test), 7%
Al (shear test)o] low, Ald E Alg WH
Alg A3 = Table 310 YeERIT 2 Al AlE R B Ad
Agel 545 st A Ald 2 45 Ads s
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Table 3.1. Hyperelastic =4 =& A3 AT A1 BH, 54 &5, A9, A3 AR, A1 23 9
AlEH AE 3 53 35 Al AlE ARz AE A
v’ Tensile Strength
QYL )
v’ Tensile 1
2o ATl modulus/Young’s .
org Ay [Tl mER BEIRL modulus (1%
o U A E(mm/min)RE
(Tensile test) o1 s}atol E,_Mo*g .
A%l v Tensile elongation
) (QI5218)
v' Poisson ratio
(ZOF&H]|)
2N A & 3
L =42 A “’E?ﬂ v Compressive strength
b= Alg Al wEl Hai (912 7te)
(Compression|”d 315 53l == e
test) 1= S shad] v' Compressive modulus
= L= =
NE: (4= B4 E) Iy
4 5 6 L
Ao Algel v’ Shear strength =i |
A 95 =
aw g [PAL TS EAE ) o gs) i
(Shear test) | o ° E;QT;—}%}‘” o v Shear modulus | mee—r———g— | . |
R (R B B)




A, o1 Al (uniaxial tensile test)S e EZAHS Wy AP
Amel Axet EAS Aose o=, A AP &¥(stress) I
WM& E(strain)> YA W E(strain rate)ol] 4] A8 o] Az AR}
wEEeE Zask 3 ARV ve HYE BEUHHS Y =F 7bssich
A o 2, elastomer A Z o] Aol wE HWIES AJHY M7t T2 F5
A7g3k 7149 strain rate (5 mm/min, 50 mm/min, 500 mm/min) % testS <=3 gk},
&2 -3 (engineering stress) 0.2 A& X <17 -S-2(tensile stress)> Equation 3.19

(Brown, 2002)3} o] Aojww, FAj(AdH)ol 2= AFHEP)e L WY

AustE 2S @A A (cross sectional area) ©.& o] dolx= LE(gp)0 =,
Aol o AR FHES nHIA Fe FHo. FA

3 & (engineering strain)® &% 1% W3 E(tensile strain)2 Equation 3.20}
ol FAA ) gk AFHP)l meEr wskd dojanEs Hx
Zo|(Ly)= o]l dolA= HEE(g) = Ho Ak

o = A% (Equation 3.19)

&g = i—z (Equation 3.20)

where, P:the load

A,: the initial cross sectional area
Ly the initial length

102



Ao wE diAo] obd AF A FAY dHA B dolE VFo R &Y
o] AlE Al AEHES] ¥ wE 8 9 WHPES o] HsiAeE
sty Tz wE sksol HE &9 &8 % wstE dolo iE] o
dolol HE T3 WIES SAMoRdth. oW ¥ B WIES
18- (true stress) 2 #1H 3 E-(true strain)o] 2} 4 2] 3}, Equation 3.21, 3.229} o]

oH
ot

el(op) D Y VLB W ANT 5 9

T3, A% AHS Tl EE3F 9 stress-strain dataS 7|Wo =, 9%

H

7%= (ultimate strength) 2 35 ZF=(yield strength)ol w2 Ho =, 2144,

j=gye)

A S, 9 A AE 58 =T 4 QATH(Figure 3.8). ©] 5 FEM| Z Q3

E4X= AE raw datadl - E 4d(stress-strain curve, s-s curve)E

olr

3.

7lHko 2 ANSYSOl A hyperelastice] curvefitting 7S &-83to] =& 7}

Curvefitting 7] #& dloj A= 3.3.39] hyperelastic modelol] A <3} T}

True stress(t) = oz (1 + &) (Equation 3.21)
True strain(er) = In(1 + &g) = ln% (Equation 3.22)
0

where, L;: the instantaneous length
Lg: the initial length
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Actual Rupture Strength —\
U — Ultimate Strength j

/\’

R Rupture Strenqth

>

Stress, ¢

Y Yield Point
E — Elastic Limit

P — Proportional Limit

0 Strain, &

Figure 3.8 217 Al §doll & stress-strain curves] <

o= &8 % WMy E EAS Equation 3.19 E Equation 3.20°] A
o S8 W WHYPEI FAI YAHAS 7wko 2 3hrk(Madrecka et al. 2012).

GE NPS FAT © Fo) AFE AFAL AR Atolo] nhEe] ER3t7]



a
S
=
f
y
k)
ol
o
rir
o
o
N
=
i)
ox
ol
o
o
(1
2
d
R
i
o
s
ol
57
2
o
=3
1Y
1o
+
2
d

Aerelo] zh-gskuf o] v & S (shrear strain)S 3Fotale] Add ol o3k 279

HEa ddd Axek SA4e Aosy] Adeld. de $¥(t)= Equation

A)Aerg e (Tesca) 5ol Equation 3253 o] UEhdl 5 glom], 4]

(vield stress)ol]l =283 wf Yetvy =49 g3 5 o5 5 Uk
T= A% (Equation 3.23)

T = Gy (Equation 3.24)

where, P:the maximum load
A,: the initial cross sectional area

G: modulus of rigidity

Tmax < ye”d ,Imax(g; — 03)| < 0yei1q (Equation 3.25)
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3.2.2 Viscoelastic Material Test

Elastomer#] 2 2] viscoelastic®] wW3% dAO=Z+= Figure 3.99 7ol
vibration damping, creep, stress relaxation(-5-2 ¢+3h) o] 21, viscoelastic®]

AAS =Eal7] e Zadh AlFS creep test 2 stress relaxation test”} 9l

.

Vibration damping@ 4+ A% elgt 74 2ol o8] NS AR =K
AR Aol ceepd e BA uRel go] Azt A we

7} %= dAabolth, WS stress relaxatione 7FA o &

Ol
N
(&
ofk
o
e
ol
ol
oL
X

Creep
e(r)
a(t)A ()
With viscoelasticity
Pure elastic response
A
|| \__ With viscoelasticity
bt {
I > T
>
5
Vibration damping
> 7)<
= (1)
E/’ E/’ 7% : Initial shape
y D [ : Deformed shape
o =0, sin(wt +3)
) N )
e / N With viscoelasticity
I - 4 w(t)
N N ook NN R =7, sinwt
’ SN 7 Pure elastic .~ :

response

Figure 3.9 Viscoelastic®] & A+
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Creep test = stress relaxation test(-5-2¢+stAd)= A4, 4F Aldxp T2
stewst AldHE g2/ shs(eE)S IdASA FAATIAL, ATkl et

el AR =4S A= wRolth Stress relaxation testi= specified
duration of testing (t)5<+2] tensile stress relaxation {R(t)}= Equation 3.263} 7]

initial force= 4 2] Et}.

R(t) = E2 100 = =% x 100 (Equation 3.26)

where, Fj:initial force in N

F: tensile force in N

0y: initial tensile stress in MPa
o;: tensile stress in MPa

3.3 Theory of Finite Element Model

3.3.1 Linear and Nonlinear Finite Element Systems

Finite element analysis (FEA)T= &&olA ZAA 3k Ao st A&
W4 2 (partial -~ differential equations, PDE)Y¥ o}zl Hwu]& w2 (integral
equations)®] AF SlE Feledl AMEE= AE ZIWelth =g, AA @
wAlE sty ol F& Wt 59 R delxl domain WollA W&
WA S THAIAFSAL domain®] AAAA 54T 7] 2SS oket=
mathematical problemo]t}. FEAS] solution -2 wjiE W42 9443 AA
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(steady state problems)dtAY A& WAHAES AP wlEE WG AAEO=R

F&(numerically integrated) ¥t #2 EF 7|'H& AR&3HA

lo
Ho
o

reneringt T}

(o
ol
ol
rlr
o,
=)
ki
N
=
iy
AL
A
M,
O
wn

(@)

=
=
]

o
wn

3

o

=1
0
>

D

a

N
N
i
JpN
<
o
o
-
)
m
il
(f
N

A3 fgk 24 Al 2~ El(linear finite element system)-> Equation 3.273 7t}
U © nodal displacemente] unknown’J el 2] vectorgto]al, f = nodal force2]
vectore|th. K, < stiffness matrix©]™, geometry, material properties, &3l
restrainsol] Wzl ZAAEC AY mde g2o] WM F wHEses How

7Hgga. =, A&¥e sks(lead)el EeTE o9

g
ofh

' Fopxith
A LS Joade] W3le] HlHElE Ao® 7} ETH(Hooke’s Law). 3, A&
o g WMol WA FE Aoz P F, load7t AAH W

e e FEE Zoptth. wEhd, FEAS A5 A ZA4CM Az

-—

AL 734 A (stiffness matrix)S  assemblingdlal invertingsholl o] o g
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Hul AAbsith = T2 load casesol] thak T-xo] A 3E responses A o)
A3 A load®] new vectors wate] & F Atk © dolrt thdE load
casesel lo] o] AE response ©] A loadE2] A7} new load case®
AsH A5, €3] new load caseel thgh responses AAst7] 98 Aol
ol&l scaled®] 71t} superimposed 2 < 1T}, Load cases®| superimposed 2]+

TE load casesel wiE]l A3k A Z7(boundary conditions)o] #-&-wtial

N

].

o,

A,

Kg,U = f (Equation 3.27)

A8 {3k Q4 A]ZEl(nonlinear finite element system)<> Equation 3.28<}

2t} Mg & finite element mass matrix©]3l, U i nodal acceleration®]t}.

H]’4 3 A (nonolinearity)©] Al =8l =¥, A ddS dAsA A=A
il AA AEH(AE st e W)l we depxiv =, vdE Al2H

(nolinear system)-> superimposed U2lE& THESHH] EIAY E=Heo] =

HlgslA] ek Aladolt), T8k 3 2] (superposition principle)E WHE A7) A]

o Asdolth gRRe Bed Asge BAdom wAgyYem
MAE A A AN el WMaka B BD(Key)S 2 WA
Eobth By S FHAE W #y $4L F8 A9y 4



EEeh7] 91 NS S7F AT B E Al=Eol A8 response= A8
load magnitude®] A& 3I7F okl wiiEol different load casesoll thgk

solutionse S35t wE F9lvh wWeEkA, 2 load cases A olskal 7)H A

o

B4 g3 sialsor drk

MppU + KU = f (Equation 3.28)

TFx93% A& o] H(structural  mechanics  simulation)ol= A=

}6L;<

- 1

ol
L

H] 4 & (material nonlinearity), 7 7 ¥©]41 3 (boundary nonlinearity), Z2]3L 7]

H] A1 & (geometric nonlinearity)2] Al 7}#] H]A A @9lo] t}h A7 H| A

oY
rlo

Am 54 WaE Qe FAe Wah wag 9 =

EQ

rlo

CEREEE

Al
by

S WEE glM AdHeR A SHMEE dAE ZHeon, ¥ =2
HEE HellAe Ases d5sta, 1 A9 responsei=  nonlinears} Al

}

irreversibles}tl. 315 &+ nonlinear, reversible (elastic) response = 3| & AR 4=
Atk AE BAFAL strain )99 Q53T Aol ¢ltl Material data
material failureol] ¢+ ¥ & S (strain rate)> =5 A7 B]AP A Fejojth A=
EAES 2 9 7} AFA Ao® fieldse] &4 5 Atk AA nAdEL

A =T AAxdel wWAHEW @A AA A4

ot

2,
rlo
iy
ol
s

A LA ot} Simulation 5 F=o] TAYSH 39 responsedl| = AL

)
)
)
0,
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W37t ek V)eked v AP MY A77F 329 responseo] FEFES =

i} wAEle | o] 2 ] H(large deflections) T=i= 3] A(rotation), 27] 2

O

E 81F PO st WA & 5 9

i
r>~
o
%
1%
o
Ho
o

-

solutionsoll = implicit 2 explicit®] + 7}#] 7] o]
At Implicit 712 A 2@ F9 o wet AAEH= A S 2719
EA%E Agks 72 2=t} Implicit simulations-> explicit simulationsel] 1] 3l 42
S = SR 12y, global set of equationsi= ZHZEe] FR-olA] @A E o] of
ko 2 implicit 71" 2] 5% o computational cost:= explicit 7] 2] computational
cost®t} FH At} Explicit 712 22 modele] 7FE =& 14 25 (natural

frequency) 9} independentdt loading®] 38 = A <&7|7ke] wel Ze Al7F SR

[
~
Ll
i
Fo

2 3k}, Simulationsi= YW © & 10,000 ~ 1,000,0007}4] S8} 4] 7t
<% ' computational cost= AtHHo® Fth B A= dynamics explicit
7IME AREE 7] <A Y 7jhk A5 (e.g., Majumder et al., 2007, 2008a,
2008b, 2013)°l| ] &-&-¥ softwaree] 4l M7l LS-DYNA971R 8.21 (LSTC, Inc.,
Livermore: California, USA)E AF-&3to] A Ysfol wWE AA 2 hip protector

FEMol| Z83l= =7 )3t stress, strain 2 forced} 72 HE-S-S BA519 T}
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3.3.3  Hyperelastic Model

Hyperelastic material testE ‘&3 =<3k Elastomer A &9 =42 AAIA
Tl A 32004 A<=3 tiE 100 ~ 700 % o]/l WEFEo] LS, stress-
strain curve2] 7% H|AFA o] W] A vERdY E3, ANSYSOA =
hyperelasticoll  tHsiA 2 7kx 714de st Yok (1) Ams §H

544 (Isotropic), 5 <(Isothermal), &4 (Elastic)o]™, (2) €3S SWA o=

0

i
0|

A, Mg guls weldu, (3) Ade 9 Ee gdd e

HgSA4 A4S 7L dlow, AAl 1% AsS oldstetes A
B3t} olg]dk EAS ulE O R hyperelastic model> WEE oyx Ui

Sk~ (strain energy potential)oll 2]sle] o H o},

Hyperelastic modelS % 2]3}7] <93+ strain energy potential> W=
xdsly, F AAE (L) T strain invariant (1;)2] 3H4=o] tH(Equation 3.29). ©] uj
AFAH w5 Qb A o] oAl E(stretch ratio) Equation 3.309F o] o] wH,

Al el WEE BEWEEe AQuvt S oR AP O R Equation 3.313 o]

[>
i)
T
e
g
ofi
1o
1%
l
u
=2}
l-i (
it
k)

W(?Ll, 7\.2, 7\.3), W = W(Il, 12, 13) (Equation 329)

7\’=L=L0+Au

- =1+ &g (Equation 3.30)
0 Lo

where, &g: engineering strain
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L =M+ A5 403, I, = A203 + 0303 + 0202, I, = A2A3A% (Equation 3.31)

Volume ratio J&= Equation 3.329} #o] ot

e
AA 3 AP 7] d A A e Bl(ratio)® BT 4 vk EIH A HF FAolA
92 A2 WS Equation 3.33% #al, A A HIPS HdA A HFS
g AFH WPoR HF FO® Equation 3343 o] vEpd 5 ik
whebA], Ad7]o A% stretchratio 2 strain invariantS 283 strainenery $HE
&3l Equation 3.35¢} o] ¥ WHWYPES AL 5 Slvh olw, hyperelastic
7ol wZ curve fittingS 9] 3+ FEAsoftware?] ANSYS (ANSYS, Inc., Canonsburg:
Pennsylvania, USA)olA 283} strain energy $F<~2] strain energy potential
model> Figure 3.119} #o] 3 7}A| ZLis(strain invariants, stretch ratios, statistical
mechanical based models) .2 FFH¥E T E AfoA AFEE soft tissue 2 hip

protector pad< fully incompressible phenomenological =73 S & function based on

strain invariants®l] Z3}= strain energy potential model®l] 7]R¥FSle] FEA A&

AW J5E BE 9ok
] = 443 = VKO (Equation 3.32)
Jen = (1 + &) (Equation 3.33)
Ja=]= M (Equation 3.34)
Sij = r (Equation 3.35) where, E;;: strain tensor
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Functions based on strain invariants Functions based on stretch ratios

Polynomial Ogden Blatz-Ko
Phenomenclogical Model Phenomenological Model [~ 7777 77 Phenomenological Model
1st and 2nd Strain Invariants Principal Stretches 1st Strain Invariant

Mooney-Rivlin Yeoh Neo-Hookean

Phenomenological Model Phenomenological Model Phenomenological Model

1st and 2nd Strain Invariants 1st Strain Invariant 1st Strain Invariant

Incompressible (left) and compressible (right)

2-term M-R 3-term Yeoh models based on principal stretches
Phenomenological Model Phenomenological Model
1st and 2nd Strain Invariants 1st Strain Invarlant
\/ Statistical-Mechanical based models
Neo-Hookean Arruda-Boyce Gent
Phenomenological Model Micromechanical Model | Micromechanical Model
1st Strain Invariant 1st Strain Invariant 1st Strain Invariant
Nearly-/fully-incompressible phenomenological Nearly-/fully-incompressible micromechanical
hyperelastic models based on strain invariants. models based on 1st strain invariant

Figure 3.10. Strain energy potential model 2 7 (ANSYS Explicit Dynamics)

Functions based on strain invariants®] o324l strain energy potential (W) model-=-
ek & el (polynomial form)7} ¢1.©.™, Equation 3.363} #o] 1z % 2x} W E
EHES 7|22 AoHtuh o, initial bulk modulus ( uo) ¢+ initial shear

mnodulus(ky)+= Equation 3.37= 7 &] €},

W=, Cy (I —3)' (Tl —3) + Xy 7 U — 1P (Equation 3.36)
l.lo = 2(C10 + COI)' ko = di (Equatlon 337)
1
where, J,;: elastic volume ratio

cij: the shear behavior of the material
d;: compressibility

ol
of
oSk
o
4

o
=

cjod; = 2% 9 Eo= AHoHH, 321004 A3



material testing datas &3l =% 7Fs3stth ol d;%ke] 0d 79 Equation 3.38%}
o] strain energy potential (W) Mooney-Rivlin model= e 4= It} HE3SH
cor Wkl 0¥ 7d-%- Equation 3.39¥} 7ro] Neo-Hookean(reduced polynominal strain

energy) = A o] Ht},

W = ¢;o(I; — 3) + ¢ (I, — 3) (Equation 3.38)
W = ¢;o(I; — 3) (Equation 3.39)

Functions based on stretch ratios ~Zi5 | <38} strain energy potential (W) model-=

o
ol

HYE EWgnds F AAES 7|22 3= Zdo]y, 1 3 Ogden form:=
Equation 3.40%2 ZAol¥t}. o]uj initial bulk % shear modulus= Equation 3.41%

4o,

W = ZN Hi (11 + 12 _|_ 13 — 3) +Zl 1d (] — l)Zi (Equation 340)

N a
o = % ko = di (Equation 3.41)
1

where, u;, a;, % d; 3.2.12] material testing datas &3 =% 7}s3slth

Statistical-mechanical based model®] w34 <Ql strain energy potential (W) model->
Arruda-Boyce”} 912, eight chain modele] 2}l Sk}, o]&= Q.49 FAlollA

o] o 7 1} 9= Non-Gaussian chainoll t3gt A4 AXto =z HdH e =M,
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Equation 3.423} 7t}

W =35, L (11 - 31) +%(]ZT_1 —1InJ) (Equation 3.42)

=1 ﬁl%i_z

P 1 1 11 19 519
where, Constants (C;)+= €y =2, o =5, 3 =1—, C,=-—, C; = 6737509} Fdau

3.3.4 Viscoelastic Model

<& SWHA(linear  isotropic)d  viscoelastic model2] 7] A E

&2l (fundamental integral formulation) Equation 3.43%2 “go]¥t}. olu] bulk
modulus(K) 2 shear modulus(G)+< reduced time(t)2] 3$F5=o|t},

o(t) = fot 2G(t —thedt' +1 fOtK((‘L' — t)@dt’ (Equation 3.43)

where, e: mechanical deviatoric
@: volumetric strains

K: bulk modulus

G: shear modulus

Relaxationdr<= K(1) % G(t) & Figure 3.72] prony series®] exponential series@=

Z}7} Equation 3.44 2 Equation 3.45°.2 A2 H T},

K(t) =K, + X Kie ™ (Equation 3.44)
G(D) = Gt 325, Gie 7
where, K, = long term bulk

G., = shear moduli

(Equation 3.45)
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V. Impact Simulation Test by Impact Simulator

4.1 Methods

4.1.1 Development of Hip Protectors for Impact Simulation Test

2 oA Al H7FE hip protector pads FFel oA w=91¢] 33+ QA

scan data (Size Korea, 2004; n = 271, ©14 60 ~75A4))= &3} hip F-Hof Hz=

F AES AAFEJHHSA 9], 2016). WA, hip protector A A F L& Q1A
e RS a9l EASs 9 adA AT WsE fEetEA fu dA
HrEEs gotd F AR Ay AHE golds aEste HE T WT

2NE A A7 FE8EE A2 Figure 413 o] Axp A wEdd
grid method (Robinette & Annis, 1986) 2 {4 ®¥H < clustering method (Laing et
al., 1999)& ol-&3te] X Jhg H S5t 8§ v &S vlask it (Lee et al.,, 2011).
Grid mehodE 483 23}, 90.4%E F&35h= 671 A AAZE AAE A,
clustering method& %83+ A3}, 89.3%E F&3t= 471 X5 A A7 A4 = o
T O7HA B oF 90% oo ® yEhd iAo w A JHG7E A clustering

method 7]HFe] X4 A AS ALgste] A} vA] =HOE F 8858 A

=]
0,

AR 5 A4 AAEE o
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(@) Grid method (b) Clustering method

Figure 4.1. Hip protector size system method (red dot: median, gray dot: population)

Hip protector QA& A 7lo] AF&E o3 AAF/F 2 hip protectore] RP 374
A2 918 Figure 4.29F 7o] Size Korea, (2004)2] 3%} <14 scan data®] 3D
model software(RapidForm 2006, 3D Systems, Inc., USA and Canada)S 283},

xAAE, 7+ wW$r], FARE 5o 7MES 353l Hip protectore]

ol
o

32 Figure 4.2a9F #o] i AAFAY 1dd BRIF9E 7|2 E padd
GAlal 9%, gAkel 7lol= gklS A ske] Az 5 3D scanning system(Artech

EVA, Artec Group, Inc., Luxembroug)S &&3lo] dj= 43S 35364l pad?

ot

54 A= Figure 4.2b9} 7o) A HAER9 =4

tlo
ol
)
ﬂ?
ol
)
e
oty
dr
il

L}-+o] 3D CAD software(Autodesk Alias Automotive 2012, Autodesk, Inc., California,
USA)E 839 A78%th Hip protector pad?] 14 AW A4 =<l

old =Rle] Wi JQAFEH sdstA HAAHNCH, T4 SEre G



(a) RP sample of Size Korea 3D model (b) Pad fom production

Figure 4.2. Production of RP sample and pad shape sample

thoket A= 27119 pad A2 18] 3D printing system (Dimension SST, Stratasys,
Minesota, USA)S ©]-&-3}o] pad?] prototypes &&H3 3 o]= &3l 3o
A=) ¢}, Hip protector pad2] &4 7] -5 (Robinovtich et al., 2009; van
Schoor et al., 2006)E *+=x3}o] Figure 4.3%} o] Al 7}A] polyurethane foam

MAL] Bt 22 759 shore A =2 A2 AT} Hip protector A3 2] shore

>
o,

T gpols Sl Al EF 1A (ASTM D2240, 1SO 868/7267/7619, DIN 53055)

=9 A3E< shore A durometer(PosiTector SHD, Defelsko, USA)E A}-8-3}¢] Figure

.

449} 7+o] shore A AEE Al=3F3TE Shore A =% indentor 5= A=l

5y

3 AAF forceE 10x B<F 7bato] 5¥ whESte] ASekgit).

1r
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Polyurethane 2

Stainless steel probe with
knurled finger grip +.,
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=74 5-91% Figure 459} 7ol concave H= convex A Al A A=

H
=AY ol wEel AAl T4 A AWy Hxe gtEgs 599

o
o
o
=
N
juto)
u
o
=
HO
ra
o

trochanteric soft tissue cover 9|9} REdIZl ™
T4 AAE ASFsAE A5 A 759 pad 22 54 A wE shore
A E7) 25 %1 0™ trochanteric opposite pointE 7|2 % pad 1 10 A, pad 2:
20 A, pad 3: 35 A, pad 4: 40 A, pad 5: 45 A, pad 6: 55 A, pad 7: 70 AR AF=E it} o] =

FHE Fasto] Table 413 2o

M

%3l Figure 4.6 shore 74 %=% hardness
polyuretane 1-> soft#] 2, polyurethane 2= medium soft 5=i= medium hard #]Z,

polyurethane 3> medium hard =+ hard A2 2 4S8 A28} t).

N [ Concave face (A £ 1) ]

TN

Middle'y

point
L8
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I O I e

SHORE 00 20 30 35 40 50 55 60 80 80 895 98
SHORE A 10 20 30 40 50 60 70 80 80 895 100
SHORE D ' 22 25 35 45 5; 65 75
. = | |
. v
Chewing Racouet Rubber Pencil Tire Shoe Shopping Hard ‘
Gum Ball Band Eraser Tread Heel Cart VWheel

Figure 4.6. Shore 74 =°l ™2 hardness - 3%

=3

Table 4.1. Hip protector 75-2] shore A %= 2 &7

Number of | Pad Trochanteric Middle Trochanteric Range
Properties | No point point opposite point (Shorg A) Hardness 7 <]
P | (ShoreA) |(Shore A)|  (Shore A)
Pad 1 12 10 10 10~12
PU1 Soft
Pad 2 17 15 20 15~20
Pad 3 36 37 35 35~37 .
Medium soft
PU 2 Pad 4 52 45 40 40 ~ 52
Pad 5 56 50 45 45 ~56 |Medium soft & hard
PU 3 Pad 6 70 60 55 55~70 Medium hard
Pad 7 80 70 70 70 ~80 Hard

4.1.2 Design of Impact Simulator and Evaluation System

=

2

T 7)1E AFE T Tabled.29} Zo] Hyp iy E 54 2

=

AAHS FH o2 1#3lo], impact simulator 2 -3t AR 76k FULE

Bk gy os A% Atk B AN WA

olr

hip protector2] 52 A
impact simulatori= postlateral 2 lateral W3ke] SAYsIE 1A 93]

24204 AEE F A4 K39 57 Bk A2Y F FA R dehehe



pendulum-based systemol] 7]5+3}+ sideways fall simulation device= 4 A ¥ 1 o1,

a3E F Q] (hip region)ol]l A&l total force2} femoral neckell W %= forceE

I
ol

A3l 8] 2 impact pendulum®} surrogate pelvis® 4 ¥ o] 2l th(Figure 4.7).

A

Table 4.2. Hip protector®] %7 &4 A% H7F W, 54, A

27 ¥8
QlA] A 7mk 2tz TImpact simulator 7] 9} 34 7} (1171)

Figure E'> {“‘ ,

HHHAE A v S Al A5 fe Drop weight systems §23] A8 F72] | = #F%3 S48 29 FEME A

&4 ok pendulum < G514 A A5 Hrh 73 F FEA impact simulation
= opekd A E = 2(eg., Worse case
. QA= deg, A1 27, BMYE o 4 A AE Aeee 22 B2t RSl %717} 2o
] 18] g 7H(Choi et al., 2010) » cheds AY zpeA Hrh ks = 9lA AR 54 ke A&
LI R il o LIS P e e e w chekel Wb O A2 o)
= A7 EHEE
. o = AR EE = FEAE®E AE AH 2 sed Fdyo]
. %‘;fffﬁeﬂiﬁ =7t - ’é}"ﬂ WTAH o2 worsecase fall 4 @ Ha o i
L] delileo = A AR R 5 0y © = 24 Bk HE A BET ©

U ERRE REAEELE Ny Qe v B el O | v 8 tesing simiator2 72 ¥ 2}
B - ABAR R 0%+ A&

Force |plate: ‘
Total fofce Z7%

ST e 5 MM S S
—>2Zg, 2tes =X Effective mass = 2f 20 kg
\ 1 4= S A X2 swW

Loadcell

|
Pend m Angle == B
(NoiseZ ZA A2l
Reaction Force &

Reaction Moment B

Figure 4.7. Impact simulation testE $]$+ impact simulator A3 7|
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tjo

Impact pendulum & 3t 718t 59191 pendulum arme] FAI&= 20
kgo 2 AAI3F3 AL, loadcell, bone, soft tissue, ~22] 31 pendulum arm= 3z A A
FAE 25 kgo] H=F AAsle], 7] AT (Robionovitch et al., 2009)2] total
effective mass ™ 91(22 kg ~ 33 kg)oll Xst= Al A2t =gk, @A pendulum

arme] ol 146 em? AASAL, A FHolA FZHol WA AHe

WA= 1165 cmE=E AAIE T inclined positionol] A triggerell 2] 3

ofy

release® ©] impact simulator®] spring ol H-Z¥  surrogate hip modelol

3 (horizontally) .2 5245 TAAZ == 73}t Pendulum headol &=

+
%0

surrogate®?} impact A] 2FAYSF= total effective stiffness”} 42 kN/m7} & %&=%
spring= 9123} th(Laing & Robinovitch, 2010; Robinovtich et al., 1997). Impact

veloctiy== pendulume] release™”7] % initial anglee] <3 =4 HEF

H
e

AA8t W rotary variable inductance tranducerE Al-&ate]l =4 7t

AEEE  FRAEE AAsgon, AAR  welzsk M AEEE

A=A = &kgktl. Impact pendulumol] &) 1232 -9 (hip region)ol]

1,
0,
ol
rr

total peak force (N)= Aol “&=r¥ force plate (model 2535-08, Bertec Corp.,
Columbus: OH, USA)ell ]3] 1,000 HzZ SA =5 A A5t

Surrogate hip model=> Figure 4.87} o] 34+ <A A surface geometryell e}
A 2t#l model # 1516-31 polyethylene foam soft tissue and polyurethane shore 45 A skin
(Sawbones, Vashon: WA, USA)$} A A 982 712 9 483 AFR3ho]

124



(a) Saw bone femur model (# 3406) (b) Soft tissue model (# 1516-31)

Figure 4.8. Surrogate pelvis model

A 2% femur model # 3406 (Sawbones, Vashon: WA, USA)= 14321t Femur<]
Z}E = 8T (Pinilla et al., 1996; Robinovitch et al., 1995)& FFirsle] oF 12°

o

™

W3l d, Ay oF 12°7F HEF AAiARE, A S A o
AA= oF AW oF 8°= AZHE G

Femoral neckell =283} force= Figure 4.99F 7ro] femoral neckell
2483} stress9] WakAd ol wEl major stressE L 3FS] uni axial loade] =7 o]
7} 3 MT-SIDF 14 one-axis loadcell (Curiosity Techonolgy, Republic of Korea)=-

ARE3Fe] 1,000 HzZ =74 ¥ 9laz, femoral head 2 great trochanter LFARFS-

femoral neck 9]¢l loadcell & H-z3lo] =435}t
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Medial-lateral (ML)’ axes

S y ior-inferior (Sl)’ axe:
Anterior-posterior (AP) axes uperior-inferior (S1) ®

(a) Femoral neckoll 2}-83}& stress gk (b) Femoral neckell 44 ¥ loadcell

Figure 4.9. Femoral neck peak force 5742 $]3F loadcell A 7|

4.1.3 Measures for Impact Simulation Test

B A= 24904 A3k impact simulatorell 7153k hip protector2] %2

T AeEs HUks 71 AT 2 2229014 A %3 Bousein et al. (2007)S
x5} hip protectore] 4 5 Ads 7} measure= (1) femoral neck peak

force (N), (2) force attenuation (%), (3) fracture risk (@) (4) attenuated peak force (N)=-

7+ 5<F femoral neckel]

)

217 3} t}. Femoral neck peak force (N)&= 52 24 A
2+-8-3l+= force?! femoral impact force (N) & 7F¢ &2 2 ¢ v] sl force
attenuation (%)= Equation 4.13} o] “ 2] % th(Robinovitch et al., 2009). Fracture
risk (@)+= 2.2.3°] Table 2.20l| 4] A|{<=% Bouxsein etal. (2007)¢] A5 =35}

femoral neck peak force (N)ol 4] fracture threshold (N)E Uic #to = A olslar
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attenuated peak force (N)+= 7 =8 = pad®] F7 ¢l wE total peak force (N)
Zpo] W Agu] A% Ao #Afo] uk femoral neck peak force (N)2] “d-dl %]

Hlnlo] A S W3tz %= ¥ total peak force (N)oll A femoral neck peak force

oot

(N)E W ZkS F3) femoral neckell #H-83t= T4 3 S pad7t F53 @tz

] 2] 5} Sl o}, Femoral neck peak force 2 fracture riski= 4.1.2°1 4 A7 g} impact
Eégﬂ

simulator and evaluation system=- &3l force plate, load cell, & potentiometerE

U

ol

o5 &

=29 voltage (V)= force (N) 2 impact velocity (m/s) = W $+&} a1

fracture risk2} femoral neck peak forceE =% 3} signal converting and processing

programS- Matlab 2011aS- €83} Figure 4103} o] 7|t & X2 =)

o

ol

total peak force (N), femoral neck peak force (N), attenuated peak force (N), fracture risk,

force attenuation (%) S AH&3dFo] #4513t}

F,
Force attenuation (%) = 100 X (1 — M)
unpadded

K :
=100 x (1 - fkpik) (Equation 4.1)
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| : ‘ ‘ i
Total impact force(N) I Peak force 2} =& I<A v - | = Fememmsact Fos | Femoral impact force (N)
R R Load cell
=X7¢
= O HA

F Force plate | %
=X 7}
oA 3 2000}

2

Pendulum Zf & "

Fracture risk (®) I i i /’

_ Femoral neck peak force | & «cf =1 }!

— prarretivaciiid. - 11 Frecture threshold (&7 Z}
Fracture threshold 3o 14 (@A)
‘ [ —

Where, ® =1 Fracture O
<1 Fracture x

| ) I—— . % - .
E3 ® w ] ] w W ] )

Figure 4.10. Signal converting and processing program (Matlab 2011a; Appendix A =)

4.1.4 Theoretical Calculation for Total Peak Force

Impact simulation2- $] 3} total peak force®] ©] & 4=2]+= Table 4.39]

gel 8= o)A <1 data (SizeKorea, 2015, n =230, 60 4] o]4h) 2 w]=<l

RN Y

Ni

1153 o4 A data (CAESAR data, n=291,50 A ©]/)ell 7]¥kste] 3.19]

O

)<=k van Den Kroonberg et al.(1995)2] rigid-link model (point mass model, one-link

model, two-link model)S &-&3}o] A-&33 T
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Table 4.3. 113 Z oA 214 data (Size Korea, 2015; Bouxsein et al., 2007)
. Bouxsein et al. (2007)
Demograpic information S CAESAR dat Hip fract
(2015) ala 1P fractures Controls group
group
Gender Female
Age (years) 60 ~ 69 56.6 + 4.7 73.9+83 73.9+8.0
Sample size (n) 230 291 21 42
Height (cm) 1529+ 48 1625+ 7 157.2+5.0 156.2+ 5.6
Hip height (cm) 73.9+2.4 86.1+3.7 75925 755+28
Body mass (kg) 58.8 £ 8.5 715179 57.3+9.7 60.7 + 8.2
Effective mass (kg) 29.4+43 35.7+89 28.7+49 304+4.1
AbEE el mwE ofAl oA data 7]Wb total peak forceo] o] FA =
=l g F oA A data®t FARRE RIS LE S o4 9] QA data(n=63,

65.6 ~ 82.2 Aol 7|9t

3Fo] rigid-link model (van Den Kroonenberg et al.,

1995)<

835l o] total peak forceS AHE3F 7]FE - (Bouxsein et al., 2007)E &3
A58kt Total peak forces AH=3dl7] #13F o] & 42 AWE Z5 ol

B3]

peak force 2 3}(n = 63)°l impulseE o] %

g3lo] =A% (impulse)> =2

E353ck

50%2]

a2 A

Yo=,

A ZH(total impact time), —Lg]iL

olul effective masst

A1l

impact

RO M (Figure 4.11), ol& S T4 £%

=
R

o

2 (total peak force)S %72

Bt

Z

K2anl

1=
E

velocity <}

1 5-(Hayes et al.,

effective

%= (impact velocity), =24

%7 A7k Bouxsein et al. (2007)<]

3l t}. Size Korea, (2015)¢]

data 7]%+&}<] van den Kroonberg et al. (1995)9] rigid-link model-=-
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mass 2]

1996) S 3t

8l A=

Al ZF(impact time) il

wox

Z(impulse),

Z %] (total peak force)S Table 4.4} o]

sho]
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peak force %k (point mass model: 5,606 + 116 N, one link model: 5,895 + 362 N, two link
model (vertical and 45 degree): 5,893 + 445 N)= E5 FFH3te= HY S two link
model 2] total peak force #t21 5,893 + 445 N 32l 7] total peak force ©]&

FH R MRS, HAd3 WO R CAESAR datao] 7]WHete] EE rigid-link
model2] total peak force kel IS S35t two link model (vertical and 45
degree)2] 7,366 + 381 NS m|=421 7| total peak force ©]& X2 A A3}
2o AFA AEES Sherle] gk o] &% total peak force™ Bouxsein et al.
(2007)9] total peak force (N)! 5,641 + 522 N (Hip fracture group) 2 5,795 + 420N
(Controls groups)@} +AFeH =x=2  IelEH ATt Impact simulator 7|5t hip
protector®] 24 H3& A5 H7lo| A= sawbones femure] W4 (] 8,000 N,
Gardner et al., 2010)° W& kA Wit dk=rQl 7|9 o] total peak force

gkl A Wt impact simulationg <=3 3} 3 T},

SHFN A2 B

0

St FE0| \ol=8A% =72 - x=AHeg ZFA|7
ENERS SRR EHT (FAY) = 522 () x SZA|ZH (at)

JE IOl

= Effective mass (m) x impact velocity (v)
= Effective mass (m) x hey X impact angular velocity (w)

4 (F) = 3 (FA) + SHAIZH (A1)

Figure 4.11. 4% 2 49 A4
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Table 4.4. Rigid-link model°l] ™2 impulse 3 total peak force 4t=

Impact Impulse Impact Total peak
Source Rigid-Link model velocity ?J) time force
(m/s) ©) (N)
Point mass model 3.810.7 111.742.9 | 19.93+0.95 | 5,606+116
) One link model 3.3x0.6 97.1x25 | 17.31+0.83 | 5,895+362
Size Korea, (2015)
Two link model (vertical) 4.0+0.5 117.8+2.1 | 21.02+0.12 | 5,893+445
Two link model (45 degree) 3.4+0.4 98.9+£1.79 | 17.64+0.98 | 5,893+445
Point mass model 4.1+0.9 146.4+7.6 | 19.93+0.95 | 7,348+28
One link model 3.6£0.7 127.246.6 | 17.31+0.83 | 7,698+235
CAESAR data - -
Two link model (vertical) 4.140.6 147.545.6 | 21.02+1.17 | 7,366+381
Two link model (45 degree) 3.5+£0.5 123.8+4.7 | 17.64+0.98 | 7,366+381
Point mass model 3.920.7 110.4+3.4 | 19.56+0.11 | 5,641+522
:jip One link model 3.4£0.6 95.9+2.9 | 17.00:0.96 | 5,641+522
racture
cases Two link model (vertical) 4.1+0.5 116.4+2.5 | 20.63+0.13 | 5,641+522
Bouxsein Two link model (45 degree) 3.4+0.4 97.7+2.1 | 17.32+1.13 | 5,641+522
etal.
(2007) Point mass model 3.810.7 116.5+3.0 | 20.11+0.87 | 5,795+£420
One link model 3.3+0.6 101.2+2.6 | 17.49+0.76 | 5,795+420
Controls
Two link model (vertical) 4.1+0.5 122.9+2.2 | 21.21+0.11 | 5,795+420
Two link model (45 degree) 3.4+0.5 103.2+1.9 | 17.80+0.90 | 5,795+420
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415 Validation of Impact Simulator

& 7ol A4l = Robinovitch et al. (2009)°l 4] #| A] ¥ Table 2.89] =4 134
=4 o AE T4 A W7t 7IFS(HPRG)= Fhatste] 2 Aol A
704tE impact simulator system®] 245 H7F AEEA. 24 2ES ()
Robinovitch et al. (2009)2] peak force 72l &3 425 &3 A4tE o]&
THE 4.1.29014 AT impact simulator] force plates &3 =%3} peak force
A3}l vl alsked, pendulum headol] -2 spring3} surrogate pelvisel] ¢ %] gt soft
tissue2] effective stiffness &5 7 5-5kaL, (2) impact simulationA] 4.1.401 4|
AF=3) theoretical total peak force (N)oll &l F el £4S 71e 4 JEAE
atoteto] HF ek

Robinovitch et al. (2009)= 7] <1--(Laing et al., 2006; Robinovitch et al.,

of
ol

1991, 1997a; Parkkari et al., 1997)= 1 A & 2Ho FEA] AlAe] 285 =
elastic strain energy”7} ol #] RH.E HZ o 2] A3} potential energy 2 Kinetic

&

o,
=
O>“

FoAQlAle] 9, A o] sl soft

o

energy®} 43k A

<

4 FTE AW 5 3+ peakforce A3 &

et

tissue 2 ¥A 3} ol

o

of

448 Equation 4.29} #o] A 23t} o]ul damping & 3}7} peak forceol

n X o 3ke uwnste] 1e ¥ %] erekrh(Robinovitch et al., 1997b)

|
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Funpaadea = v/ 2kmgh = vvmk (Equation 4.2, Robinovitch et al., 2009)

kk,
Fpaddea =V |Mm k+kp

where, m = the effective mass (kg)
h = the fall height (m)
v = the impact velocity (m/s)

F = the peak force (N)
k = the effective stiffness of the body (N/m)

k,,= the effective stiffness of the hip protector (N/m)

Soft tissue 2 springell ¢]3+ peak force A4 &= =437 $18] Figure

4,129} 7+o| soft tissueS force plate ol F3L 5°~ 35° ZF %= 2 pendulum arm=
Uatste] force plates %3l 43 d3stal, 7% peak force:= total peak

S Wl zgrom Aolalddtt o= Ea

a F4u 544

forceoll A1 soft tissueol] <]

Initial angle (a) = 5° [

| s G,

impact simulation testE &3+ soft tissuecl] <] gt

Figure 4.12. 7}%d

%7 o] wE peak force A
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Table 4.5. ZF='3 impact simulation testE &3} soft tissue 52 &<l w2 peak

force =4

7)< Peak
Initial Initial . Impact Impact =74 Peak | Force [N .
Angle | Angle [nIrrr:Eler] Height En[iagy Velocity Force (RobinoE/it]ch lezeo/csnce
[deg] | [rad] [m] [mis] [N] etal., 2009)
5 0.09 1 0.10 19.42 1.41 1,247+16 1,406 -11.3
10 0.17 3 0.20 38.70 1.99 1,837+27 1,989 -7.6
15 0.26 3 0.30 57.68 2.43 2,236+80 2,436 -8.2
20 0.35 3 0.40 76.22 2.80 2,697+50 2,813 4.1
25 0.44 3 0.49 94.18 3.11 3,014+148 3,113 -3.2
30 0.52 3 0.58 111.43 3.38 3,333+29 3,387 -1.6
35 0.61 3 0.67 127.83 3.62 3,588+39 3,640 -1.4
=% ZA3} Equation 4.22] peak force 74l &3 FH Ao wE 7|+ peak force

=
=

=74 peak force= 5°°l A 11% F~9] ztol& Heolw w7t F71E 45

ull

A3 Apol7k Foj50] 350l M= of 1%9] ztelE Bt ofol uhet st

o #4 A Bt e

o

impact simulator’} =7 3" ZE o A3
=S A

4.1.6  Pendulum Angle Setting Experiment

Impact simulator 7|5t hip protector®] 52 X3 A5 H7IE 93 impact
simulatione 3J5l7] 9l 41494 AFESH =l 7]E o] total peak

=287 A% 27 2= A4 A8 SR

il

forcegkS! 5,893 + 445 N



A 271 Figure 4133 o] pendulum arme] Z}% 10°, 20°, 30°, 35° ol A]
pendulum 7% *H vertical impact simulationS G333t 1 Ay %27 4=
35004 o]& kS v total peak force 5,850 + 100 No| 2F=% o] impact

simulator 715+ impact simulation testE 913+ %7] Z}=E 35°2 A3t}

(c) 30°, total peak force = 4,692 N (d) 35°, total peak force = 5,850 N

Figure 4.13. 3F=21 7] o] 2 total peak forceS wH3}17] $13%F

27) 7w A% A9
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4.1.7 Experimental Design for Impact Simulation Test

Impact force attenuation test= pad hardness 75 (10 A, 20 A, 35A, 40 A, 45 A, 55
A, 70 A)oll th3l random order= G310, Z+ ol tia] 4.1.4004 A=%
Ay vy oz 35°04 33 wHEste] 3 7hE QIth(Figure 4.14). Hip protector
pad surrogate hip2] greater trochanter F-¢joll X|F Ao, T4 Al padd
=A9S WAsr] s @7 d G EHolZE AMEES] hip protectors}
surrogate hipe] At Z+zke] H7F 274 Alolddl= oF 389 interval & 9]
hip protector®} surrogate pelvis®] ¥ 3ol o3 a3& 43} sAT}. Polymeric
material 2 | Z+E tHE-E-9] soft type hip protector:= &%=¢} 5o wiel 71AF
Exo] WMIEERE(eg, =% A5 Al stiffness 7+H4), polymer testingS €3+
standard condition (Robinovitch et al.,2009)°] ™2} &%=} 555 23 °C, 50 % o]
Fe® sto] JrpE 8 Helow, HUEE AlMe Y A 4 2443

ol =FH A
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Figure 4.14. % 4 hip protector®] %24 23 %5 H7}E 9lgh impact

simulation test

4.2 Results

Impact simulation testE 33] WHE Fadt ZAy= Appendix Be} o]

E=EH9lan, 33 Aol dis) Ao B EE

(.
)
il

Alxksle] Femoral neck peak
force (N), force attenuation (%), attenuated peak force (N), fracture riskE 2] 3} %It}
AR, o] e 3A 9] fracture threshold (N) 71521 2,996 N (Robinovitch et al.,
2009) 2 3,210 N (Bouxsein et al., 2007) ©]3}2] femoral neck peak force (N)7} ==%
pad®] 7%= 45A 40A 55A, 35 AT 08 Ui LEFE O 35 A~55A¢] femoral
neck peak force (N)= U™ A 23 i Hx=9] padol| thn]sle] (F[7,16] = 705.68;
p <0.05)o.2 FAKoR fot AolE HATE 3, HE 50 A pade] femoral
neck peak force= 2,272.4 + 50.5 N= W/O pad (3,921.5 + 51.9 N)tiH] 1,649.1 £
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1447 N (42 %)9H 718 & ¥ o2 74319 th(Figure 4.15).

Fmmmmmmmm—————— =
58342 57501 58836 | S8M83  copn g I 53247
b 1 1 = | I T ssas3 sessal ] T sD
1 T 1
55000 = Total peak force

Femaral peak farce
4500.0

33688

Force (N)  3sono Fracture threshold

w
=
o
o
ES
-

‘\
2500.0 “--- 2,996 N (Robinovtich et al., 2009)

r
ra
=~ p
)
=

1500.0
wio  10A  20A | 35A  40A  4BA 55A1 TOA

el e

H

Figure 4.15. Hip protector 7 %= *H femoral neck peak force 2 2}

Force attenuation (%)< Figure 4.163} 7ro] 45 A, 40 A, 55 AT 2 =7
WEFRE O™, 40 A~ 55 A°] pad ZH& Al 4t 350 £ 54 %E KU, 10 A 20 A,
35 A, 70 A9 pad F& A H 134 + 90 %o FAZ Ho] F Hukito|
HE o2 216 + 144 %2 2o]E HATE 40 A ~ 55 AL YA AE oy
A=) padoll thH]ste] force attenuation (F [7,16] = 936.42; p < 0.05)2] ZWHol A
EAHoR Fo3F Zol= WAL HIF 45 ApadS ZHE-3S uwl] Force attenuation
(W)= 421%= 71 Fob pad HEE Al thH] 7HE w2 4 F5ES Bt
Attenuated peak force (N)= 45 A padell 4] 3,262.9 No.=2 o T4 T4 a3&

RS
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\ 121 (50 T 8D
25000 Laoo
3B 33 L350
Force (N) 45000 ®7 L 300
i 0,
Attenuated peak force © &4 force atte:uahon (%)
== -
— Total peak f 35000 1326291 44 p200 = (w) X 100
= folal pear porce 29750 2964.8 ' g ! 2oang Funpadded
—Femoral neck peak force a3 I = : : iy F15.0 3 F: Femoral neck peak force
25000 35 z9fo ! ' 2| g
19127 19865 | i
Unpadded (1,912.7N) ===—f-—mm s et e i Aol r 50

1a000 = + + 0o
wio  10A  20A 35A 40A | 45A1 55A  TOA

[ Soft Medium soft Mediumn hard D Hard]

Figure 4.16. Hip protector 7 = *3 force attenuation 2 attenuated peak force 2 3}

Fracture riski= Figure 4172} o] Robinovitch etal. (2009) X Bouxsein et al.
(2007)71=2] fracture threshold®} femoral neck peak force?] HIE &3 =&
3} o™, 35 A~ 55 Apad ZH&A] fracture risk 17| Fo 2 S22 Al ndd Z4S
e 4= & Ao YERRTh T3 45A,40A,55 A, 35 AT 2= fracture risk 7}
A et 45 A pad FEA] ndd 2d oY g3t TP seslew
=9 AT

AE g FEe] padES 2835 W trochanteric opposite cover pointE
71eo2 adde| wx= femoral neck peak force (N)& 7]=S.= regression
modelS =H3 A3} #H A& femoral neck peak force (N)E 71A] &= optimal H %=+
44.8 AZ YEF(R?= 79.4%, femoral neck peak force = 0.7462x2-66.88x + 4205),
medium soft =49 pad ZH&A 7ME 7 HIE Aol Hold AHAow

U EFSkTH(Figure 4.18).

139



Femoral neck peak force

Force (N)

Fracture threshold
* 2,996 N
(Robinovitch et al., 2009)

Figure 4.17. Hip protector 7

4500.0

3500.0

1500.0

I sb
§ 2.0
18
18
oL r-——~"~"="~"~"=-=-==- 1 .
i3 @ h | | 14 Fracture risk
- . - 1“2 : © @ © © E 1.1 L1’ - Robinovitch et al. 20097|F
12 42 SO0 g 09 1"
- e --'1.1'LI}‘L----,---------}'F"1D""‘I‘O
1 s 08 e B _ Femoral neck peak force
: 8 by <= 0.8 : | 08 7 Fracture threshold
! 0.7 ! L o0s
1 I
: : 04
wlo 10A 20A. j 35A  40A  45A 5540 DA
T = c
[ Soft | Mediumsoft  Medium hard _

[ Z L% 'H hip protector 75 ]

Figure 4.18. Hip protector 7 =

model&

sl
5

T
a

¥ fracture risk 2 3}

[ Regressionmodeld]| I1E %M Fx £ & ]

Femoral neck peak force (2675 N)

&

44 4% =%
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V. Impact Simulation Test by Finite Element Analysis

2 ol A= impact simulator7] 5t hip protector®] %74 H3E A% H7}9
AR (1) pad Aol wigk FASA, (2) A aFH 54 e T, (9)
AA SAe e A3 ghe] HxF A, (4) AR el e A A

55, (5) AIRE gl mE weFek 3ot

=

g AEe] Ak & Egsta
dAEe Fdekrl #ls impact simulator]WE Q1A 5A4E 2Ed FEME
Nrstel hip protectore] AE W EAd wE undd nAE =74 A%

G712 913 FEAZ Figure 5.19] A xps} o] $=838}3it},

‘ Preprocess FE Model7i & (S/W: Hypermesh,2017) ‘

ol * 52. Z} part' FE model’§/d (mesh §3. FE 2 Assembly 3! 3! export
S$1. CAD 22 import (*.IGS) 2 model7}2) “K)
T
Postprocess FE Analysis (S/W: Step'¥ 4H0|) ‘
$6. Z1} S (S/W: LS-PrePost S5. Solving (S/W: LS-DYNA 971 S4. LS-DYNA code 2 SA1X| B! ZA|
4.5.1) R8.1) Z4 =l (*K)

Figure 5.1. FEA 7|} hip protectore] <2 A
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5.1 Development of Finite Element Model

i

Hip protectore] 24 A5 H7IE 9% FEM-S Chapter 42| impact
simulator 7]RF 37} system¥} 5 U3}Al pendulum based system, femur, pelvis, soft
tissue, “L2]3L 604 o] A LEFC] A dataE VINFe = SiE AAg hip
protector® A% o] vk FEM 7] <17 (Robionovitch et al., 2009)2] total

effective mass H 9] (22 kg ~ 33 kg)= Zrarste] 7| A= Figure 5.29F o] A A

295 3D scan H+= CT-scandlo] 3D model software (RapidForm, 2006, 3D Systems,

i)
o

A2+ F mesh software (Hypermesh,

td

Inc., USA and Canada)< ©]-&3F CAD
2017, Altair, Inc., Michigan, USA)S- ©]-83F mesh 292 53l finite element model2-
HZE M Sch AA 2E F femuris saw bonesAt2] CAD B2 (# 3406)<
T4 AL, pelvise = 3}87] A W AT (Korea Institute of Science and

Technology Information, KISTI)o| Al #|&-3F+= 1185 o]4] AFA|2] CT-scan data &

Size Korea, (2015)2] 504 o] 1®HF oA Ho 214 9 AH] Fxsho]
153 cm 2A1&9 604 8ol mEZE oA AFAY CT-scan datas <83}

A2,

142



Real Model CAD Model Finite Element Model

Testing simulator Testing simulator Testing simulator +
Human model

-

e
AR

Femur & soft tissue (sawbones)

H \— Human model

Pelvis (KISTI) r
«.

Figure 5.2. FEM 7] 2z}

5.1.1 Finite Element Modeling of Impact Simulator

Impact simulatori= 3| 4le] fr&Eg F22] pendulum arm -3} UH] A
Aol FESHA ¥ HFEE FAHM, afAlel] FaEI FE<Ql pendulum arms
3242 meshdlslal, pendulum armS A|9)3F FashA] &S HEL F4
Al =B A A €8}t Pendulum arm- pendulum, spring, cylinder inner/outer, jig
plate2 /=™, pendululme] 3] =] X (global origin)o] X% A 57|
A&l FAFLS A7F MR g xFOoE2N FHAEHES x,y,z A Dyz F

3] 712 FEAsoftware (LS-DYNA 971 R 8.21, LSTC, Inc., Livermore: California, USA)<]

o

code®! constrained_nodal_rigid_body spc (Appendix C #x)E &3 & =1
Byt th Pedulums AEF 728 F=79 50 mmel shell £40]al, =
element= 5,6077), node= 5,65171 = -8} t}. Figure 5.3¢] I A~ES A8

=

8- cylinder outer 2 inner 7 %S 2 U1, cylinder outer2} pendulum->
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node’} &3S 3F Tl Cylinder outer®] % element= 3,55071, node:=
4,8407 o™, cylinder innere] % element= 4,2847ll, node= 5,568 = —-/d 3} T}
T3 EZ8%k A AZES Folal, AA motions vl FEsHA FAsH] 9 Sl
cylinder outer 2 inner }EE- contact bonded= A A 3}A] 3L, meshdlo] piston©]
9B =32 cylindrical joint 842 ettt o] A4 LS-DYNA 971
R 8.21¢] cylindrical joint 7|5 rigid bodyoll AW+ A o] 7} 7}53F S =, Figure 5.4}
ol outerst inner’t FE3dHE Wl iAo FIFS FA XS HAER gk
0.0001 mm F7A¢] shell& F7}8Fa rigid material= “d2]3sFSIth. ojw]  shell

A5 247} cylinder outer®] <FE A=W B cylinder inner®] <HE AW

o

I

T2 FaEe] 7247 A 24 YES cylindricalsh Al AlgksEodch ES

tr

cylinder inner¢} outer®] &3t Foll F 4719 nodeg A/d s T node 2704
TF=o] 7 rigid shell (cylinder inner 2 cylinder outer)o] LS-DYNA 971 R 8.21¢]
code®! constrained_extra nodes (Appendix C #3)E 3l 4719 noded #7435}

cylindrical joint AA& -&3F3lt).
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Pivot

Pendulum arm £ &
> A0 FEBIE

Pendulum shell9]
nodes?} cylinder g e
Cylinder Inner Cylinder outer outer?| node 2 G oo

.

Pendulum arm7| Q|3+ 5 &
S D7(rigid)2 & B0 34 A| AsiofA] N9

Figure 5.3. Impact simulator2] pendulum arme] FEM 7}

Cylinder inner

Cylinder outer
g Cylinder outer
Rigid Shell Rigid Shell 5-3
5-39|
constrained
Rigid Shell ngld shell extra nodes Spring
5-1

(K=21 KN/m)

Rigid Shell
5-42|

constrained Rigid Shell 5-4
o o -i
Constrained extra .
nodes Jig plate

Rigid Shell 5-12|
Constrained extra
nodes

Figure 5.4. Cylinder 2 spring®] piston %2 93+ node?] 7%z AA
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Jig plate2} piston AFo]olli= Figure 5.42} 7] impact simulatore} & 3}

ZkZy 21 KN/mme] spring= 28k th. Spring S Al Q)

sl

45 AA CAD
2d3 F5U3A springS solid® meshdlA| ar, spring 4= 7S element®
2 gksko] Ag-Ei T Spring 4% F 7H9 noderlolol Ao E e, olu &
spring 5 Zb= spring 249 ¥ S5 1709 nodeX o= wE XA A9, 1
T O] nodest WA = Sk Zpol7F AR Q48] W o] AsHA TAHT

A}

ol Tl aiAE EjtAsHAl weol s wAZE A, A #@A

rﬁ

o

Hhd&lx]  E3lr] wjiEo  cylindrical joint ¥ FUSA spring FE

o

AEwol 9k rigid shellS WH5o] Z+7; rigid shellofl LS-DYNA 971 R 8.219]
code®! constrained_extra_nodes (Appendix C )& &3l spring 8.4 4% £

nodeol] *+&ZFAS AA AT

5.1.2  Finite Element Modeling of Surrogate Pelvis

Femuri= impact simulatoroll A AF-8-3 A QA wje} FASHA Al 2he
femur model (# 3406)2] CAD %212 7}&3lo] FEMS A 2H5}3I T} Femur model (#
3406)2> AA AAY femuret sASHAl S5l Aol =2 cortical bonex}
=9 A7l cancellous boneo 2 -4 %o ¢low Figure 552 bending test,
torsional test, compression test2} 2 stiffness testS 53l Figure 5.6 7-o] stress —

strain curveE ==3}9] Table5.19] =4S 795} th(Gardner et al., 2010).
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(a) Bending test (b) Compression test (c) Torsional test

Figure 5.5. Sawbones femur model(# 3406)¢] =4 ylelS $13F material testing

(Gardner et al., 2010)

Displacement (mm)
-0.006 -0.005 -0.004 -0.003 -0.002 -0.001 0

’ -

I

0
- -2000
- -4000
-6000
-8000
-10000
- AP Femur 003
-~ AP Tibia | [ 12000
* ML Femur -14000

= ML Tibia
- -16000

oad (N)

Figure 5.6. 53A] ol =21 RHE2] v 7)9] bending pointel] A 2] load deflection

curve®] T3t o (Gardner etal., 2010)

Table 5.1. Material testing®ll ©= femur (# 3406)<] properties (Gardner et al., 2010)

Densi Longitudinal tensile Compressive Transverse tensile
(g/cc;y Strength | Modulus | Strength | Modulus | Strenth | Modulus
(MPa) | (GPa) | (Mpa) | (Gpa) (MPa) | (GPa)
Cortical bone (short 164 106 16 157 16 % 0
fiber filled epoxy) '
Cancellous bone (rigid
polyurethane foam) 0.27 - - 6 0.155 - -
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Figure 5.7a¥} 7ro] cortical bone> =7d°l ™2} proximal, midshaft, distal
endsZ 5 o] A2, transverse midshaft=isotropic #] 2, proximal = distal
endst anisotropic | &= A %o It} T3 cancellous bone< isotropic #| & =
T B4 tigk Al BUHE el & ATelA &8 femur model (#
3406)> fourth generation femur= 7|<= third generation femuroll H]|3l fracture

toughness®} fatigue crack propagation resistance =HolA] A femure} F-A}SH

I
H,
-
o,
[o
[o

X 31, diaphyseal structural properties =% ol A1 %= third generation

z
1
i

femuroll W& $-=3% =W-S Ho] mechanical testing& A A femurE o) &-3}7] <l
A &+e-S 1 9l tH(Gardner et al., 2010).
Femur model (# 3406)= 3D scand}o] A|%st CAD =22 Figure 5.7b¥}

o] AA 2y A3k JEF2 cancellous femur, cortical femur, ~22]3. blood

L

marrow cavity® %™ Table 519 A4S H&sle] ZE IFEE 4 node
tetrahedron &= meshslal 2} SFE ] HE=H= node &= E2 3T Figure
5.7b2] femur FEM< 53l femoral neck forceE =743}7] ¢3ll Figure 5.8b} 9]
femoral neck5-91 & Heldla HelE I E Alo]E LS-DYNA 971 R 8.21¢] code?!
contrained_joint_locking (Appendix C ZZ)E %3] A3t o5 S F 9E
Atole] A &4 o= femoral necko] ] A REH Sk lockinge #3171
st FE transientst Al 54 38F3aL, o] F3l femoral neckoll #-8-3}+= femoral
neck forces =743} th. 5.1.1914 A3t cylindrical jointe} w}F3F7FA] 2 locking
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joint T3k 5+ i) M2 ThE rigid part2] node®Z A ol5FSt) o] S 9l v
SF2 1.0 E-4 mme] shell= 43|31 Z}Z} o2 partE ZE rigid shell2 7 2] )¢
Zy7r o] shellol X3HEl nodeE ©]-83ke] locking jointE o5t Sltt. o]} 7ol
femoral neck forces =E3}7] 918 HEE Feld 49 femoral neck 92
stress7F @A ¥ o] EAEHAHQ FXE YEAl PO = Figure 5.8a2] W&

Rels AbEste] femoral neckell 283t stresss =SSt

Cancellous(s| H-Z) femur

Cortical(IZ| & Z) femur

Blood marrow cavity: A |2}
S US| empty E = H|Z}

(a) Sawbones femur model (b) Sawbones femur FEM

Figure 5.7 Sawbones femur model (# 3406) % femur FEM

Locking

Joint | Rigid Shells

Rigid Shells /

Stress U strain0| CHE | X| 20t Femoral neck 22| A| stress &
ALHOZ gt £F0| 7t strain0| CHEE|0f EHSHOZ o]
E=E
(a) Stress=%4 FEM (b) Force=" FEM

Figure 5.8. Femoral neckell 2}-&3}+= stress 2 force 5745 93 FEM
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Pelvis FEM-2 Figure 5.99} o] KISTIS] oJA #H S AFA| 2] CT-scan data
(n = 1, age = 60 years, height = 153 cm)°ll 7]¥Fst CAD oA pelvis FHE
FZ3}o] RapidFormS &83le] 713 F Hypermesh® &8&3lo] A28t}
Pelvis'= femur2} 2L 34 4 node tetrahedron O = meshad}3 2. ™, femur®] cortical

bone} HA 3 EA]S ALLEle] mAYE )

o

=] FEM2 impact simulatorol| A A}-83F

rr

Pelvis 2 femurES Hal )
1516-31 polyethylene foam soft tissue and polyurethane 74 %= 45 A skin (Sawbones,
Vashon: WA, USA)Z 3D scandt CAD X.dof 7|uksle] mdd st F52
W21 soft tissue= 4 node tetrahedron ©.= meshd} L, soft tissue =742 Majumder et
al. (2008a)°ll A1 584 F*d <] trochanteric soft tissueE Mooney-Rivlin 7<= 7 2] gt

2| (Table 2.10) & A3t w52 <5<l skin Choietal. (2015)5 *3135}¢]

1.5mm<] shell2 F+A35te] e8] slar, soft tissuee] €™ 3} node &-7-3F3 T}

0.300 (m)

Figure 5.9. 604 133 oA AFA|¢] CT-scan data(KISTI) 7]®F pelvis FEM 7l
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Skin®] =42 A soft tissue model (# 1516-31)= 7}&3te] 7} 1%
22 A8 3 (KSM 6518)% ZFar3dle] Figure 5. 103 o] <1 A|&d4 AHS
A2 3 Figure 5.139] A= B4 Al 7|(Instron 5582, Instron, Inc., USA)E
A3 AlE &%= 20 mm/min 2 sampling rate 20 Hzoll 4] 217 A]|d S F3)
strain-stress curves Figure 5.11¥ #ro] F%3}al, ANSYS, v. 18.1(ANSYS, Inc.,
Canonsburg: Pennsylvania, USA)2] hyperelastic 7|52 &3} curve fittinga}<]
A3 tH(Appendix D ZHE). Hyperelstic 7I'WHE < 314 A] negative error’}

518 /\g

} Eo] 2l raw datas 53 F=3F stress strain curveo}t F-AFSE 72l

=

ot

Mooney-Rivlin 2= k2% B4 X & skin FEM 72l #8319t}

39 mm
100
15,25 .20, 40
=
JEAR S =10
N e S
RI 5
(a) KSM 65189] <17 A& Al A< (b) Skin®] <17 A&& Al
Figure 5.10. Skin®] =4 3ot 913k Q1 Ald8 A1
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Stress (MPa)

5 —&— Skin specimen 1
45 —&— SKkin specimen 2
4
35
3
25
2
15
1
05
0 .
0.5 1.0 1.5 2.0 25 3.0 3.5 a0 Strain (mm)

Figure 5.11. Skin®] Q1% A& ol mE stress-strain curve?] o

5.1.3 Finite Element Modeling of Hip Protector

rhe

Aol Al AFE-F hip protector pad®] FEM-> 4.1.1¢]4] 47§ CAD

ol

2o 7idtele] Alg HIME Fd =9 stress, strain @ 2 FA SAHES B

b walYsolth. pade] YL

Ol

WEE FEde] B4 EESHm olF 4§

storslz] 98] A" 4 KSM 65182 #+arste] shore 40 A ~ 70 A7FA] 1%
AEE AEE 234 F 8%, 45 AFEE AL 334 F 12T AES

Figure 5129} o] Al#sigivy. <1 A9 Al¥2 Figure 599 & A3t

A=t olar, FE AlE2 KSM 65189 Al 2|41 77 15 mm, A& <F 29
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(a) A% H pade] 917 A]#

Figure 5.12. Pad®] &4 3}ols 93 A4 2 5 Alg8 Ald

AlE AR Figure 5133 o] <1 AJE-2 Instron 5582 (Instron, Inc., USA)E
AEE o, b= AlE -2 Instron 4469 (Instron, Inc., USA)E AM&-3FITh. Q1%

Aldl E£E+= 5 mm/min, 50 mm/min, 500 mm/minoll A S43tF L, 5 A

o

%= 50 mm/min, 500 mm/min®] strain ratell A S35}t 9174 Al§l sampling
rate= 5 mm/min 2 50 mm/min€ W 10Hz, 500 mm/min¥ W 100 HzZ 45 A9

sampling rate:= 5 mm/min&d @ 5Hz, 50 mm/min¥ ] 20 HzZ SAsIAT. A%

= AFS mlEgow % W stress-strain curveE Figure 5143 o] ==

(e

A¥ N, 4F AE BT AR S5 strainol] wE stresse] A7 S
Aog =ZEHAOM, strain rate Z A]H] FAAGlo] AxE Y H ¢

A9l sscurves FARSE A &S H S THAppenix E ).
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(@) 1% 213 H7F AH] (Insron5582)  (b) &+ A1E

Figure 5.13. Pad®] =74 d}ok& 913 A1 2 &5

Stress (MPa) 0.60 -0.40

Strain (mm)
8.00

600 J 4 o

4.00

Strain (mm)

0.0 05 10 15 20 25 3.0 35 a0 as 5.0

(@) 17 A& w2 S-Scurve

=

Figure 5.14.Pad 2% 8 0 2 5 Aol &

(strain rate 50 mm/min < )

°B
7000

030

Stress (MPa)
(b) &= Algel mE S-Scruve

stress-strain curve2] o

~40A

~-50A

60A

~T70A

Pad®] density= pad AEEE A&= FAE F43te] F3E 1 Table5.29}

2ol £% ¥ FEMo] 8319l
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Table 5.2. Hip protector pad2] 74 = mass % density

Hardness (Shore A) | Volume (cm?®) Mass (g) Density (kg/m?®)
5 48 212.749
10 56 248.207
15 52 230.478
20 92 407.768
25 100 443.226
30 108 478.685
35 226 125 554.033
40 142 629.382
45 155 687.001
50 168 744.620
60 106 469.820
70 126 558.465
75 146 647.111

5.1.4 Contact of Finite Element Model

ATt e wWake] wE oF WAl AAL rigid AAI hyperelastic A& IF
contact 9 A3 W elastic A2 T hyperelastic A2 It contact -9
Aoz Yw 4 vk WA, dA FEMAA rigid A3} hyperelastic ] 2 2]
contact -9l FZo] WA= force plate (rigid)2} =5 (hyperelastic) % pad
(hyperelastic) —12]31 ZFZAo] HEH= jig plate (rigid)e} =8 45 ddd
(hyperelastic)o] 21tk # A, force platet= W&ol gl uRFYE EAZ 7H5F3}]

rigid body= 7 2]3}al 24+ hexahedron® = meshdl 3l o, & Al edgee] &
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ol @729 hyperelastic A2 wE ) HHFA g4 PR A3 s|7f

b Q7] diiel ol & WAIsHY] $18) Figure 51594 o] 3 mm H k=]

s

filets F-oJ3k3i Tl Hip protector7} Sl R2e] 79 Figure 5.163} 7ol force

S R contact fair=

i)
b

plate2} skinzte] A= 2 force platee} padite]

Ay on, pad7t gl 2ol A9 force plates}t skin 7Fe] % ZEWF contact

Figure 5.15. Force plate¢} &5 2 FEM T& A

o] il W5 93k force plate 713

Slave 1 (skin)

Master 1 (Force plate)

Slave 2 (Pad)  Master 2 (Force plate)
Figure 5.16. Force plate®} =3 H=+= pad®] FEM = Al

g o] WA WAE 913 contact fair A7
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Jig platee} =&9 H AdH-2 AA impact simulatorol A= tapeE 7ol

13 o, FEMS Figure 5.173 7o) jig plate®} soft tissue?} 2 HE-S

ul

bonded contact= “JtA o=z Yn|7} Yla wwsl 9l jig plateE master=

Aelstal, AuAoR Yurh Fi - % B

off

S slave® AolEle] F
mdo] Mz nAEEE 2dd 31t} Hyperelastic == elastic A 2 7H2] &f <]
Al xS 93k pelvisel femure] = -9 Figure 5.183%F o] F w3
AR WeEkdd pelvisEo HlGE F91E master contactO® A A )]
F2%2 femur5 2] UE =T H-91E slavecontact® node 313+ contact pair=

zaY gt

Master (Jig plate)

Slave (Soft tissue)

Figure 5.17. Force plate & jig plate FEM ] % & A] aflo] wal 1= 9

rot

bonded contact 7
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Master Contact . Slave Contact
Contact fair

Figure 5.18. Femur 2 pelvis FEM2] H = A] 3¢ 24k WX 5 9|3k contact fair

a4

Bonessh BECl AT AA QA wish MR R 2§ 2A]

2EE3skelTh olu trochanteric soft tissue -2l 7|+ Figure 5.199} o] Table
2.19] 9§43 1% 3 trochanteric soft tissues S 7|& ATES Hadte] HA
FAZF 8 mmZ}F ¥ =5 bonesS soft tissueoll 1 X A]# node 33kt

Pad 3 wE &3] BARAES HEE #FA7] 98] skine] <}
pade] WS node &H= EAHIIATE T3 soft tissue D pade] HF- HFHo
7b AEkr] wEe] WiiolA A= self contact® L@ S JEE
AAste] @AM =E AFstol w2l master surface B+ slave nodeZ -/ 3le] 3l <]

== magagit. 4] AeE $4L Fd 94 FEMS



Figure 5.203 7to] R elg] &}y,

Skin shell thickness
=1.5mm

Total distance = 7.3
3 +1.5/2 =8.08 mm

Figure 5.19. 3235 19| trochanteric soft tissue # A 7ol w}&

soft tissue 2 bones2] contact 24

nal 2

(a) Pad V=g A FEM (b) Pad #H-8 A] FEM

Figure 5.20. FEAE ¢]3t 21 A FEM
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5.1.5 Validation of Finite Element Model

FEM<] mesh qualityE 75 3F7]19138ll Hypermesh 20175 A}-8-3le] aspect
ratiocs &Q1gt A} Figure 5217 o] AUl Yo sFsh= 849 99%
o]’Jo] aspect ratio 2.4 wge] W&}, elastic B hyperelastic® T3 H
FEol tetrad B9 meshel AL uHFSHW  mesh quality:= o] F <l
7<= (hyperelastic & w] aspect ratio < 3°] 95% ©]*}, Burkhart et al., 2013)<
WSele Ao P H AT ES aspect ratio”} 4 ] 84T F 41700,
AA 84 7884729 0.005%% A Al oF @A FEo] mud oz
et A A model & aspect ratio”} 7HY =2 FiE2 force plate 7HgAME]
H-219] aspect ratio”} 6.46°. % 7] aspect ratioQ] 4K.T} tA4dA AR force
platet™ rigid= gelato] Fetarafa] Aol AeAel A= FEF glAuth
freteae)Al Aol e 9IS Fe FiEe WY Jted AE=
mesh®¥ hyperelastic %=+ elastic 4% Figure 5223} o] femure] mid shaft
F-2lo $Ixg 24AE T2 aspect ratio’} 41002 7]FEXQl 3HTL EA
EEzEo, ol A femur F-9 8.4 20145871 F 0.001% mvFo = A

TPl Gge] wmmste] A FEMO| mesh quality’l A1E]Ade] zol a4
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% 80

—pr—T

60

40

1.2 14 1.6 1.8 2 22 24

Aspect ratio

Figure 5.21. 2 A FEM<] aspect ratio

Figure 5.22. Femur FEM <] aspect ratio

161



5.1.6 Summaries of Properties for Finite Element Model

7ol A &% finite element model®] A EAdel thdlk parametersi=
Table 5.3¥ #t} FEM =2 material type elastic, rigid, hyperelastic, spring
elastico.® HEHEH, A& HIE Fa =3 F 8587527019 elementse}
176,8647112] node= T/ ¥ o] Ut} o] < force plateES E3$H3SH impact simulator2]
elementsi= 31,7587012] elements®} 36,067712] nodes® A% o] 2™, human
model ] elementsi= 826,996711 2] elements<} 143, 84071 2] nodes= A= 2l
Mesh2] section type<> pendulum arm=- #]2]$+ pendulum part™= hexahedron® =
mesh® 132, sking A< 4 i partd]l pad 2 human FEM<
tetrahedron .= mesh¥] $1t}. Force plates A ¢] 3+ rigid material type®] parts, skin,
femur 2 pelvise] face, pendulum arm-> shellZ2 mesh¥ Ittt Zb partd L=
(density):= 2 A] impact simulator 7]¥F Ao FLEJAW HIFF  (mass)S
Hypermesh 2017& %3] %=Z3 H3(volume)oE UH %33} th Pendulum
part®] elastic modulus % poission ratio= "= ASTM, =< DIN, ¥+ JISe] A3
A ZIRke 2 EAXY, Ao g ARE dHolHIet FE5H

AFO]E (www.matweb.com)] ¥+A7} (carbon steel) A2 EAS FHasle] FEMS

skl
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Table 5.3. FEM®] 7 A| properties

) . Densi Elastic Modulus . .
No. | Material type Part name Section type| Elements| Node (kg /mr:é) (MPa) Poisson's ratio (I\(/:II130a) (I\(/:IoPla) K (kN/m)
1 Pendulum arm Shell 5,606 5,650 5.32E-06 2.07E+05 0.29
2 Jig plate 8,958 | 11,968 | 5.32E-06 2.07E+05 0.29
S 3| Spring ¢]%- A #T] |Hexahedron| 3,550 | 4,840 | 5.32E-06 2.07E+05 0.29
"4 | Elastic |Spring U3 2@t 4284 | 5568 | 5.32E-06 2.07E+05 0.29 -
5| Cancellous femur 106,392 | 23925 | 2.70E-07 137 0.30
6 Cortical femur 95,066 | 25,945 | 1.64E-06 1.64E+04 0.26
7 Pelvis 73,926 | 16,427 1.64E-06 1.64E+04 0.26
8 Rubber 40 A pad 6.29E-07 6.29E-07 0.50 0.18 0.05 -
9 | Rubber 40 A pad Tetrahedron
— 63,540 | 14,329 =7
10 | Hyperelastic | Polyurethan pad 1}‘1% Stress-strain curve AtE
11 | Soft tissue 425758 | 83,448 | 2.61E-07 2.45E-07 0.50 038 | 21202 -
12 | Skin Shell 21,014 | 10,564 3.08E-07 4.95E-04 0.50 0.09 0.02 -
13 |Spring Elastic| Spring Disc 2 4 - - - - - 42
14 Rigid surface 1 ~ 8 1.64E-06 2.07E+05 0.29
15| Rigid |Rigidsurfaceg~10 | ool | 3388 | 2508 reir o6 1.64E+04 0.26
16 Force plate Hexahedron| 6,998 8,505 2.67E-06 6.86E+04 0.33 -
17 Const_nodal_r-body 1 44
18 | Cylinerical_joint - 2 8
191 7| Locking_joint 1 6 -
20 | Face for femur Shell 26,000 | 13,046
21 Face for pelvis 14,266 | 7,133
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5.2 Finite Element Analysis

5.2.1  Boundary Condition Setting

freta A A simulations ¢t 7 Al %7 (boundary condition)> &7

9 EFExdo] o, AL 519 FEM oA A <L3 mass 2

5[ st 2 FEAZ 93 Z4EE Equation 519 3 4

o
T

o

tlo

AqUuA  BE HAS Faste] =& old &R k=& 9l
parameters<- Figure 5.23% o] 3]d 5 H-91& T4 &= pendulum armo] |3}
o] F%= Z&=7) 35°Y w9} surrogate pelvisZ} forceplatedl] %S Wl =, pendulum
arm¥} A|WHo] o] F= Zt=7F 0° Luf2] inertia % center of gravity= Hypermesh
20175 ‘53l model ¥ position?} massE I}e}slo] inertia ¥ center of gravityE
Table 5.49} o] Z==3}al, F3FAAd4A] simulations 93+ pad 28 2 n|zH&
7} 5 3harel 7)5 2.49 rad/s (pad 28 A]), 2.46 rad/s (pad T EHE Ao R
L%stal, pendulum arm®] FAIE 2w O FAHAG L3 RS &85t
m 29l 7]% 2.96 radls (pad ZH-E A, 2.92 rad/s (pad W EHE ANS EE39IC)H

w5 yF UFe R 3d datetr] 9184 pendulum 2% 2ol x5 WEke] 314
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AFEE AN WS AFE B A AFEE T4

(L
ox,
ol
o
$a%
i)

%Iwz = mgh, (Equation 5.1)

W= /@,I(’) = I, + mL?,

I, X Rotation center = I, X center of gravity + m(y? + z?)

Table 5.4. FEAZS 93 zZ}&w ©% 8 parameters 2 Z& 5 (3H<)

el 7+
W/O pad Pad
CG 35°(x) (mm) -2.8 -3.1
CG 35°(y) (mm) 453.6 453.1
CG 35°(z) (mm) -801.6 -804.0
CG 0° (x) (mm) -2.8 -3.1
CG 0°(y) (mm) -87.1 -76.5
CG 0°(z) (mm) -916.9 -919.6
m (kg) 24.2 243
g (m/s?) 9.81 9.81
h (mm) 540.68 529.59
lo (kg/mm?) 2.1E+07 2.1E+07
lo' (kg/mm?) 4.1E+07 4.2E+07
W (rad/s) 2.49 2.46
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(-2.8,453.6, 801.6) 7 4

3 ; 35 degree Center of gravity (CG 0°)

@) Pad VIZE A AT wE

s

(-3.1, 453.1, -804.0)
Center of gravity(CG 35°

(_3.1, _76_5’ -901 -6)

v 4 Center of gravity (CG 0°
A e T EINE A
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5.2.2  Loading & Simulation

2 A= LS-DYNA 971 R 8215 A}-83}e] 40 ms 592l simulation
timeS 3A357] 93l 1.03x 1079 times stepl= 133 <F 6 ~ 10A|7F F<t
MAlS sttt ol meshe] qualityS EHolil a4l A|7FS Fol7] $8

mass scalingS AF83}4] €3l FE solver -8 3145 PC (CPU 20 core 40 thread) =

AL-S-3FA T Pad V] 28 2 28 Al A A FEMQ] simulation Figure 5.24%} £t}

40A Pad . _ Hffective sm:u (\Hm
o=

l

if
H
52
SEERERRBERGS
12i2iiiidgadaats
|

Time =
Contor um ctive Stress (v-m)
e P, vetie

min<0, at elema 24761

max:8, at elems 24761

min=0, at elemy 24761
max=0, at elem# 24761

£
i

6.333¢+04
6.0000+04
5.667e+04
e-
e-
7e-
o
0

k-

148 framessce

(a) Pad ] 28 A] FE simulation (b) Pad #F-& A| FE simulation

=

Figure 5.24. FEM 7|1} FE simulation
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5.2.3  Validation of Finite Element Analysis

FEA 718k &2 H3 s 7MY HE2 T4 Al 1) 93 Al AA
AAe] e F-Qofl 2-83k= stress G v, (2) pad 728 Al impact

simulator 7]¥F impact simulation A] =Z% total peak force¢}e] H|WE F3f
p

A3t} Femoral neck peak force9} H|nSFA] 52 o] f-&= 5.1.20]4 AM=3h
vle} 7+o] impact simulator®] surrogate pelviset ©] FEMS| 29 <A EAS

sk AFESA7] wjEel Aol Apo|rp wbAsie] Ml Aol A
A2l = AT} FEA 7]4F impact simulation <=3 A3} Figure 5.259} #o] o & &2
45 E 7 F-(femoral neck) %t A X} (greater trochanter) F-¢Joll 7} =&
stress7 AJERl ow, IHbEe] A gk W F-9lo] %2 stress7l HAY S}
G Al A n@dS FAsE ks 2 diEE 9 HASHE stress)
AA FEH AR Bl

Pad "] =8 A] impact simulator 7]®¥F impact simulation®] “3-¢- Figure
5.26a2} 7+o| 5,820 N9| total peak force”} <F 29 ms©] impact time to peak force ol A
w23 slgl o FEA 7]4F impact simulation< Figure 5.26b%} 7+¢] 5,910 N9 total
peak force”7} ©F 9.48 mse] impact time to peak forceol 4] *AJslo] <F 100 N2
Aol = fFAbsHAl =EEQTh o] 7]¥ impact simulator & FEA 7|4t impact

simulation®] total peak force A¥& H|u &k <A-(Daners et al., 2008; Schmitt et al.,
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o
o
E
L
=
=
fe)
ftlo
R=)
Qb
oo
N
o
olf
rot
lo
NI
)
jut
do
fu
T
m
>
N,
=
=
o
8
v,
3
[
)
=.
35
=

No Pad

Time = 0.0081999

Contours of Effective Stress (v.m)
max IP. value

min=6.52307, at elem# 105449
max=231099, at elem# 291595 P -

4
I

ER AN

Effective Stress (v-m)
5.000e+04
I 4.833¢+04
4.667e+04
4.500e+04
4.333e+04
4.167e+04

¢
£
£

' -

3.833¢+04
3.667e+04
) 3.5000+04
~ ) = 3.333e+04

\ . 3167404
3.000e+04

g
g
2

2.667e+04

1333
1.167¢+0"

1.000e+04
8.3330+03
6.667e+03
/ 5.0000+03

CH& X} 3.333+03
¥ 1.667e+03
k 2 0.000e+00
#1.57 frame/sec -
Figure 5.25. FEA”] "} impact simulationZ =}
[ Impact simulator ] [ FEA simulation ]
Force (kN) Force (kN)
000, TR . 7000 ,  o-mTTTTTTTREe .
00| 582N g ok 100 NAFO] T 3
5000 . 1 e 5000 \~~ 1 //’
_______ H —d -
4000 . 2000 1
3000 : 3000 :
2000 : 2000 :
1 1
fooo l Time (ms) 1000 9.48 ms l Time (ms)
0 —
1 10 20 30 40 50 60 70 76 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
(a) Impact simulator 7] %} total peak force (b) FEA 7]4F total peak force

Figure 5.26. Impact simulator % FEA 7]%}t impact simulationol] &

pad 7] 28 A9 total peak force 23} M|l
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5.2.4  Target of Evaluation

FEAS 913+ H7} thAS Chapter 42] impact simulator 714 572 H3

3

olr
o

7y Ay =7 EF57F 71 Hold medium soft ¥ hard A x W 9el 35

=4 Al

Ky

A~T0A% &3l 40A,50A,60A, 70ASE H71 U} Ax=z HAS)

o,
L
Ll

i
%
-
i
<

2 A A ALESE AlE2] =4 (polyurethane) ) =4 AlE

o,
N
o
Ll
ol
:oé
K
-
2
i
ﬁ

4= Mooney Rivlin 5 %t (Appendix F %)<

=
o
<
N
h

A (Altidis et al., 2005) 5 #}-& 3+ A3} vl al A AT

5.3 Results of Hardness Evaluation

Hip protector®] 2% 4 K3 Ad5 H7HE 98 715 total peak
forcex= 4.1.49] total peak forcee] ©]& =%] 5893 + 455 N (3h=1¢1 7]5) &
7,314 +£ 326 N (W] =r¢1 7]55)= pad "] Z-8-A(W/O pad)”]s=2.= 40A,50A, 60 A,

70 Apadol] et B4 Alg 7ol whE stress-strain curve datas 28-S wj

femoral neck force2} maximum stress ZtS v A1} ¢}
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5.3.1  Analysis of Total Peak Force & Femoral Neck Peak Force

B Ao A= W/O pad 2 40 A, 50 A, 60 A, 70 A pad Z-& A 4.1.400 A
L33 uj=el 2 32l theoretical total peak forceS %]-8-3S u] =&5 & total
peak force % femoral neck peak forceE W]l 43} th(Figure 5.27). WA, W/O
pad A ElY ] w2l 7] theoretical total peak force W ¢loll £:3}+= total peak
force (7,206 N)7} == = Q2w pad 28 A9 total peak force:= 40 A>50 A > 60
A>70 AcoZ =7 YEFS S, femoral neck force= 70 A > 60 A > 50 A > 40
Ao 2 =4 el FE7l %894= total peak forcert= 743l femoral neck
peak forcer= =71sHS & 5= AUt 40 A 2 50 A pad 2§ A] fracture threshold
3210 N (Bouxsein et al, 2007)= ®r5sh= X9l 3,092 N % 3,129 NoJ
=9 AT

W/O pad *JEY w =121 7]+ theoretical total peak force ¢l &3l
total peak force (5,913 N)7} 41-8-30-& @ pad #-& A]< total peak force= 40 A>50
A>60A>70A =02 A e, femoral neck force:= 70 A> 60 A>50 A >
40 A2 R =74 JeEh} A%t 552 total peak forcer 7FA3tal femoral
neck peak forcet= 713t & 4 UATE BW7F i HA= 40 A, 50 A, 60 A,

231 70 A pad -8 A] S fracture threshold 2,996 N (Robinovitch et al., 2009) %

1

3,210 N (Bouxsein et al., 2007)& &5 wHE3}9d ),
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Total force

—

—— Femoral neck force

ERETE 30l 7|F

Force (N) 141% 145% Force (N)
7500 7206 14B% 149 % 6000 5913 153 % 15.6 % 16.1 % 16.2 %
6500 U685 6164 E—
6164 1. 6148 6132 5006 4993 4961 4956
7 5000 e
5500 -428% .
500% 492%| 47.6% 460% .
4500 4120 4000 513% 504% 487% 4T0%
B Fracture thresheld
9500 -_--_}3..-"_9_2----3-139- 1 3220 2 AN N B N AL 3 _,2_1!1 :J_& 2996 N
3000 N 2626
1500 2000 -!..4. "K -,-A v!x.
] 404 50A 60A 704 W0 4 504 604 70A

Figure 5.27. 1]=<l 2 sk=<l 7|5 % H hip protector?] total peak force =

femoral neck peak force 2 3}

5.3.2  Analysis of Effective Stress (\Mon Mises Stress)

B zlol A= W/O pad 2 40 A, 50 A, 60 A, 70 A pad 28 A] 4.1.401 A

A5l H). Figure 5.28% o] A A] femoral neck F-¢]oll LA SH= maximum

o

effective stresst= "]=¢l % 3=l V] EF pad #E A BF FL3

AN

8. 2~(number of elements: 114,080)°ll 4] T = A 2™, W/O pad dul] E3H F 7|
5 593 2 (number of elements: 115,011)°14] maximum effective stress”}

HAshE Aoz YERTh 1=l 7152 745 W/O pad > 70 A>60 A>50 A> 40
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A pad =22 maximum effective stress7} o} femoral neck peak forcee] 7%=
Avel A3 A Z 40 Apad Lo 81.4 MPa® 7Y W& maximum effective
stress7} LERSE o, $Har9l 7]E9] 49 50 A>W/O pad > 70 A> 60 A > 40 A pad

O 2 maximum effective stress7} 3o} femoral neck peak force®] 4% Ao}

E
=
>,
offt
e
ol
ol
)

o

~
rlo

Aoz e forceet stress 7Fell dHAF AFaA 7

EASHE AL obde & & ATk WA, 40 AdNA Y FF wE el
o

FractureRisk® = = = = = = === e e e e — e m— o

“83.9 MPa

U \ W/O pad : 70 A pad 60 A pad 50 A pad : 40 A pad :
proes | Time: 9.4 ms I Time: 122 ms Time: 1.2 ms Time: 11.8 ms I Time:11.9ms l
oz I E: 11501 | E: 114080 E: 114080 E: 114080 | E: 114080 1

| I |
1 | |
I : 1 1
n! . | |
| e - | |
¥ staol ! !
| £ 681 MPa 68.0 MPa : :
o=l o] =l | |
: '85.9 MPa : :
| | I
1 | I
| | I
1 I I
1 I I

) = -
SHAETES O SHET 85 ©

Figure 5.28. 7 = 2 hip protector & A] 123 ] maximum effective stress 2 7}
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5.4 Results of Properties Evaluation

5.4.1  Analysis of Total Peak Force & Femoral Neck Peak Force

W/O pad thH] 53¢ A=¥ Aol wet 7Hd 524 B Adso] Hold

40 A, 50 A 7ol A total peak force 2 femoral neck peak forceE &3l 5.2.39]

A48 F A A (polyurethane 2 rubber)ol] el 54 B3 AT $FAHS v
A 3EQlTE. olw, severedt cases 1Eldle] worse case falle #3793

n] =9l 7] theoretical total peak force S=%|ol | Fal= WY 183t W

r—{n:

A3l3itk. WA total peak force:= Figure 5.29% 7o] W/O pad tiH] BR&E =4
2 Axo] pad FHE A H 15 kN A% 7+A89TE o) W/O padthH] pad
zk8 Al A A FA A 7Htotal impact time)> F 4.8 ms 5 7}5}S] S, peak force”}

w2yl 7hA1 9] S A Al ZHimpact time to rise peak force) 2.4 ms < 7}5}Sit

hsi

weba, W/O pad 2 pad 28 A] surrogate pelvisell AE% = AA Z7Z ¥ (total

e

impulse) sL& o2 pad =8 W impact absorbing & 3ol Wl p

_IN'

T $4 AlZkol Z7stHA total peak force”t Haxdt A o 4 Sl
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Force (KN)

8 HF15kN)  WOpad
7 721 KN e — 40A (poly)
| - = 40A (rub)
6 I L 616 kN — 504 (poly)
5 ~ =~ S50A (rub)
4
3
2
1 # 48ms I
0 * + Bl . S
2 4 6 8T10‘F2141618202 24 26 28 30
)y M
89 ms 113 ms 17.7ms 22.5 ms

Time (ms)

Figure 5.29. Pad2] =/ % %o u}£ total peak force

Femoral neck peak force:= Figure 5.30%} 7°] W/O pad thH] 1 1o A]
A8 polyurethane A1 9] pad 28 Al Hi 1 kN X 7HA3F 2, rubber
Ao pad 28 Al Hit 0.6 kN 7HA38Flc) o]w] W/O pad tiH] pad 2§ Al
3t total impact time> ©F 4.7 ms <7}15FS S, impact time to rise peak force= 2.3
ms 5 7}5F T}, wEkA], femoral neck peak force= total peak force<} & A3HA W/O
pad % pad 28 A] surrogate pelvisel HWEH&E HA THAHFLS sdTo=
pad®] =#-gof wE impact absorbing & }oll wel femoral neckol|l 2}-8&3}i= peak

forcer= 7FA3Slal =4 A 7HE

o|\

- EIOE !
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Force (kN) HF06KNU

S (Rubber) W/0 pad
4.12 kN V‘ —— 40A (poly)
3.51 kN « L — — 4DA (rub)
311 KNee 70" TR HF1kNU _— s50A(poly)

\ (Poly) — — 50A(rub)

HE23msT HWF47msl acem—

2,
2 4 6 8|]Ql12 14 16 ES 20 2g|24 26 28 30

9ms 11.3ms 18ms 227 ms

QO = = NN W ®w R M

Time {ms)

Figure 5.30. Pad2] &4 % Z X w}E femoral neck peak force

Pad®] 40 A, 50 A J % 2 polyurethane, rubber #} 2 <] w}E total peak force
=2 femoral neck peak forceE Figure 5.313} o] H]al -2 3} 1t} Total peak force=

WI/O pad > rubber 40 A > polyurethane 50 A > rubber 50 A > polyurethane 40 A = .=

=

of u}

ru

AL Holx ergkal, W/O pad tlH] pad

i
34‘9‘
tr

on, =4 R 74

b

22 A] total peak force2] 7F2~ H]&-<l total force attenuation= Z}Z} 5 %, 14.46%,
14.21%, 14.17% o= FFAste] =4 B F=o wE FFdS Holx &Skt
Femoral neck peak forcex== W/O pad > rubber 50 A > rubber 40 A > polyurethane 50 A >
polyurethane 40 A o= =o} rubber A& H|3] polyurethane A&
femoral neck peak force”7} 7#A38}3lar, 50 A UiH] 40 A H%=9] pad #-& A
A A © &2 femoral neck force”} 7HASke] 4 B3 Aol Hold Ao w ufof
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A} T3l total peak force thH] femoral neck peak force2] H]-&-2- force attenuation
(%) 2.2 AolgdSu polyurethane 40 A > polyurethane 50 A > rubber 40 A > rubber 50 A
TO =2 ZV7) 50%, 49.2%, 44.2%, 41.6% THE 7FA31o] total peak forcethH] femoral
neck force®] H|&-2 rubber #AZo] B3| polyurethane AL w HFjx o=z
aekelar, 50 Aol Hlsl 40 A F=e] pad A& A AU ow AT
W/O pad *E2] femoral neck peak force thH] pad 28 A] femoral neck force<2]
H]&S femoral neck force attenuation (%)C.2 A 23lo] pad EAo wWE &7
B3 ASS v 43 A3} polyurethane 40 A > polyurethane 50 A > rubber 40 A
> rubber 50 A =02 7}7; 25%, 24%, 17%, 12% WHF Haste] H7F g B4
(rubber & polyurethane) = 7%= (40 A, 50 A) < polyurethane Z 2 = 40 A9
BrolA 7HE 54 RS Aol 958 AoE YEwth

Total force

o |

—— Femoral neck force
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I Total F Attenuation (%)
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5.4.2  Analysis of Effective Stress (Mon Mises Stress)

Femoral neck 9ol 283t pade] EAJo] WS maximum effective
stresst= Figure 5.329} &t} Pad #-8 A] femoral neck F-¢lol 2183} maximum
effective stressi= 25 A3 2 A (number of element: 115,011)9 A4 A3} o1,
W/O padAr]2] maximum effective stressi= number of element = 114,08091 4]
HFAY 5131 Tk, Maximum effective stressi= Figure 5.322} #-©] rubber 50 A > W/O pad >

rubber 40 A > polyurethane 50 A > polyurethane 40 A <= & =0} rubber &<l W3}

N

polyurethane #} & o] 50 Aol H]3l 40 ASA] pad 280 W& effective stress 7+

aa B oz yehh

Fracture Risk fl = == == = == = g e e -

— | 50 A pad (rub) l W/O pad 40 A pad (rub) 50A pad (poly) | 40A pad (poly) 1
m ! Max: 92.85 Mpa I Max: 88.72 Mpa Max: 88.09 Mpa Max: 82.38 Mpa Max: 81.36 Mpa
ks Time: 10.8 ms | Time:88ms Time: 11.2ms Time: 11.8 ms Time: 11.9ms
Lo oxp I E: 114080 E: 115011 E: 114080 E: 114080 E: 114080
' e

|
|
|
|
|
|
|
'81.4 MPa :
|
|
|
|
|
|
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E3], rubber A&l 50 A &4 pad #E& A] W/O pad HTU} FH&
effective stress”7} Asle] pad Z-8ol wE effective stress A &37F §lo]

AdAAA T4 F Ev b a3 "ojx = Ao yEEth 754 o]

|

sh=Ql ¥ o Z™EIE (0.703g/m?) 7= (KISTHS] &35 58 76.7 MPa ©]/3<]

g =AW @A RS 4FHo Bobels] 918 Figure 5333 2ol

il

Ao ¥ wy A B2 3 olgd AFshe e F Yol ax
(number of elements: 114,080, 113,932, 115,011)S A A3ste] 2z} Q49 H ¥

SHAS FAbslo] effective stressE A o2 9 71el 9t
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Figure 5.33. '+ 8459 A = 4t effective stress
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1 A3} W/O pad tH] rubber A2 e] pad 28 A] effective stress7} 40
AY wf 3.9% 74, 50 AY W 1.6% =715 21, polyurethane 2] 2 o] pad &
A effective stress”} 40 AY W 125% 74, 50 AY o] 13.2% 7A3sle] Figure
5.322] maximum effective stress¢} 54 3}A rubber 50 A > W/O pad > rubber 40 A >
polyurethane 50 A > polyurethane 40 A 2.2 7/ 2 JH FA7F =55 & &
AT wEkA, polyurethane A2 2] 40 AollA 7} effective stress 4 & 3}7}

woji}ar, rubber A 2] 50 A E41¢] pad & A W/O pad HT} =& effective

=

stress7} HAISFe] pad 280 wE effective stress A &37F §lo] A A A QI

4 A A,

o
A
rlr
P
o
i
12
p‘L
¥
O
o
2
)
ro
rd
X
il
o

W7r 4

fol

PN
T

oo

pad’} W= 74 F4 oA (internal energy)E S A®E 4= ot} Figure
5.349} 7+o] 50 A rubber pad”} 40 A polyurethane padel] 4|3l pad”} ¥t internal
energy®] =& 1300 Jo® HLo|kx EEal, boneo]l HEEHE  internal
energy2] 32 50 A rubber pad”} 40 A polyurethane padell H|3| 570 J %= &2
A BokS ul rubber A A2l pad”} polyurethane A E 2] padol] ®E] =27
A FHEe Hold W 57A Ak "Wojx] poned 2H83F= impact

energy’} g o2 F71381o] effective stress] %7} 571s o2 et}
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Simulation =2t Z¥ /= 3 H Internal energy T

e
Int | J WO pad 40 A [Poly) |50 A pad (Rub)
niernalenergyifJd}] - ————- WiO pad Ivis + i
gy (J) pad (pelvis e-mur) . 5750 300 P
“© Poly_40 A pad (pelvis + femur)
14 Poly_40 A pad (pad) Pad _ 15 600 16,900
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6 .
4 800E+04 75,200 f:ﬁitr'l““e
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Figure 5.34. Rubber 50 Apad 2! polyurethane 40 A pad®] internal energy 2]

5.4.3  Analysis of Safety factor

Effective stress &7} 7Hd %™ polyurethane A1 2] 40 A pad %
effective stress A7+ @37 7F8 Sk A7 rubber 2182 50 A pad 2Hg A
k=0l a1 oA 754 o]} (density: 0.703g/m2, KISTI)S] & $-2 =2 76.7
MPaS 7] S =2 safety factor (5 53/ Hdl §3) 108} +3HS =E5319

fracture risk7} 32 8-S ¥}o}s} it} Effective stress7} A5k ] 4 S Figure

9= @ Aeho| A effective stress7} & SERT} mol wyd T WAy
f1do]l 2 FLd wE] dHoz =2 Aoz yotH gy, olu femoral
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head 5-91 pelvisete] HEF0 2 Qs =2 effective stress7} A E 21X

ry

fei3

=79 A7 pelviset femuritololl #1A7F Axeo] A ¢hs}

12

effective stress”} 7FAsto 2 a4 HY oA A|2ls}3d ],

Fracture Risk 1!
— 70 A pad (0| A]) 40 A pad (0| Al)

Fracture risk 1!
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(HEZ QS stressZL)

> 247
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Figure 5.35. Pad 2}-§ A] =2 maximum effective stresse] 2FA -9
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V1. Discussion

6.1 Impact Simulation by Impact Simulator

B o= =4 hip protector A]d H7} 7] (Robinovitch et al., 2009;

IHPRG)S a1&}e] impact simulator A A S 93 =<l 1

ol

ol/del <A

olf

dataol] 7]5+st A 7| parametersE 1% S}al impact simulator 7|¥F 54 H3S A
B7F systems JREtste] d=Ql uEF A S 98] AlZE polyurethane A
hip protector®] A% ¥ 274 ®B3 A%< 7kttt H7 tiA hip protectorE
Mel7] &l gharQl aE S o] Q1A data (Size Korea, 2004; n = 271)2] 34+
9 X4 B8 53 hip protector padS QIZFFEHoZ HA T EF FAL
7Ikate] 7H T4 B3 Aol Hold AF T syl polyurethane A4 €]
AE 10 A~ 70 A9 7Fo 2 A|ZEt] shore HAEAlR SASEY X4 HAHE

A-&3kS L, shore 4% 73X (Figure 4.6)°l w2} soft, medium soft, medium hard,

X
K
k|
3
o
M
4
_O‘L
Q
N
Lo

AT 10 A~ 70 AZMA 9] FA BE A B7F A
45 Apad 28 A 71 4 B3 ATo] 94313 21, femoral neck peak force}
B7F W A zbe] A w4 A HA dns 448 AR 45 Ao A E
AE7F =&Qth 3k 35 A ~ 55 A padZH-8& A] fracture threshold 7] ©]3}=

femoral neck peak force’} =& o] =4 WX axrt Id&5S & F AATH

o

upeba], Table 4.101 4] 2] & hardness % medium soft & hard= hip protector A 7]
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il
2
e
e

Al energy shunting®} energy absorbing dE°] HIHoE

ol

®

AeduEin 4 Bo dso] 5

USL'
o

% it

b

Y
f
fole
oX,
olr

B Aol A] &-8-% impact simulator 7]t hip protector2] %
B7F A7 1) =l 1" o4 7IWE hip protector Al A, (2) EFskE
biomechanical testing systemol] 7]¥Fsk H7} system 2 H7} 2= s (3) AA

BE WS E=F, (4 FEM 7 S4 B Ae H7F A3l H5s 9% Ve

w, (2) A siFEe 54 an#7E oJd s, (3) AHl Wl wE wHEA
A, (4) MM wmolz=e o3k A Zhaol A AR el EAfg WA, hip
protectore] FAto] w2 A H9 HE HE=ghe] HAKGE5 A padoll A + 15 A)7t

Ay ske] hip protector AAIE 2% A4 Ax HAE AANEG 7 o A

ALY

AEol ARl AFge oy Aot A2, 3% biomechanical testing

Olr

system (Robinovitch et al., 2009)°l ™2} femoral neck forceE =74 3l7] <& 2 A

d

1A 9] femoral neck®} TFE A 7}a-3lo] loadcell S 23191 7] wf o AA

o

A

.

femoral necky} &4, "X, X4, FA SolAl zfel7l dAste] AA YAF A

o1z ;A H9o] =gt femoral neck peak force2t= ztol7 91O, soft

vy

tissue 7 2 quadriceps angle (Q angle) 5 ¥ Fdo| HHZ JagFS

A A, biomechanical testing8 S = T ul¥ sawbones femure] WHAEHWN A=

184



8,000 N, Gardner et al., 2010)l] w2 SkA = w2l 7] total peak force (7,314 +

326 N)ol|A] A& F=38jo] o] 9] worse case fall Aj& o] o]z, AMA ] wo]=n}

Rd Wy ow Qs HA/F HAste] AdAA © BEAFo] Holxvk= AR o

itk wEbA], A= impact simulator 7]%* hip protector 7 X3 A%
o}

7] 9dsl AA W@ el me A #Red

Jm
oX,
o
K
S,
%
Ho
e
=
i)
tlo
of
:(I)l:g
a1

Ab Al QA7 WH= force o stressE
AE FEA 7]9ke]  impact

37k sheint.

XFo] L4 2l
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Figure 6.1. Impact simulator 7]%}F hip protector®] %2 B3 A5 H7}9] dAH
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6.2 Impact Simulation by Finite Element Analysis

2 A5 impact simulator 7|HF A RS AT HUEe dAAES
Hetelr] sl 1" T ool JAA st 5A4ES aelste] AZE FEMO|

7]Hksle] 40 A~ 70 A AE sk T4 B3 AT HrF 2 ARk rubber EA

7|5 total peak force ¥ul W/O pad thH] 40 A pad & Al T2 X3 Al 59|
7 -3k th 40 A padi= V=9l 7] total peak force ¥t Bouxsein et al.
(2007)9] fracture threshold (3,210 N)& YF=38l= 71 w2 femoral neck peak force
3,092 N, gh=r<l 7] total peak force & | Bouxsein et al. (2007) 2! Robinovtich et
al,, (2009)2 =5 w5als= 7bd WS femoral neck peak force 2,438 N, maximum
effective stressi= 3H=1<1 7] 64.5 MPa % 1| =31 7]F 814 MPao.Z A 7}

WA A% F 71 23S force @ ostress7t WAsle] =74 HE Aol 7HE

ANt rubber Al 40 A, 50 A°l EA diH] & ATl &8
polyurethane 7} 2 2] 40 A, 50 Aol 3t 4 B35 As H7F Ay $U3 A=
Houlnlo| A= polyurethane A2 2] pad7} Aut rubber A2 tiv] 4 B3I
dsol Tt en, 5 A F vlae A& 40 A pad”Zt 50 A pad HiH] F4
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B3 Aol 438k Ao 2 e Maximum effective stress = o4 W/O pad
thH] polyurethane 40 A pad 2F-& A] 12.5%9] stress 74> &37F A X2, rubber
50 Apad Z-8 A] 1.6% stress”} S 71slAth. olo] gk ¥4 0 2 pad, bones (pelvic,
femur), 1] soft tissueol Z-8-3Fi= internal energyE A% A3} pad”t

=5t internal energy2] % 3-2 rubber 50 A pad #-8 A7} polyurethane 40 A pad

oo

Z8 AlET oF 8%= =3O U bonesoll 2H-8-3} internal energy] F32 °F 24%
31, soft tissueoll 2F-8-3l+= internal energy2] &2 oF 4% WA =EEFo] 57
E4 &3 rubber A Ao] polyurethane A Aol wls] ey 4 B4

aE goA s Zo® yelgth vix|Bto g safety factoroll tid Hr7F Az
e A 2 AmoA AA A gl elements T 1% PRFO] safety factor
o] (FAE= 79 MParZlE, 7541 d=¢l oA 1RT 7E)em EEH

del 1HZ o]l WA Al wwd 2A ole g AZoRA R AT

-

X
r (o]
1:01[
ofo
oX,
s
0,
dlo
o
5=
12
ol
ol
3
)

7} A hip protector7} A
Impact simulator 7|9t 37k} wlagh 2 Ao FHLS A, impact
simulator 7]8F %719 7-9- pad Aol WE AR Ax 5A Al pad 79 &

Ak wlA7E 2Aste] Aol tid Ase A Aefrh ofEglon, FEA

!

7IR B7re] A% AR H HHFI AFdRS AFete] 24 Ald B7HE SEl
%9 stress-strain curveS pad FEM A elementsol] 5 U &tA 4 -&3le] 7 =l
sk Aekel x4 ARE ATt A4, impact simulator 71§ 3 7be] 1] 3]
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, 184 Aol glof thaksl YAk 24 (W52l 7)ol whE worse case fall

simulator 7|5 g71e] Al F7F el st Q1A -4 54 (e.g., soft
tissue thickness, femur and pelvis geometry, quadriceps angle)= 11# 3 4 AR L
FEM<S &3l maximum effective stress7} A 3}= elementsE +213}o] fracture risk
A A S getd = AL FEMY 54 &5 olUAE 48t 54 57
ol L] 2] (impact absorbing energy) % %7 wAF oY ] (impact shunting energy)E
HAeFH oz BAso] softfoam 2 hard/shell S =3ste] AAs17] Y3t x4
B ARE AT F AU

71 FEM 7]4F hip protector®] %2 H3 Al H7F A9 vk B
Aol AHe AA, 71E A 47 T 371 (Daners et al., 2008; Majdrecka et al.,
2012; Schmitt et al., 2004)©] impactor FEME <3}35}¢] impact simulationS 3] %
padoll Z-&3}= stress 2 forceo] WA= AR o, mAE  H o
283k stress B forces SASHA %ol AA pad & Al AAC H A=
JeFS Aoz HIEEA AT <Al CT-scan data (male, 50 years, n = 1)°]]
71Rksle] FEM<S A2t $- impact simulationS 5=3)3lo] hip protector®] 24 H<%
AsS B7Ee 71 A (Majumder et al., 2008b) S=3F, pad 7o wWE padol
2+-8-31+= stress 2 forceRt B7lekgith 12y, & A5+ biomechanical testing-§-
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Rdlo] Zlgkate] QA FEMS AF ¥ 1R8S oAde FE 5A4E
aeste] FEMS 7Eete] pad =4 H dro] wE nybd R zZHEshes
stress 3 forces AFH o= HIbedth =4, 71 A= JEE FEMA
gk mesh qualitys AS3HA kol Aol Aol "HojgAwk, & A=
mesh quality %S 913l aspect ratios =213Fe] A elements 5 aspecet ratio <
2421  elements7} 99%= meshe] TS HAITE A AFAFES
&1 3ot

2 Ao A= x3tE biomechanical system (Robinovitch et al., 2009)<]
parameters ¢ & =9l 1 F oA Q1A data (SizeKorea, 2015: n = 230, 604
o4 = w9l CAESAR data (n = 291)2 aledale] #H7} protocol 2 A] 2l
(impact simulator = FEM)2 7% 5 hip protector®] %= %2 EAld] tfdk 7
B3 XS H7IE FPs o), B AFolA H7Eek hip protectore] 7 B

Bee T W FE A7 A

rol
N

A5s &% AA Trol=Els AA 8

AEsA A f1F FF AT (1) A= 40 A~ 70 A ollell Aol
7bFedt MolA Ve AR W40 A o3t ExE 70 A ol)elA FA HE

Aol Wi BrbE dast, 2) 1, 4E A ERE olyE A A9,

O

5 AEe Tl A= 24 i AF=E FE A7, () 2 AelA



H7l¥ polyurethane 2 AWt rubber A& o]elo] 7] A& hip protectorol A
AREE a1, 7] < -(Choi et al., 2010; Daners et al., 2008; Robinovitch et al., 2009)i] A
FHAAAY, F4 B3E sl A354E hip protector A (e.g, silicon, polyethylene,
)l tig 54 BHe A Hrih 19 2 vk 24, A 2 5490

2 Aol A H7LE hip protector A ZHS 9

o

A AL 9], 2014)°0 A

2] hipprotectore] 24 R3S A5l d3F

o

n| X = 71k A7 A AHe.q., size,
thickness, shape, =)ol that AA 7tol= gls A7 918 FF A7)
dastth AA A 8 F7F i Rl tiE dzs 1) I (eg MIRE,

28, L A, ), () T4 (e.g., @A FANA £ 10cm), (3)size (e.g., A width

+ 10 cm)e] Zpolell W 4 B35 Ade HrPF adE 5 vk A, 7S

g AE e B Aoa 8% hip protectors Figure 6.2a9} o] mA
2ol 2835 garment U-oll padE do] AR&SHAIRE, = A5 49 garment
2H-go] e g3E aPshA FFOoE, padd T4 EIE s H7F A

rot
A
l-'O
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ol
ofj
s
oX,
o
do
o
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S
©
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S
]
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i
e
R
o
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ME,
i
oX,
o
1
ofo
ol
-
AL
>

"l ste]l  7]¥ A& hip protector ™H] 3=l mEE oAS 93 hip
protector®] ¢-FA4S HASE F Utk Ao R, 2 AFA] H7tE femoral
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neck o]¢lo nTWAES FAS= W (pelvis E  femur)oll 2}&3F= force 2
stressE  Figure 6.2d9} o] sjetste] mybd H9 AA g F7F WA

avE e & 5 9l hip protector AFE 9% 4 Ho A H7b

o (]
" 5 A o]ys Fr AFE S hip protectore] TF Ko AT
FgS A AFAA FAH A AAE B3 AA TPel=Eele AT 5
At
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VII. Conclusion

protector®] H# Ax: =& 9 E49 54E @531 98] impact simulator
2 FEA 7]Wb 7S 33 Y). Impact simulator 7R H7be RE3kd
biomechanical testing " (Robnovitch et al., 2009)°]] 7]%tale] ak=r<l <14 datas
A gsto] 2 B35 XS 7} protocolS =3Il impact simulator 7]¥F 7S

S8t H7F i A= 0A~T70A) 5 2% 30 A~60 A9 pad Z-& A

fl

7|5 fracture threshold (Bouxsein et al., 2007; Robinovitch etal., 2009)th ] 1234 =4
o Eart e AR Folxlon, 45 A A= W udd =4 dqus
A T4 Ho Aol 7HE 3 Ao w debE .

FEA”|RF 7} impact simulator 7]WF 371 SAIAQD (1) pad 7ol
g AEe A FXA Ao o, 2) P T o149 A geometry
718t biomechanical testing& 1] -7, (3) surrogate pelvis 8] WAl wE
ANAA 7+ 2 worse case fall (W21 7]15), (4) AA] wo]=o] o3 A4
FA1717] 98 AEE FEMo 7)Rkele] FEAS
TSR FHrE A vl 2ol 25 = 40A>50A>60A>70A9

2 34 1o Aol 7MY 93 Ao 2 FolE o] impact simulator 2
FEA 718t 7} A5 T8 BkS w Figure 6.32F 7] medium soft =2
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APPENDICES

Appendix A. Matlab Code for Signal Converting and Processing Program

clear all;

close all;

%% Input Parameters

SR =1000; % Sampling Rates [Hz]

EM = 20; % Effective Mass [ko]

GAE = 9.81; % Gravitational Acceleration of Earth [m/s2]
FL =2996; % Failure Load [N]

% IES = ; % Impactor Effective Stiffness [N/m]
BL = 1.2; % Beam Length [m]

% PES =; % Protector Effective Stiffness [N/m]
% IH =; % Initial Height [m]

% IA = ; % Initial Angle [deg]

% PA =; % Pendulum Angle [rad]

% IV =; % Impact Velocity [IV]

%% Data Import
filename = input('Raw data file name (*.txt, *csv, *xIs) =", 's"); % Raw data import
IA = input(Initial Angle =");

data = readfromexcel(filename, 'All");
data(1:13,)) =[];
data(:,1) =1[J;

data2=cell2mat(data);

[M,~]=size(data2);
Exp_Raw(:,2:9) = data2;
Exp_Raw(:;,1) = 1:1:M;

clear 'data’ 'data2' 'filename’

%% Unit Conversion (Voltage to N & deg)

LC_Gain = 5; % Loadcell gain

LC_Cal =1.9995; % Loadcell scale factor, 1.9990mV*gain = 1000kg

Potentio_Gain = 5; % Potentiometer gain

%Potentio_Cal = ; % Potentiometer scale factor

FP_Gain = 10; % (+- )Force plate gain
FP_Cal_Mat=[100000000;010000000;002000000;00060000;00004000;
00 0 00 300]; % Force plate calibration matrix; when FP_Gain is equal to 5
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%FP_Cal_Mat=[50000000;05000000;001000000;00030000;00002000;
00000 150]; % Force plate calibration matrix; when FP_Gain is equal to 10

%% Preallocation Noiseoll w2 HAE

[M,N]=size(Exp_Raw); Hazhstr] 98 Wk

AV_MA = zeros(M-1,1); BRO FAE Ao
123l femoral neck peak

%% forceE =& => Force plate

Angle_MA = (Exp_Raw(1:M,3)*IA)/Exp_Raw(1,3); Aol v de] A= &

Time = Exp_Raw(1:M,1); % 1000Hz ¢

....... .

FIF = (Exp_Raw(1:M,2)/LC_Gain)*(1000/LC_Cal)*GAE/1.268; % Femoral impact force

S = Exp_Raw(1:M, 4:9)/FP_Gain; % {S1, S2, S3, S4, S5, S6} from Bertec Manual

Fx = zeros(M,1);

Fy = zeros(M,1); Noiseol| whe} Al -7}
Fz = zeros(M,1); i FAE F7F AAsho
Mx = zeros(M,1); total peak forceS =43t >

My = zeros(M,1);

A3 151 AS)
Mz = zeros(M.1); Force plate 24 ¥}2} H] L5}

7% 3 calibration

fori=1:M

Fx(i,:) = FP_Cal_Mat(1,:) * transpose(S(i,:));

Fy(i,:) = FP_Cal_Mat(2,:) * transpose(S(i,:));

Fz(i,:) = FP_Cal_Mat(3,:) * transpose(S(i,:)); .. :
Mx(i,)) = FP_Cal_Mat(4,:) * transpose(S(i,:));
My(i,:) = FP_Cal_Mat(5,:) * transpose(S(i,:));
Mz(i,:) = FP_Cal_Mat(6,:) * transpose(S(i,:));

end

TPF = sqrt(Fx."2 + Fy."2 + Fz."2); % Total peak force

%% Pendulum Height
IPH = BL*sin(IA*(pi/180)); % initial pendulum height

%% Angular velocity (Z}4 %4 2] noise® <l&l F-2Jojl A A £])
%Angle_Rad = Angle_MA*(180/pi);
for i=1:M-1

%AV(i,1) = (Exp_Raw(i+1,3) - Exp_Raw(i,3))/0.1*BL; % Angular velocity with row data
[deg/msec]
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%AV _Bultter(i,1) = (Angle_Butter(i+1,1) - Angle_Butter(i,1))/0.1*BL; % Angular velocity
with Butter-worth filtering data [deg/msec]

AV_MA(i,1) = (Angle_MA(i+1,1) - Angle_MA(i,1))/0.1*BL; % Angular velocity with 5
point moving average data [deg/msec]

%AV_Rad MA(i,1) = (Angle_Rad(i+1,1) - Angle_Rad(i,1))*BL; % Angular velocity with
5 point moving average data [rad/sec]

end

%IV = BL*(AV_Butter*1000)*(2*pi/360); % v=rw [m/s] Impact velocity
IV = sgrt(2*GAE*sin(Angle_ MA*(pi/180))); % v=rw [m/s] Impact velocity
TIV = sqrt(2*GAE*IPH); % Theoretical impact velocity

%% Fracture Risk (FR)
FR = FIF/FL; % FR = Applied Load/Failure Load (FL)

%% Plotting
figure('Color','white','Name','Impact Force','Numbertitle','off','MenuBar', figure"); % new
figure

%% Total & femoral impact force
subplot(2,1,1)
[Ax,H1,H2] = plotyy(Time, TIF, Time, FIF);

title('Impact Force’)
xlabel('Time (msec)’)

ylabel(Ax(1), Total Impact Force [N]") % left y-axis
ylabel(Ax(2),'Femoral Impact Force [N]’) % right y-axis

set(Ax(1),'ylim',[0 max(TIF)+max(TIF)*0.1]);
set(Ax(2),'ylim',[0 max(TIF)+max(TIF)*0.1]);
set(Ax,{'ycolor'},{'k';'b’}) % Left color blue, right color black

set(H1,'LineWidth', 1, 'LineStyle','-, ‘color’, 'K);
set(H2,'LineWidth', 1, 'LineStyle','-, 'color’, 'b");

legend('Total Impact Force','Femoral Impact Force','Location’,'NorthWest');
grid on;

TIFyMax = max(TIF); TIFyMax = TIFyMax(1,1);
TIFxMax = Time(TIF==TIFyMax); TIFxMax = TIFxMax(1,1);
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FIFyMax = max(FIF); FIFyMax = FIFyMax(1,1);
FIFxMax = Time(FIF==FIFyMax); FIFxMax = FIFxMax(1,1);

hold on

scatter(TIFxMax, TIFyMax, 'Parent’, Ax(1), 'r*");

strTIF = [' Total Impact Force Max. = ',num2str(TIFyMax)];
text(TIFxMax, TIFyMax,strTIF,'Horizontal Alignment','left");

hold(Ax(2), 'on");

scatter(FIFxMax, FIFyMax, 'Parent’, Ax(2), 'r*");

strFIF = [ Femoral Impact Force Max. = ',num2str(FIFyMax)];
text(FIFxMax,FIFyMax,strFIF,'Parent’, Ax(2), 'Horizontal Alignment','left");

hold off
clear H1 H2 Ax strFIF strTIF

% %% Pendulum angle, angular velocity

% subplot(3,1,2) % Pendulum angle, angular velocity

% [Bx,V1,V2] = plotyy(Time, Angle_MA, Time(1:M-1,:), AV_MA); % angle raw data
%

% title('Pendulum Angle & Angular Velocity')

% xlabel('Time (msec)’)

%

% ylabel(Bx(1),Pendulum Angle [deg]’) % left y-axis

% ylabel(Bx(2),’Angular Velocity [deg/msec]’) % right y-axis
%

% set(Bx,{'ycolor’},{’k’;'b'}) % Left color black, right color blue
%

% set(V1,'LineWidth', 1, 'LineStyle','-', ‘color’, 'k");

% set(V2,'LineWidth', 1, 'LineStyle','-, ‘color’, 'b");

%

% legend('Pendulum Angle','Angular Velocity','Location’,'NorthWest');
% grid on;

%

% hold(Bx(1), 'on’);

% hold on

% plot(Time, Exp_Raw(:,3),'color’, [0.8 0.8 0.8]);

%% Fracture Risk

subplot(2,1,2)

plot(Time, FR, 'k);

FRyMax = max(FR); FRyMax = FRyMax(1,1);
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FRxMax = Time(FR==FRyMax); FRxMax = FRxMax(1,1);
hold on

scatter(FRxMax, FRyMax, 'r*");
strFR = [' Fracture Risk = ',num2str(FRyMax)];
text(FRxMax,FRyMax,strFR,'Horizontal Alignment','left");

xlabel('Time (msec)")

ylabel('Fracture Risk")

strFL = [' Fracture Threshold [N] = ',num2str(FL)];
legend(strFL, 'Location’,'NorthWest');

grid on;

%line(Time, 1,'Color','r''LineWidth'2) %3 & <. 2|23
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Appendix B. Results of Impact Protection Performance Evaluation of Hip Protector by

Impact Simulator

"11;0t211<1 FeI:Jmolial Force Attenuated . Fra?cture risk .
Shore A Trial F(?race F::ée Attelzuation Peak RObé?:;”tCh Bo;);slem
(N) (N) 0%) Foree M) | 2009) | (2007)
0 1 5769.9 3877.8 0.0 1892.1 1.31 1.21
0 2 5850.4 3907.9 0.0 1942.6 1.32 1.22
0 3 5882.2 3978.8 0.0 1903.4 1.34 1.24
10 1 5519.8 3812.5 2.8 1707.2 1.29 1.19
10 2 5850.4 3754.2 4.3 2096.3 1.27 1.17
10 3 5880.3 3784.1 35 2096.1 1.28 1.18
20 1 5841.3 3550.2 9.5 2291.1 1.20 1.11
20 2 5880.3 3547.4 9.5 2332.9 1.20 1.11
20 3 5839.3 3572.3 8.9 2267.0 1.20 1.11
30 1 5771.5 2811.1 28.3 2960.4 0.95 0.88
30 2 5850.4 2890.4 26.3 2960.0 0.97 0.90
30 3 5923.0 2918.5 25.6 3004.5 0.98 091
40 1 5506.1 2710.1 30.9 2795.9 0.91 0.84
40 2 5880.3 2649.4 324 3230.9 0.89 0.83
40 3 5618.2 2690.7 314 2927.5 0.91 0.84
50 1 5399.8 2304.5 41.2 3095.3 0.78 0.72
50 2 5603.1 2214.2 43.5 3388.9 0.75 0.69
50 3 5603.1 2298.4 41.4 3304.7 0.77 0.72
60 1 5670.8 27154 30.8 2955.5 0.92 0.85
60 2 5519.8 2670.1 31.9 2849.7 0.90 0.83
60 3 5709.7 2694.7 31.3 3015.0 091 0.84
70 1 5670.8 33494 14.6 23214 1.13 1.04
70 2 5880.3 3348.0 14.6 2532.3 1.13 1.04
70 3 5923.0 | 3409.0 13.1 2514.0 1.15 1.06
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Appendix C. Code for Finite Element Analysis (LS-DYNA 971 R 8.21)

1. Materials

1) Spring Elastic (LSTC, L. D., 2016. Keyword User's Manual Volume 11 Material
Model. Version, R9.0., 2-1370 =)

*MAT SPRING ELASTIC |

o
fvarishles §MID K
J

$HMNAME MATERIALS Sspring

3 £1000.0

2) Elastic (LSTC, L. D., 2016. Keyword User's Manual Volume 11 Material Model.
Version, R9.0., 2-76 ~ 2-78 %)

*MAT ELASTIC

o

fwariables $MID RO $E

Al

SHMNAME MATERIALS lpendulum
15.3245E-08207000000. 0.29

$HMNAME MATERIALS Zeyl out
Z5.3245E-06207000000 ., 0.z9

SHMNAME MATERIALS 3jig plate
35.3245E-06207000000. 0.29

$HMNAME MATERIALS 4oyl in
45.3245E-06207000000., 0.z9

SHMNAME MATERIALS 17cancellous femur
172 .7000E-07  137000.0 0.3

$HMNAME MATERIALS lécortical femur
161.6400E-0616350000.0 0.26

SHMNAME MATERIALS 18pelvis
181.e400E-0616350000.0 0.2a

$HMNAME MATERIALS Z2forece plate AL
Z22.6700E-0665600000.0 0.33
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3) Rigid (LSTC, L. D., 2016. Keyword User's Manual Volume Il Material Model.
Version, R9.0., 2-149 ~ 2-153 #+%)

*HAT RIGID

J
ivarishles §MID RO iE
J
SHMMAME MATERIALS Er_surfl—l
65,3245E-06207000000, 0.29
0.0,
O
FHMHAME MATERIALS 7r surfl-2
T5.3Z245E-06207000000. 0.z29
0.0,
0.
FHMMNAME MATERIALS gr surfi-1
85.3245E-06207000000. 0.29
0.0,
ol
SHMMNAME MATERIALS 9r surfi-:Z
a5, 3Z45E-06207000000, 0.29
0.0,
ol
SHMMAME MATERIALS 11r_surf3—1
115,3245E-06207000000, 0.29
0.0,
O
FHMHAME MATERIALS 12r surf3-z
125.3245E-06207 000000, 0.29
0.0,
0.
FHMMAME MATERIALS 13r surfd-1
135.3245E-06207000000. 0.29
0.0,
o
SHMMNAME MATERIALS 14r surf4-:2
145, 32458E-06207000000. 0.29
0.0,
ol.J
SHMMAME MATERIALS 1DDr_Surf5
1001, 6400E-0616350000.0 0.26
0.0,
O
FHMHAME MATERIALS 101r surfa
1011.6400E-0616350000.0 0.26
0.0,
0.
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4) Mooney Rivlin Rubber (LSTC, L. D., 2016. Keyword User's Manual Volume 11
Material Model. Version, R9.0., 2-193 ~ 2-195 %F=%)

TMAT MOONET-RIVLIN RUBEEER I
J
fvariahles §MID §RO §PR A
J
SHMMNAME MATERILLS Z0skin tl.5
203 .0760E-07 0.495 3584.63 212.02
SHMNAME MATERIALLS Zlzoft_tissue
212.6146E-07 0.495 5.5 21.385
SHMMNAME MATERILLS 19pad
197 . 4462E-07 0.495 302.0 76.0

v
Mooney Rivlin rubber pad material <l (50 A)

5) Define Curve (LSTC, L. D., 2016. Keyword User's Manual Volume 1. Version, R9.0.,
15-57 ~ 15-60 #=)

FDEFINE_CURVE
::ﬁ;gincgﬁi\fis '?:m o | 8-S curve Polyurethane pad material o] (40 A) |
S HHCURVE 1 2 40A
13 o 1.0 1.0 0.0 0.0 o
-0.500338 -178.35,
-0.480325 -158.64
-0.460311 -144.27
-0.440237 Jss, [—— 217 s-s curve
-0.420284 -120.67,
-0.40027 -110.72
-0.380257 -101.85
-0.360243 -93.87, 1.652584 1407.71
Rosanzs 8671, 1.744394 1462. 69,
bt EL L matoec) 1.836204 1518.29
-0.300203 -74.12 e e
-0.280189 -67.96
o 250178 Hen 2.019825 1625.4
T 58,39 2.111635 1685.28,
NP 54010 2.203445 1750.73
-0.200135 -50.03, 2.295255 1819.13
T _46.25, c":}-_;,""?-. §-§ Curve — | 2-397066 1866. 65,
-0.160108 -42.54, 2.478876 1953.92
-0.140095 -38.86 4 2.570686 2038.92
-0.120081 -34.37 2.662496 2115.31,)
-0. 100056 -30.47 2.754306 2203.18
-0.080054 -24.5, 2.848117 22804,
EO-nennl -16.63, 2.937927 2380.22
8. 090027 SENLE N 3.029737 2486.9
Z0.020014 “E.z
0.0 0.0, 3.121547 2588.59
TR T 3.213358 2688. 66,
CNTI 395.85. 3.305168 281344,
0.275431 508.41, 3.396578 294z.12
0.367241 599,851 3.488788 3070.93,
0.458051 676.45 3.580598 3206.33
0.550861 745.48 3.672409 3366.10,
0.642672 812.06. 3.764219 3534.39
Daraa e 875,174 3.856029 3720.92,
LRLELELS: 934.08 4 3.947839 3934.01
?:z;g;:i 123?::2 4.039649 4157. 61,
1.101723 1095.42 ) 413146 4394.8
1.193533 1147.13 e 465333
1.285343 1198.01 e Lhloe Lig
1.377153 1251.51 4.40689 5226.67
1.468963 1299.83 4.498701 5548.159
1.560774 1354.41, 4.590511 5871.27
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2. Boundary condition (LSTC, L. D., 2016. Keyword User's Manual Volume 1. Version,
R9.0., 15-57 ~ 15-60, 23-70 ~ 23-72 #X)

*INITIAL VELOCITY GENERATICN,I

FHMMAME LOADCOLS 2initial wel generation
SHWCOLOR LOADCOLS 2 11,
o 1 -2.48
o.o o.o o.o 1.0

$% Base Aoeelerations and Angular Velocities |
*LOAD BODY ¥

$HMNAME LOADCOLS lgravity
SHWCOLOR LOADCOLS 1 11,1
1 1.0
*DEF INE_CUR‘UE o
$HMNAME CURVES lgravity
FHWCOLOR CURVES 1 11,1
$HMCURVE 1 2 gravity
1 1.0 1.0
0.0 930e.65 1
1.0 9306.65 1
*END I

3. Constrained_Joint_Locking (LSTC, L. D., 2016. Keyword User's Manual Volume 1.
Version, R9.0., 10-46 ~ 10-51, 10-57 %)

*CONSTRAINED JOINT LOCKING ID J

$HMMAME COMPS 10Z2locking joint
§HUCOLOR COMPS 102 g8
858751
62240 62239 62241 62238 62242 62237
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Initial, Final

/1r 3‘?

I e I

X

Figure 10-20. Locking Joint. A locking joint couples two rigid bodies in all six
degrees-of-freedom. The forces and moments required to form this coupling are
written to the jntforc file *DATABASE_JNTFORC). As stated in the Remarks,
forces and moments in jntforc are calculated halfway between N1 and N3. Nodal
pairs (1,2), (3,4) and (5,6) must be coincident. The three spatial points
corresponding to three nodal pairs must be neither collocated nor collinear.

4. Constrained_Joint_Cylindrical (LSTC, L. D., 2016. Keyword User's Manual Volume
I. Version, R9.0., 10-46 ~ 10-51, 10-55 %}x)

*CONSTRAINED JOINT CYLINDRICAL ID,J
SHMNAME COMPS 15cylinerical joint
$SHWCOLOR COMP3 15 6

858749

30966 30964 30967 30965

858750

30969 30968 30971 30370

y

Initial Current
Centerline

| o "N,
ﬁ N

L.

X

Figure 10-16. Cylindrical foint. This joint is derived from the rotational joint by
relaxing the constraints along the centerline. This joint admits relative rotation and
translation along the centerline.
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6. Constrained_Nodal_Rigid_Body (LSTC, L. D., 2016. Keyword User's Manual
Volume I. Version, R9.0., 10-117 ~ 10-124 #+x)

*CONSTRAINED NODAL RIGID BODY SPC |
SHHT«TAI-IE COMPS 10const nodal r-body
$HI|J':EOLOR COMEPS 10 3

1000 1

1.0 7 54

7. Constrained_Extra_Nodes (LSTC, L. D., 2016. Keyword User's Manual Volume I.
Version, R9.0., 10-18 ~ 10-19 %)

*UNSTRAINE D _EXTRA NODE3 NODE |
SHMMAME CONSTRAINEDEXTEANODE loonstrainedextranodel-1
& Z7562 o,
*CONSTRAINED EXTRA NODES_NODE |
$HMNAME CONSTRAINEDEXTRANODE Zoonstrainedextranodel-2
7 27561 o,
#CONSTRAINED EXTRAL NODES_NODE
$HMNAME CONSTRAINEDEXTRANODE Joonstrainedextranodez -1
8 27563 o,
#CONSTRAINED EXTRA NODES NODE
$HMNAME CONSTRAINEDEXTRANODE 4oonstrainedextranodezZ -2
9 27560 o
#CONSTRAINED EXTRA NODES SET |
SHMNAME CONSTRAINEDEXTRANODE Sconstrainedextranode3-1
11 Z o,
#CONSTRAINED EXTRA NODES SET |
SHMMAME CONSTRAINEDEXTEANODE Goonstrainedextranode’-2
11 3 o,
*CONSTRAINED EXTREA NODES SET |
SHMMAME CONSTRAINEDEXTEANODE Toonstrainedextranoded-1
13 4 o,
*CONSTRAINED EXTRAL NODES SET .|
SHMMAME CONSTRAINEDEXTEANODE SGoconstrainedextranoded-2
14 5 o,
*CONSTRAINED EXTRAL NODES SET .|
$HMMAME CONSTRAINEDEXTEANODE Sconstrainedextranodes
100 G o,
*CONSTRAINED EXTREA NODES SET .
$HMNAME CONSTRAINEDEXTRANODE l0constrainedextranodes
101 i o,
*CONSTRAINED NoODAL RIGID BODY SPC )
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Appendix D. Results of Skin Materials by Hyperelastic Curve Fitting

1. Hyperelastic curve fitting parameters

Curve Initial
Fitting Shear C10 cot 20 ci1 co2 C30
barametas | Modulus | (kPa) | (kPa) | (kPa) | (Pa) | (kPa) | (kPa)
Mu (kPa)
Neo
Hooken 839.836 ) ) ) ) i i
Polynomial - 513.871 | -53.442 | 8239 | -598 | 66.042 -
SP1 y 2
ooney- _ ~ ~ _ _
Rivi o 350.115 | 184.938
Yeoh 31 - 481.588 - -5.016 - - 0.074
Neo
Hooken 931.762 ) ) ) ) i i
Polynomial -
- g - 100635 | 481321 | 18709 | 1,0 cq | 309.269 -
Mooney-
Rivlin o - 384.627 | 212.015 - - - -
Yeoh 31 - 534.656 - -6.278 - - 0.112
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2. Hyperelastic curve fitting2} A1 $l data®] stress-strain curve H| il
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Appendix E. Tensile and Compressive Stress-Strain Curve of Polyurethane Specimens by
Hardness

1. 7A%=" <% stress-strain curve: *SR = strain rate; SP 1,2 = A]H 1,2

1) 40A

Stress (MPa)
7

S =4—-SR=0.0042; SP1
—ii-SR=0.0042; SP2
=#=SR=0.042; SP1

3 =>=SR=0.042; SP2
=#=SR=0.42; SP1

2 ~®-SR=0.42; SP2
1
Strain (mm)
05 1 15 2 25 3 35 4 45 5
2) 50A
Stress (MPa)
7 -
6 /
5 |
=4—SR=0.0042; SP1
=i-SR=0.0042; SP2
=#~-SR=0.042; SP1
=>¢=SR=0.042; SP2
=#=SR=0.42; SP1
=®-SR=0.42; SP2

Strain (mm)
05 1 15 2 25 3 35 4 45 5
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3) 60A

Stress (MPa)
8

7

6

—4—SR=0.0042; SP1
—-5R=0.0042; SP2
~#—SR=0.042; SP1

Strain (mm)

0.

4) 70A
Stress (MPa)
7

5 1

15

25 3

35

/.,,.f-'"

i

L

Strain (mm)

0.5 1

15

2

25 3 3.5
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-0.6
Strain (mm)
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—+—SR=0.042;SP2
—+—SR=0.042;SP3
Stress (MPa) .0.20
2) 50A
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 y ,' 0.0
Strain (mm)

——SR=0.0042;5P1
—=—SR=0.0042;SP2
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—+—SR=0.042;5P2
—+—SR=0.042;SP3
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3) 60 A

-0.6 -0.5 -0.4 0.3 -0.2 -0.1
Strain (mm)
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-0.10
-0.15
-0.20 -
Stress (MPa)
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4) 70 A
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-0.20 -
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—+—SR=0.042;SP2
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Appendix F. Mooney Rivlin Constants by Rubber Hardness (Altidis et al., 2005)

Shore A Young's Modulus Shear Modulus C10 Co1
(N/mm2) (N/mm2) (N/mm2) (N/mm?2)

35 1.102 0.406 0.162 0.041
36 1.148 0.407 0.163 0.041
37 1.199 0.412 0.165 0.041
38 1.255 0.421 0.168 0.042
39 1.315 0.435 0.174 0.044
40 1.381 0.452 0.181 0.045
41 1.452 0.473 0.189 0.047
42 1.53 0.496 0.198 0.05
43 1.613 0.523 0.209 0.052
44 1.703 0.551 0.22 0.055
45 1.8 0.581 0.232 0.058
46 1.904 0.613 0.245 0.061
47 2.015 0.647 0.259 0.065
48 2.134 0.682 0.273 0.068
49 2.261 0.718 0.287 0.072
50 2.397 0.755 0.302 0.076
51 2.54 0.793 0.317 0.079
52 2.693 0.832 0.333 0.083
53 2.855 0.872 0.349 0.087
54 3.026 0.914 0.366 0.091
55 3.207 0.956 0.382 0.096
56 3.398 0.999 0.4 0.1
57 3.599 1.043 0.417 0.104
58 2.811 1.089 0.436 0.109
59 4.034 1.136 0.454 0.114
60 4.268 1.185 0.474 0.118
61 4.513 1.236 0.494 0.124
62 4,771 1.289 0.516 0.129
63 5.04 1.345 0.538 0.135
64 5.322 1.403 0.561 0.14
65 5.616 1.465 0.586 0.147
66 5.924 1.531 0.612 0.153
67 6.244 1.6 0.64 0.16
68 6.579 1.675 0.67 0.168
69 6.927 1.754 0.702 0.175
70 7.289 1.839 0.736 0.184
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