An Analysis of the Effect of Lower
Extremity Strength on Impact
Severity During a Backward Fall

At least 280,000 hip fractures occur annually in the U.S., at an estimated cost of $9
billion. While over 90 percent of these are caused by falls, only about 2 percent of all falls
result in hip fracture. Evidence suggests that the most important determinants of hip
fracture risk during a fall are the body’s impact velocity and configuration. Accordingly,

protective responses for reducing impact velocity, and the likelihood for direct impact to
the hip, strongly influence fracture risk. One method for reducing the body’s impact

Reuben Sandler velocity and kinetic energy during a fall is to absorb energy in the lower extremity
muscles during descent, as occurs during sitting and squatting. In the present study, we
Stephen Rohinovitch employed a series of inverted pendulum models to determine: (a) the theoretical effect of
this mechanism on impact severity during a backward fall, and (b) the effect on impact
Biomechanics Laboratory, severity of age-related declines (or exercise-induced enhancements) in lower extremity
Department of Orthopaedic Surgery, strength. Compared to the case of a fall with zero energy absorption in the lower extremity
San Francisco General Hospital and joints, best-case falls (which involved 81 percent activation of ankle and hip muscles, but
University of California, San Francisco, only 23 percent activation of knees muscles) involved 79 percent attenuation (from 352 J
San Francisco, CA 94110 to 74 J) in the body’s vertical kinetic energy at imp#kiE, ), and 48 percent attenuation

(from 3.22 to 1.68 m/s) in the downward velocity of the pelvis at impgct Among the
mechanisms responsible for this were: (1) eccentric contraction of lower extremity
muscles during descent, which resulted in up to 150 J of energy absorption; (2) impact
with the trunk in an upright configuration, which reduced the change in potential energy
associated with the fall by 100 J; and (3) knee extension during the final stage of descent,
which “transferred” up to 90 J of impact energy into horizontal (as opposed to vertical)
kinetic energy. Declines in joint strength reduced the effectiveness of mechanisms (1) and
(3), and thereby increased impact severity. However, even with reductions of 80 percent in
available torques, KE was attenuated by 50 percent. This indicates the importance of
both technique and strength in reducing impact severity. These results provide motivation
for attempts to reduce elderly individuals’ risk for fall-related injury through the combi-
nation of instruction in safe falling techniques and exercises that enhance lower extremity
strength. [DOI: 10.1115/1.1408940
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Introduction impact configuration and injury risk, with sideways falls creating

Among elderly individuals living in the United States, falls ar%he highest risk for hip fracture, and backward falls creating the

the number one cause of nonfatal injury, and number two cause %eSt risk fqr wrist ar_ld ver_tebral fractu[é,ll,:_u]_. .

. . iomechanical considerations suggest that injury risk also as-
injury-related deatfi1]. They account for approximately 90 PEsociates with impact velocity. For example, our previous “pelvis-
cent of hip and wrist fractures in this age grd@p3], and nearly P Y. Pi€, P P

40 percent of traumatic vertebral fractufd$. The annual medical :zlfﬁissiugﬁa?crlfnggé%z\/leqi:rrl]déi?atl?l tti?]?lta;r:éi bi(r)r?ya(r:]:a\llsglloacﬁd is
costs in the U.S. associated with hip fractures alone is appro p  1Mp y

I- . - X
mately $8.9 billion[5]. éy far the strongest determinant of femoral impact force during a

While one’s risk for fall-related fracture is influenced by bonéaII on the hip. While it has been impossible to include this vari-

; . : : : : ble directly in epidemiological studies of fracture risk, previous
density and fall frequency, growing epidemiological evidence sug: . o .
gests that it depends most strongly on the mechanics of the f%ﬂ:.gﬁ?;?g:ﬁgﬁg;‘;iﬁﬁg% %?;V\Slﬁfnnag'ls féﬁzu:getﬁgdeggi? fall
This makes sense from a biomechanical perspective, given to?#hese ’variables on impact velbcity
the energy and force capable of being generated during a fall fro inally, declines in lower extremit&/ strength substantially in-
standing. height substarjtially e>§ceed values required to fract%rl%ase hi’p fracture risk in the event of a {AlB,18—20. While the
thiﬁéoﬁq'gﬁl iﬁm;;ac:t(gzglrmﬁgﬁj%ur risk during a fall i mechanism underlying this association is unknown, some authors
impact locati np Direct impact betw, nlthy hio and t%\ ; Shave suggested that it relates to one’s ability to absorb energy in
pact focation. irect impact betwee € hip a € grounfle Jower extremity muscles during the descent phase of the fall,

increases elderly individuals® risk for hip fracture by approxi-and thereby reduce the kinetic energy and velocity of the body at

typical adult descends from standing to sitting, the total potential
energy of the body decreases by approximately 200 J. However,
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chanical studies suggest that young subjects utilize this mect
nism to reduce impact severity during falling, since observed co
tact velocities are well below those predicted by simpli
mathematical models of free fa[l22—-25. However, little is
known regarding the falling techniques that minimize impact se
verity, and how the efficacy of these depends on lower extremi
strength.

Accordingly, the main goal of the present study was to examir
the theoretical effect on fall severity of lower extremity muscle
contractions during descent. A related goal was to determine hc
one’s ability to reduce impact severity is affected by age-relate
declines(or exercise-induced enhancemerits lower extremity (a)
strength. Given the complex out-of-plane motions typically asst
ciated with sideways fall[R23—25, we restricted our efforts in this
preliminary study to two-dimensional models of backward falls
For this particular class of falls, our research questions w@je:
What attenuations in impact velocity and kinetic energy can the
retically be attained by the development of lower extremity join
torques during descent2) What is the theoretical effect on im-
pact velocity and kinetic energy of declines in available join
torques?

7

Methods
(b)

The energy absorbed by a given joint during the descent phe
of falling depends on the magnitude of joint torque and the mai
nitude of joint rotation. To determine how each of these variable
theoretically affects impact severity, we developed one-link, twc
link, and three-link inverted pendulum models of backward fall
from standing heightFig. 1). Among the assumptions inherent in
these models werd1) that movement is restricted to the sagitta
plane,(2) that the feet remain stationary and in contact with th:
ground throughout descent, aif8) that contraction of muscles
spanning the ankles, knees, or hips generates a net joint torq
which can instantly change in magnitude and direction. The on
link model simulates a fall where the knees and hips remain e(c)
tended throughout descent, while rotation and energy absorption
occur at the ankles. The two-link model simulates a fall where titég. 1 Typical descent kinematics associated with: (a) one-
knees are maintained in extension, while rotation and energy dpk model, (b) two-link model, and (¢) three-link model
sorption occur at the ankles and hips. The three-link model simLa=ankle torque; T,=knee torque; T,=hip torque; 6,=ankle
lates a fall where rotation and energy absorption occur at tFiation; @c=knee rotation, 6,=hip rotation ).
ankles, knees, and hips. In each model, the lengths, masses, and
moments of inertia of the various links were representative of an
adult female of height 1.6 m and body mass 53.72]. caused ankle torque to switch abruptly from plantarflexor to dor-

Each model incorporated ideal torque generators to simulate giexor, and vice versa. It should be noted that, in real life,
net effect of bilaterallequal right and left sidecontraction of changes in the magnitude and/or direction of joint torques are
muscles spanning the ankles, knees, and hips. The effect of jdidual rather than instantaneous, due to finite rates of motor neu-
strength(or degree of muscle activatipon impact severity was ron recruitment and de-recruitment, and finite rates of change in
determined by conducting simulations with different “strengttinuscle tension following neural activation.
factors” applied to each joint, ranging from zero to 100 percent of Each model was “released” from a configuration where the
peak attainable values measured in young healthy females un@éple-body center-of-gravity was posterior to the ankle joint, and
isometric conditiongTable 1. For a given joint, the same strengththe total gravitational potential energy of the bdeth respect to
factor was applied to flexor and extensor torques. However, in tHte ankles equaled 410 J. Accordingly, the one-link model de-
two-link and three-link models, the strength factor of one joingcended from an initial configuration involving 27 deg of plantar-
was varied independently of that applied to the other {sinfor
example, a three-link model simulation with strength factors of 75
percent at the ankles, 25 percent at the knees, and 50 percerifagte 1 Maximum joint torques in model simulations
the hips would involve 150 Nm of ankle plantarflexor torque, 6=
Nm of ankle dorsiflexor torque, 88 Nm of knee extensor torqu
39 Nm of knee flexor torque, 125 Nm of hip extensor torque, ar
65 Nm of h|p flexor torque. Ankle Dorsiflexor 90 Sepic, ez al., 1986

Based on experimental evidence of joint torque-rotation beha
ior during sits and self-initiated backward faJ82], the direction
of joint torque always acted to raiger retard downward motion Knee Flexor 155 Murray, er al., 1985
of) the center of gravity of the link directly above the joiiffigs.

1 and 2. Consequently, in the two-link and three-link models,
reversal in the inclination of the trunk from forward to behind the Hip Flexor 130 Cahalan, e al., 1989
vertical caused hip torque to change instantly from extensor
flexor, and vice versa. Similarly, in the three-link model, a revers
in the inclination of the shin from forward to behind the vertica *Sum of that acting at the right and ieft joint.

Joint Torque Direction Maximum Torque*  Reference

(Nm)

Plantarflexor 200 Sepic, et al., 1986

Extensor 350 Murray, er al., 1985

Extensor 250 Cahalan, et al., 1989
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Fig. 2 Typical temporal variations in the vertical (downward ) velocity of the
pelvis, vertical kinetic energy of the body, link inclinations (with respect to the
vertical ), joint rotations, and joint torques during a simulated fall with the three

link model. Ankle torque is dorsiflexor and eccentric throughout descent. Knee
torque is extensor and eccentric until the final stage of descent. Hip torque is
initially flexor and concentric, but switches to extensor (and eccentric ) when
the trunk moves forward to the vertical. This is accompanied by abrupt de-
clines in the slopes of the downward velocity and kinetic energy traces.

flexion at the ankle¢Fig. 1). The two-link model descended fromdefined asAPE=PE;— PE;, wherei andf represent initial and
a configuration involving 30 deg of plantarflexion and 20 deg dfnal states. Our previous studies indicate that during an unex-
hip flexion. The three-link model descended from a configuratiqgmected backward fall, individuals maintain the knees and hips
involving 5 deg of plantarflexion, 40 deg of knee flexion, and 40oderately flexed during descent, and impact the ground with the
deg of hip flexion. In all simulations, initial angular velocitiestrunk in a near-upright configuratid23]. Therefore, to focus our
were set to zero. These initial conditions were selected to rougf@tention on realistic falling scenarios and alleviate the need to
describe those involved in a series of tether-relgéeiting) ex- incorporate joint “stops” into the model, we disregarded simula-
periments conducted recently in our laboratécyrrently unpub- tions involving initial impact to the knees or head, or the occur-
lished. They are not necessarily intended to reflect typical bodFnCce Of hyperflexion or hyperextension at the knees or hips.
configurations after real-life slips or trips. The wo.rk perfqrmed at a given joint was determlngd by nu-
MATLAB was used to numerically integrate the equations angncally mtegratmg the area under the_ torque-rotatlon curve.
motion (see Appendix A At each integration step, the analysis)Oint work was defined positive if the direction of torque was
routine computed translational and angular velocities of each lifkPPOsite to the direction of joint rotaticie., eccentrig Checks
and Corresponding magnitudes of Wh0|e_b0dy kinetic en@g? were made to en_sure that Conserva.tlon Of energy was ma|nta|ned
Appendix B. Modifications to MATLAB's ordinary differential throughout all simulations, as defined hyPE=KEy+Wcq,
equation solver were made to accommodate reversals in the dirégere Wy, is the sum of joint work, anKE; is the total
tion of joint torque during a given simulation. (translationat-rotationa) kinetic energy of the body at the instant
Each simulation proceeded until the occurrence of impact, sigf pelvis impact.
nified by the vertical position of the pelvis descending below the Impact severity was represented by the vertical component of
ankles. The change in potential energyRE) during descent was the body'’s total kinetic energyKE,) and the vertical[downward
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Table 2 Results of simulations with the one-link model, as a Table 4 Results of best-case simulations with the three-link

function of ankle strength * model, as a function of overall joint strength
Parameter Available Strength Factor § Parameter Available Strength Factor §
100 70 40 20 0 100(A)  100(B)* 70 40 20
Ankle torque § 100 70 40 20 0 Ankle torque | 81.25 0 68.75 375 18.75
Total joint work W, (J) 98.8 69.2 395 19.8 0.0 Knee torque §f 225 7.5 17.5 15 10
Total kinetic energy KE,, (J) 311.2 340.9 370.5 390.2 <4100 Hip torque 81.25 56.25 68.75 18.75 18.75
Rotational kinetic energy KE,,, (1) 439 48.1 522 54.9 57.7 Potential energy change APE (J) 292.1 286.9 292.2 2911 2829
Vertical kinetic energy KE, () 267.3 292.8 318.3 3353 3523 % decreaset 29 30 29 29 31
% attenuation 24 17 10 5 Total joint work W,,, (J) 133.4 87.8 109.0 105.1 86.1
Vertical pelvis velocity v, (m/s) 2.80 293 3.05 3.13 322 Total kinetic energy KE,, (J) 169.0 203.1 190.6 186.3 196.9
% attenuation 1 13 9 5 3 - Rotational kinetic energy KE,, (J) 4.1 54 34 1.7 6.6
* For all one-link simulations, APE =410 J and KE, = 0. Horizontal kinetic energy KE, (J) 91.3 36.9 79.9 52.1 12.7
§ Maximum available dorsiflexor torque, as a percentage of value shown in Table 1. Vertical kinetic energy KE, (1) 736 160.8 107.3 1325 177.6
q Dorsiflexor torque (as a percentage of that shown in Table 1) yielding lowest magnitude of R
% attenuation } 79 54 70 62 50
KE.,.
Vertical pelvis velocity v, (m/s) 1.68 2.69 2.03 2.33 2.81
f Relative to value with zero ankle torque.
% attenuation T 48 16 37 28 13

§ Maximum available joint torques, as a percentage of values shown in Table 1.

velocity of the pelvis ¢,) at the instant of pelvis contathppen- ™ %7.™ =0 throughout descent.

dix B) Descent of the one link model with zero ankle tOrquq Joint torque (as a percentage of that shown in Table 1) yielding lowest magnitude of KE,.
served as a “worst-case fall” source of Comparison' Under the T Relative to value occurring in one-link model simulation with zero ankle torque.
conditions,KE, =352 J andv,=3.22 m/s(Table 2. The effect on

impact severity of global declines in lower extremity strength was

determined by comparing best-case falls involving strength fac-

tors no greater than 2@&imulating 80 reduction in strength40,

70, and 100 percer{ho impairment For simplicity, “best-case” Results

falls were those that minimizedE, . Attention was also focused  |mpact severity was reduced substantially by the generation of
on impact severity during simulations with the two-link and thregg,yer extremity joint torques during descent. The best-case fall
link models involving zero ankle torque, which simulated fallgyith the one link model, which involved a strength factor of 100
from a narrow base of support. percent at the ankles, resulted in attenuations of 24 percétEjn

and 13 percent iw, (Table 2. The best-case fall with the two-
link model, which involved strength factors of 100 percent at the
ankles and 23 percent at the hips, resulted in attenuations of 62
percent inKE, and 21 percent im, (Table 3. The best-case fall
with the three-link model, which involved strength factors of 81

Table 3 Results of best-case simulations with the two-link
model, as a function of overall joint strength

Parameter Available Strength Factor § percent at the ankles, 23 percent at the knees, and 81 percent at
T m 20 the hips, resulted in attenuations of 79 percenKig, and 48
percent inv, (Table 4.
Ankle torque § 100 0 70 325 20 Comparison of outcome parameters from the three models in-
Hip torque s 15 i 0 20 dicates that rotatiorfand torque generatiprat each joint influ-

enced fall severityFig. 4). For example, comparison of best-case
falls with the one and two link models suggests that rotation and
torque generation at the hips redud€g, by up to 50 percent

Potential energy change APE (J) 305.7 305.2 306.4 304.4 312.8

o docreaset ® % o 2 24 (from 267 to 133 Jandv, by up to 10 percentfrom 2.80 to 2.53
Total joint work W, () 140.9 64.7 115.9 89.2 75.8 m/s). This is due to two phenomena. First, by generating eccentric
Total Kinetic energy KE.. () s aals ol 2166 2178 extensor torque at the hips during desc#, increased from 99
’ ’ | ’ ' to 141 J. Second, by flexing the hips to impact the ground with the
Rotational kinetic energy KE,, () 13.4 27 170 204 9.1 trunk in a near-upright configuration,PE decreased from 410 to
) o 306 J. Comparison of best-case falls with the two and three-link
Horizontal kinetic energy KE, (J) 19.1 334 24.6 30.2 8.8 . .
models suggests that rotation and torque generation at the knees
Vertical kinetic energy KE, (J) 1334 185.7 150.2 166 219.9 can attenuat& E, by a further 44 percer(from 133 to 74 J, and
% atemuation ¢ o - - 5 28 v, _by a further _34 percer(tf_rom 2.53 to 1.68 m/s Rat_her than
being due to differences iW,,, APE, or KE;, this arose
Vertical pelvis velocity v, (m/s) 2.53 294 256 277 343 mainly from knee extension during the final stage of descent,
. which allowed for a “transferring” of energy from the vertical to
% attenuation T 21 9 20 14 -7

horizontal direction, and a corresponding increase from 19 to 91 J
in the horizontal kinetic energy of the body at impa&tH;,).
Finally, comparing best-case simulations with the three-link
model involving zero and 100 percent available strength factors at
the ankles indicates that ankle torque can incrédggand KE,

§ Maximum available joint torques, as a percentage of values shown in Table 1.
* T, = 0 throughout descent.

q Joint torque (as a percentage of that shown in Table 1) yielding lowest magnitude of KE,.

+ Relative to value occurring in one-link model simulation with zero ankle torque.
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by up to 34 and 60 percent, respectively, and decr&&seandv,

DECEMBER 2001, Vol. 123 / 593

Downloaded From: https://biomechanical.asmedigitalcollection.asme.org on 07/02/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



S~
-
O

= three-link
- L - two-link
@ 350 * one-link

(8]
o)
)

250
200
150+

100+

vertical kinetic energy

1 |

-50 0 50» 100 150
joint work Wtot )

N
-

E

! |I|‘ hl“:‘l"lll\ ’w

(m/s)
N

i il III”‘l"M"H "
24 | ”H‘] |1.H‘HI‘, 1,,“1?‘“\,."‘

‘ ¥ H{ i 'u‘ i

1%
9
wn

T

S

W

D
W

(\O
T
&
%

[E—
()|
T

©

vertical pelvis velocity v

! L

-50 0 50 100 150
joint work th J)

=

Fig. 3 Assaociation between total joint work (W) and (a) vertical kinetic energy  (KE,) at the
instant of impact and (b) pelvis velocity (v,) at the instant of impact. For each of the three
models, W, associated with KE, and v, (see text for correlation statistics ). However, varia-

tions in KE, and knee flexion at impact caused considerable scatter in these relations for the
three-link model.

by up to 119 and 60 percent. This explains why particularly seveserength(Fig. 4). This occurred for two reasons. First, in simula-

falls may occur from a narrow base of supp¢etg., a stair, a tions with the three-link model, declines in available strength fac-

ladder step, or the edge of a curb tors led to a reduction iiKE,,, and an increase in the percent of
Impact severity increased with global reductions in jointotal impact energy that was manifest as vertical as opposed to
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Fig. 4 Effect of available strength factors on total joint work during descent (W,s), change in

potential energy during descent  (APE), vertical kinetic energy at impact (KE,), horizontal
kinetic energy at impact (KE}), and rotational kinetic energy at impact  (KE,,). Conservation
of energy dictates that APE= W,,+KE +KE,+KE,, . Declines in available strength factors
cause an increase in KE,, by reducing W, and (for the three-link model ) decreasing KEj.
When compared to the one link model, APE and KE, values are lower in simulations with the
two-link and three-link models. This is due to hip flexion and impact of the trunk in a nearly
vertical orientation.

horizontal kinetic energy. Secon@nd more importantly for torques during descent. For example, when compared to our
each model, declines in available strength factors led to a redwerst-case fall, best-case falls with the three-link model resulted
tion in Wy,;: A 1 percent decline in available strength caused &n attenuations of 79 percent iKE, and 48 percent in, . Among
average decrease of approximately 0.8 Wig, (Fig. 4 and Tables the mechanisms responsible for this we{®: the generation of
2, 3, and 4. In turn, W, associated negatively with bokE, and  eccentric(braking torques in the lower extremity joints during
v,, With a 10 J decrease W,y causing an average increase otlescent, which resulted in up to 150 J of energy absorpt@®n;
approximately 10 J irKE, and 0.09 m/s irv, (Fig. 3. Coeffi- the occurrence of impact to the ground with the trunk in an up-
cients of determinatiofR? values for the association betweery  right configuration, which reduced the change in potential energy
andW,, (Fig. 3(a)) were 1.0 for the one-link model, 0.69 for theduring descent by 100 J; ari8) the occurrence of knee extension
two-link model, and 0.65 for the three-link modgh all cases, during the final stage of descent, which transferred up to 90 J of
p<0.00). R? values for the association betweliE, andW,, impact energy from the vertical to horizontal direction.
(Fig. 3(b)) were 1.0 for the one-link model, 0.88 for the two-link  Our results also suggest that one’s ability to land safely depends
model, and 0.92 for the three-link modggain,p<<0.001 in all at least as much on “technique” as it does on strength. For ex-
cases ample, reductions of up to 50 percentHit,, were observed even
However, when compared to our worst-case fall, substantigith simulated declines of 80 percent in peak joint torques. Thus,
reductions in impact severity were observed even with large deroperly executed “relaxed” falls should involve considerably
clines in joint strength. For example, with strength factors of 1@wer risk for injury than rigid falls involving minimal knee and
percent at the ankles, 10 percent at the knees, and 19 percertjgtflexion (which might arise from fear or limitations on joint
the hips, the three-link model yielde®kE,=178J anduv, flexibility).
=2.81m/s, attenuations of 50 and 13 percent, respectiValyle  Further evidence for the importance of technique in safe land-
4). Several mechanisms were responsible for this. First, evRiy is the observation that best-case falls with the two-link and
when accompanied by relatively small magnitudes of joint torquenree-link models did not involve maximum torque activation. For
large joint rotations allowed for nonnegligible magnitudes\g;.  example, best-case falls with the two link model involved rela-
Second, S_Imu|atIO_nS with the two-link and three-link quels Coﬂ'rve|y small magnitudes of h|p torql_{etrength factors of approxi_
tinued to involve impact with the trunk in a nearly upright conmately 20 percent larger values caused the trunk to impact in an
figuration, and a corresponding large reductiomiRE. Finally, inclined position, which increaselPE and decreased,,,. Best-
optimal strength factors at the hip in the two link model and knegse falls with the three-link model involved large hip torques but
in the three link model were always no greater than 30 percegina|| knee torquesstrength factors of approximately 20 perdent
and were therefore affected little by simulated declines iWnich facilitated large knee and hip flexions and thus langg.
strength. Competing biomechanical phenomena influenced the effect of
. . joint rotation on impact severity. Knee and hip flexion tended to
Discussion reduceKE, by increasingW,, and decreasings PE. However,
Our results indicate that substantial reductions in fall severitheir effect onv, was more complex. On the one hand, such
can be achieved through the development of lower extremity joifiexions caused the body’s center-of-gravity to move closer to the

Journal of Biomechanical Engineering DECEMBER 2001, Vol. 123 / 595

Downloaded From: https://biomechanical.asmedigitalcollection.asme.org on 07/02/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



ankles. This reduced the body’s “effective” moment of inertia We also assumed that the feet remain fixed on the ground and
and, due to conservation of angular momentum, increased its #fat dorsiflexor(or plantarflexor moments can be generated at the
fective rotational velocity(with respect to the anklgsThis ac- ankles throughout descent. During an actual fall, the toes or even
counts for the relatively large magnitudeswof predicted by the both feet may rise off the ground. Falls involving complete loss of
two-link model. On the other hand, knee flexion reduced the difoot—ground contactdue, for example, to a violent slip or tjip
tance between the pelvis and ankles, and therefore the magnitugsild likely be severe, since it is ultimately the development of
of v, for a given rotational velocity. This explains why, was vertical foot reaction forces that decelerates the body’s downward
relatively small in best-case falls with the three-link model. movement.

Our simulations complement experimental evidence regardingThe fact that we did not restrict plantarflexion rotation probably
the effect on fall severity of energy absorption in the lower exsaysed us to overestimate energy absorption at the ankle in simu-
tremity during descent. In a recent experimental study of baclgions with the one link and two link models, where the ankle
ward falls with young subjects, we found that hip impact velockqated to an unrealistic 90 deg of plantarflexion before impact.
ties averaged 1.450.5 (S.D) m/s and vertical kinetic energies atiyqvever, it probably had a small effect on the realism of simula-
impact averaged 31:624 J[22]. These values are lower than our;,q ith the three link model, since experimental studies suggest

current predictions, probably due to the fact that our models at eccentric dorsiflexor torques are developed throughout the

.S’ncfr?gid f;on%ggtir;iti?lgonz?fljrqa.\:_igtr‘le gftihrg.baéaeng:’n\t’vfhg;s:bjtecbfﬁwal stage of descent during a backward fall, despite the tendency
: Xperi al study seti-ini I des : ST the toes to rise off the ground before pelvis imp&2].

standing position, and absorbed a substantial amount of energy e did not include simulation results describing the effect of

their lower extremity joints before reaching a state of imbalancBbcly size or body mass distribution on impact severity. However
In an earlier study 23], we found that, in addition to absorbing ) ’

energy during descent, the responses elicited during unexpec%%“m'nary gnalyses |n_d|cate théalthough_lmpact severity indi-
falls serve to arrange the body in a safe landing configuration. FoeS _scale with b_ody height and Welgm_atlv_ely large anc_i unre-
example, subjects tended to avoid impact to the head and peﬁ‘$tlc changes in the body.mass distribution are required to in-
by impacting the ground with the outstretched hataisd in the Validate our current conclusions. )
case of forward or sideways falls, the kngeand by rotating of ~ Finally, we considered two indices of impact sevetiyE, and
the trunk about an inferior—superior axiuring sideways falls Uy, based on the notion that these govern impact force and frac-
However, backward falls in that study involved qualitatively simiture risk[9,16]. However, we acknowledge that greater under-
lar joint rotations to those observed here, and while pelvis impag@nding is required of the variables that best reflect injury risk
velocities were higheraveraging 2.5%0.85 m/3, they were during a fall. Impacting the ground with the trunk horizontal in-
again well below values predicted by free fall assumptions. ~ creases the change in potential energy of the fall, but offers the
Data also suggest that impact severity during sideways fapotential advantage of increasing the contact area available for
may be reduced by the generation of flexion rotations and eccemergy absorption. However, we are cautious about recommend-
tric extensor torques at the knees and hips during descent. Thg this falling technique, due to the risk it may create for head
strongest evidence of this comes from van den Kroonenberg antpact. Our decision to consider only verti¢ak opposed to hori-
co-workers’ [23—-25 study of body movements during self-zontal or rotationalkinetic energy as injurious may be debated.
initiated sideways falls. Their reported hip impact velocities aveHowever, we believe this is justified for the following reasofis:
aged 2.75:0.42(S.D) m/s, and their estimates of kinetic energythe observation that in all simulation&E,, values were small
at impact averaged 188 J, or 71 percent lower than subjects’ gempared t&E, , (2) the expectation that substantial magnitudes
tential energy during standing. They also found that, when subf KE,, can be absorbed through deformation of soft tissue layers
jects were instructed to “fall as relaxed as they could” as opposggkin, fat, and musclewithout the transmission of large forces to
to “naturally,” reductions occurred in average values of trunkhe underlying bone, an¢8) the fact that our conclusions would

angle at impact14 deg versus 22 deg from the verticahd hip pe affected little by considering(E,, as our index of impact
impact velocity(2.66 m/s versus 2.86 m/<One factor apparently severity, instead oKE, .

contributing to the latter observation was greater knee flexion dur-i¢ s gificult to determine accurately the difference in injury

ing descent, and a subsequent reduction in the distance betwggl associated with our best and worst-case fall simulations.
the pelvis and anklegvhich, as observed in our three link modelyq\eyer, for the case of hip fracture, this can be estimated by
simulations, reduces the translational velocity of the pelvis for &nsidering a backward fall that results in impact to the lateral
glvst’en rotelttllc')nz_ail \t/_elocn)/. <t to this study. W ined only 2SPect of the hip, as opposed to the buttdcke, for example, to
everal imitations exist 1o this study. VVe examined only &yia) rotation during the final stage of desdehet us assume that

Z'Qg\lz i?]rg?;r;c;xgu\zﬂ"S;r;‘:gﬁ%?r']‘a":;teerg;;wr%;ﬂ t!a?lf:sg;tes I'Sr:J;}he range of contact velocities and impact energies associated with
gest this to be realistif22], alternative and potentially more ef- o' current simulations apply to such falls. We have previously

fective muscle activation strategies may exist. We also neglectfé)éjpdl tgit,Jdufrl_ng a ftall on the_ Iatsral gsg?“tﬁf thefthtl_p, approxi-
cases involving hyperextension or hyperflexion at the knees ely O Impact energy 1S absorbect in the Soft tISSUes over-

hips, which might be examined through realistic simulation (J '?39 th? proximal fsmugzﬂblndqurr\]/vorst-cgsel ffall, this Izavelsl
joint stops. Moreover, we simulated the net effect of muscle coff=5 J Of energy to be absorbed in the proximal femur and pelvis,

tractions about a joint with ideal torque actuators, and did ndfhich greatly exceeds the energy required to fracture the elderly
account for the effect on torque development of variables such &laveric proximal femumeasured by Lotz et g28] to average

the intactness of proprioceptive and vestibular signals, the state?df5=13.5(S.D) J). However, in our best-case fall, only 40 J of
potentiation and firing frequency of motor neurons, the intrinsign€rgy must be absorbed through bone deformation, and thus frac-
(force-length and force-velocityproperties of muscle and in- ture risk should be considerably lower. A comparison of predicted
series connective tissue, the anatomical arrangement of mus@@gtact forces yields similar conclusions. Our previous studies
spanning each joint, and the degree of co-contraction of agor#tdgest that, during impact to the lateral aspect of the hip, the
and antagonist muscles. We doubt that adding these features tolidy behaves essentially like a mass-spring system, having an
model would substantially change our conclusions regarding tRffective massn of approximately 0.5body mass, and an effec-
effect on impact severity of available torque magnitudes. Howive spring stiffness of approximately 43 kN/nj16]. The peak
ever, it would provide a more robust tool for systematically exsontact force applied to the hip will bémko,, , or (for our 53.7
amining how fall severity is influenced by specific neuromusculdg female 3460 N in our worst-case fall and 1805 N in our
pathologies. best-case fall. The former is well within the range of force found
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K X
Fig. 5 One-link inverted pendulum model. See Appendix A for
definition of variables.

Ky X
to fracture the elderly cadaveric femumeasured by Courtney Fig. 6 Two-link inverted pendulum model. See Appendix A for
et al. [29] to average 41781590 (S.D) N), while the latter is definition of variables.
considerably below it.

These results justify efforts to enhance safe landing abilities,
particularly among elderly individuals who are at high risk for ) o )
falls. Our current data suggest that such programs should incsfhereL=T—V, T is the total kinetic energy of the systeM,is
porate exercises that enhance lower extremity strength and fléke total potential energy of the syste@; are the generalized
ibility in the sagittal plane, and instruction in safe landing techorces, ¢; are the degrees of freedom, aid1,2, .. .n.
niques, such as bending the knees and maintaining the trunkye | ink Model. The potential energy of the one link model
upright during descent. Further research is required to understapgf, 5 is
better the biomechanical and neuromuscular variables that gover
impact severity during forward and sideways falls. Given that hip V=mglcos¢
fractures are by far the most important fall-related injury, su
research should focus particularly on technigéssch as axial e
rotation of the trunk and use of the outstretched hands to break {afe
fall [23]) that enhance elderly individuals’ ability to avoid direct9 8
impact to the hip during sideways falls. )

C\r/\]/herem is the mass of the entire link,is the distance between
ankle joint and the link center of gravity, is the angle be-
en the link and the vertical, amds the gravitational constant,
1 m/é. Note from comparing Fig. 5 and Fig. 1 thet=6,.
The kinetic energy is

1 .
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Appendix A _ . .
) ) ) ) ) Two-Link Model. The total potential energy of the two link
Equations of Motion. The equations of motion for our in- model(Fig. 6) is
verted pendulum models were derived using Lagrange’s equation:
V=myl,g cos¢,+m,yg(p; COS¢,+ 1, COSeh,)

d/aL JL

_(_._) -—=Q where the subscripts 1 and 2 represent the lower and upper links,

dt\gg;) ddi respectivelym; are the link masses; are the distances from the
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joints to the link centers of gravity, is the length of the lower

link, and ¢; are the angles between the links and the vertical. Note

from comparing Fig. 6 and Fig. 1 that,= 6, and ¢,=0,— 6,,.
The total kinetic energy of two-link model is

1 . 1 .
T=5(13+mgp) g1+ 5 (157 mpl3) b

+ m2p1I2¢1¢2 Cog 1~ ¢5),

wherel {=m,rZ is the moment of inertia of the bottom link about

[2] Grisso, J. A., Kelsey, J. L., Strom, B. L., Chiu, G. Y., Maislin, G., O'Brien, L.

A., Hoffman, S., and Kaplan, F., 1991, “Risk Factors for Falls as a Cause of

Hip Fracture in Women. The Northeast Hip Fracture Study Group,” N. Engl. J.

Med., 324, pp. 1326—1331.

[3] Spaite, D. W., Criss, E. A., Valenzuela, T. D., Meislin, H. W., and Ross, J.,
1990, “Geriatric Injury: An Analysis of Prehospital Demographics, Mecha-
nisms, and Patterns,” Ann. Emerg. Medl9, pp. 1418-1421.

[4] Cooper, C., Atkinson, E. J., Kotowicz, M., O’Fallon, W. M., and Melton, L. J.
D., 1992, “Secular Trends in the Incidence of Postmenopausal Vertebral Frac-
tures,” Calcif. Tissue Int.51, pp. 100—104.

[5] Praemar, A., Furner, S., and Rice, D. P., 1992, “Costs of Musculoskeletal
Conditions,” in: Musculoskeletal Conditions on the United Statémserican
Academy of Orthopaedic Surgeons, Park Ridge, IL, pp. 143-170.

the anklesy, is the radius of gyration of the bottom link about the [6] Chiu, J., and Robinovitch, S. N., 1998, “Prediction of Upper Extremity Impact

ankles,|$9=m,r3 is the moment of inertia of the top link about its
center of gravity, ana, is the radius of gyration of the top link

about its center of gravity. Again, magnitudesrefare provided
by [26].

Forces During Falls on the Outstretched Hand,” J. Biome®h.pp. 1169-76.

[7] Myers, E. R., Sebeny, E. A., Hecker, A. T., Corocan, T. A., Hipp, J. A,,
Greenspan, S. L., and Hayes, W. C., 1991, “Correlations Between Photon
Absorption Properties and Failure Load of the Distal Radliu¥gitro,” Calcif.
Tissue Int., 49, pp. 292-297.

Lagrange’s equation yields the following coupled nonlinear [g] Spadaro, J. A., Wemer, F. W., Brenner, R. A., Fortino, M. D., Fay, L. A., and

equations of motion:
(13+mypd) 1+ (Ml COS b1 — o)) b
+(mMypyl; sin(¢; — ¢2))¢§_ (myl;+mypy)g sing,
=Th—Ta
and
(159+ Mol 2) o+ (Mypal, COS py— b)) b1
—(Mapyl; sin(¢; — ¢2))€-b§_ Myl g sing,= — Ty,

whereT, andT,, are torques at the ankles and hips respectivel)ﬁm]

positive in the counterclockwise direction.

Three-Link Model. Due to the complexity of the energy ex-

Edwards, W. T., 1994, “Cortical and Trabecular Bone Contribute Strength to
the Osteopenic Distal Radius,” J. Orthop. Re<, pp. 211-218.

[9] Courtney, A. C., Wachtel, E. F., Myers, E. R., and Hayes, W. C., 1995, “Age-
Related Reductions in the Strength of the Femur Tested in a Fall-Loading
Configuration,” J. Bone Jt. Surg., Am. VolI7,7A, pp. 387—395.
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Fractures: The Potential Importance of the Mechanics of Falls. Study of Os-
teoporotic Fractures Research Group,” Osteoporosis4nSuppl. 1, pp. 67—

70.

[11] Nevitt, M. C., and Cummings, S. R., 1993, “Type of Fall and Risk of Hip and
Wrist Fractures: The Study of Osteoporotic Fractures,” J. Am. Geriatr. Soc.,
41, pp. 1226-1234.

[12] Hayes, W. C., Myers, E. R., Morris, J. N., Gerhart, T. N., Yett, H. S., and

Lipsitz, L. A., 1993, “Impact Near the Hip Dominates Fracture Risk in Elderly

Nursing Home Residents Who Fall,” Calcif. Tissue Ir§2, pp. 192—-198.

Schwartz, A. V., Kelsey, J. L., Sidney, S., and Grisso, J. A., 1998, “Character-

istics of Falls and Risk of Hip Fracture in Elderly Men,” Osteoporosis I8t.,

pp. 240-246.

[14] Greenspan, S. L., Myers, E. R., Kiel, D. P., Parker, R. A., Hayes, W. C., and

pression and equations of motion for the three-link model, these ~ Resnick, N. M., 1998, “Fall Direction, Bone Mineral Density, and Function:

are not provided here. Angel¢30] provides a complete deriva-

tion and presentation of these equati¢gakhough we noted five

typesetting errors, which the author has informed us are now ¢

rected in an erraja
Appendix B

Definition of Vertical Kinetic Energy. The kinetic energy of
a system of links can be defined as:

n

KEw= 21

1 1 .
Emiviz-i- §||0|2

wheren is the number of linksy; is the translational velocity of
theith link’s center of gravity,, is the rotational velocity of the
ith link, m; is the mass of thath link, I;=m;p? is the mass
moment of inertia of theth link, andp; is the radius of gyration
of theith link about its center of gravity.

An alternate form ofKE,,; separates the translational velocity

into vertical and horizontal components:
n

1 1 1 .
KEio= >, Emivﬁi+zmivgi+§|i9i21

or

n
KEmFZ1 [KEpi+KEy+KEog],

where the subscripts, v, and rot represent horizontal, vertical,
and rotational, respectively. Removing the summation notation

givesK E;;=KE+KE,+KE,y, which is the format utilized in the
present manuscript.
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