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Abstract

Background: Reduced muscle strength due to aging may adversely affect the ability of the body in postural balance.
Objectives: The aim of the present study was to numerically investigate the effects of aging on muscle recruitment patterns in
keeping the balance during static standing posture.
Methods: In this numerical study, a total of 4096 static postures were considered by changing in the angles of three lower limb
joints i.e. ankle, knee and hip in two complete human musculoskeletal models of young and old body with 44 muscles in the leg. In-
verse dynamics approach was used to find the muscle activation in all postures. The joint mechanisms were assessed by considering
the ratio between related muscle activities to the total activation.
Results: Results showed that the muscle efforts in both models were posture-dependent and the knee played a relieving role specif-
ically for the aged model. The possible postures that the young person could provide balance was wider than the elders. Also, the
aged model expended more effort in doing the same tasks. The muscles revealed distinct joint mechanisms in the young model in
contrast to the elders which used higher but non-distinguishable joint mechanisms.
Conclusions: Collaboration between the joint mechanisms was higher in the aged model but the young could more rely on indi-
vidual mechanisms during static postural balance.
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1. Background

The ability to keep balance may be intervened by age-
related problems [1]. Risk of fall is higher between the in-
dividuals aged at least 65 years old [2]. Vision, vestibular
system in the inner ear and proprioception may be con-
siderably deteriorated by aging [3-5] which are the main
biofeedback information to control the balance in human
standing. Besides, aging is often followed by muscular
weakness caused by decrease in cross-sectional area [6], to-
tal mass of the muscles [7] and number of motor units
[8, 9]. Muscle weakness can enhance the risk of fall up to
440% [10]. A 22-year-old follow-up study on 936 subjects
developed by Stenholm et al. (2012) showed that decrease
in muscle strength is mostly related to the lifestyle, and
hence, considerable percent of the population may be con-
fronted with this problem [11].

Several studies have been devoted to determine a rela-
tionship between the aging and the weakness signs. Evans
and Lexell (1995) stated that the aging atrophy was led to
reduction in muscle strength which impairs older individ-
uals’ mobility and increases risk of falls [12]. The ultra-
sonography of the quadriceps muscle in older men and
women showed 25% - 35% reduction in the cross-sectional

area compared to the young [13, 14]. By measuring elbow
and knee torque, Frontera et al. (1991) reported that mus-
cle strength in elders is 27% lower than the adults [15]. De-
crease in muscle strength, on the other hand, induced loss
of postural balance and control [16-19].

Routine standing strategies that the young adults em-
ploy to keep balance may be altered by aging. Although
numerous role-playing factors cause age-related changes
in standing, it is a great consensus on the fact that the
elders use hip strategy rather than the ankle which is
more common and reliable in the young. This result has
been achieved by measuring kinematic changes in the
lower body joints, electromyography of the muscles and
also the center of pressure (CoP) excursions [20, 21]. In
normal standing under perturbation, the joint rotations
and the CoP movement were considerably more in the
old adults, although the co-contracted muscle activations
were higher in the young [22]. These authors declared that
the disability to keep balance among the aged population
may be originated from the latency of the muscle activa-
tions and also the muscle strength reduction [23-25].
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2. Objectives

Previous studies have developed a wide range of valu-
able information based on experiments that inspect fall
risks or standing strategies often in a phenomenological
manner or model-based recognitions [25-27]. However, a
mechanistic look at the elder standing can confer a de-
tailed quantitative understanding about the role of joint
strategies in the aged models. Previous works also merely
focused on ankle and hip mechanisms and excluded the ef-
fects of the knee joint that was emphasized in the young
postural balance [28, 29]. Use of a precise biomechanical
model may be beneficial here to investigate the effects of a
certain aging factor avoiding difficulties emerge in the ex-
periments. Therefore, the goal of the present paper is to
determine the contribution of joint mechanisms in feasi-
ble standing postures by noting on the role of knee flexion
in the young and old persons using a parametric biome-
chanical modeling. This study was about to answer these
questions:

a) What is the different between the normal and weak-
ened muscles in the number of feasible postures in static
standing?

b) Does the age-related muscular weakness affect the
joint mechanisms in providing equilibrium for the static
cases of standing model?

c) Which of the muscles are more vulnerable in the
aged model?

3. Methods

3.1. Postures

An automated home-made code was first utilized to
produce all postures existed in forward leaning of the hu-
man body within the sagittal plane. Each posture was
represented by three angles of the lower joints – ankle,
knee and hip. Each joint was segregated into 16 discrete 6-
degree angle steps from 0 to 90 degrees. Therefore, a to-
tal 4096 static postures (16 × 16 × 16) were analyzed using
the biomechanical modeling. The process of producing all
postures, called pre-analysis, was entirely based on the ISB
recommended joint coordinates [30].

3.2. Biomechanical Model

The produced kinematic data in the pre-analysis sec-
tion were fed into a precise biomechanical model of hu-
man musculoskeletal system (AnyBody, version 5.3, Aal-
borg, Denmark). The software employed anthropomet-
ric data of 50th percentiles of the European males and
contained major muscles (44 muscles in the lower limbs).
Bi-articular muscles were assumed to share their efforts

based on the moment arms multiplied by their angle
cosines of the corresponded passing joints. The muscles
were considered using Hill-type model with parallel pas-
sive elasticity of the muscle, serial elasticity of the tendon
and pennation angle of the fibers. Figure 1A shows a typi-
cal posture in the model. Optimized inverse dynamics ap-
proach was utilized to find muscle forces. The optimiza-
tion, to master the redundancy of such models, was aimed
at minimizing a polynomial cost function, G, as the sum of
muscle tensions with power two, as Formula 1

(1)G (Fi) =
∑(

Fi

F0,i

)2

where F0,i and Fi are maximum and recruited force of
muscle i, by satisfying the mechanical equilibrium condi-
tion

C Fi = d
Which C denotes the force coefficients matrix formed

by active parts of the muscle tension as a function of mus-
cle length and d represents the weight and passive mus-
cle force matrix [31]. The elder models were also distin-
guished from the young by 35% reduction in the overall
muscle strengths [13].

3.3. Feasibility Measure

Feasible postures were filtered from the others based
on a physiological limit imposed on all muscles in the
model. This physiological measure accepted maximum
95% of any muscle activation, αi, in each posture, that is
Formula 2

(2)Fi < 0.95× Fi,maxorαi < 0.95

Those postures that at least one muscle activation ex-
ceeded the defined limit were considered as unfeasible
of fallen postures. The model has considered related up-
per force bonds for each muscle based on its physiologi-
cal cross-sectional area. Furthermore, maximum 35-degree
ankle dorsiflexion was assumed as the heel-off limit [32],
that kinesiologically constrained the outputs.

3.4. Geometrical Analogy

The extracted feasible regions could then be replaced
by geometrically analogous ellipses in each constant knee
angle (CKA). The ellipses were defined as their centers be
located on the centroids of the feasible regions. The minor
and major axes were also optimized so that the relative er-
ror between the areas trapped within both curves become
less than 1%. In other words, the area of the ellipse is close
to the area that is trapped by the feasible posture with less
than 1% error. The ellipses were oriented along the longitu-
dinal expansion of the feasible regions.
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Figure 1. A, Biomechanical model with ISB joint angles; B, Solution flowchart from pre-analysis block for provision of input kinematic data, to analysis block to calculate
muscle activations via optimized inverse dynamics, and finally, post-analysis block to filter feasible postures and following representations. The procedure applied for both
young and elder models.

3.5. Joint Mechanisms Contribution

To determine the role of each mechanism, first, an in-
dex of overall effort expenditure was defined among the
feasible postures. Sum of squared activations of the mus-
cle acting on the ankle (AE), the knee (KE) and the hip (HE)
was considered as the total efforts (TE) needed to provide
balanced stance, i.e. Formula 3

(3)TE = AE +KE +HE =
∑
ank

α
2
i +

∑
kne

α
2
i +

∑
hip

α
2
i

Then, contributions of each joint mechanism (Cjoint)
were defined as fractions of the joint-related efforts to the

total effort according to Formula 4

(4)Cank =
AE

TE
,Ckne =

KE

TE
,Chip =

HE

TE

3.6. The RGB Representation

The joint-related contributions were represented by a
graphical mapping from the percentage of the roles to
the Red-Green-Blue (RGB) color scale. A home-made code
was developed to form each of the three additive matri-
ces of the RGB tensor ranged from 0 - 255 based on the
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relative posture-related contribution of the joint mecha-
nisms. In fact, pure contribution of each joint mechanism
was demonstrated by a one of the red, green or blue colors
and possible collaboration between them possessed rela-
tive blending of these three main colors. Figure 1B shows
the methodological blocks of the study in brief.

4. Results

4.1. Feasible Postures

Figure 2A shows the three-dimensional (3D) view of fea-
sible postures in human balance. The young space in con-
siderably greater (≈ 1.6 times) than the old. Four cut views
from these spaces parallel to ankle-hip planes are shown
in Figure 2B. The elders revealed similar behavior to the
young after midrange angles of the knee.

4.2. Total Effort Expenditure

Standing in each posture required different amount of
effort. Figure 3 plots non-uniform distribution of the ef-
forts for young and old models for feasible postures repre-
sented by the ellipses. The elders expended more effort, in
general, to stand in balanced conditions.

4.3. Role of Joint Mechanisms

Relative joint contributions in each feasible ellipse are
illustrated in Figure 4. Efforts of the muscles acting on
the joints have been mapped into a graphical RGB color
scale. Complementary percentages of the roles of each
joint mechanism arbitrated related shares of the colors.
For instance in the young 24-deg CKA, the knee mechanism
(green color) was dominant in lower angles of hip flexion.
More knee flexed postures for the young (CKA = 48 deg)
resulted in elimination of the ankle mechanism contribu-
tions.

4.4. Falling Causes

Analysis on the unfeasible postures could unveil de-
fects of mechanisms in provision of balance in the elders
compared to the falls in the young. Figure 5 presents the
shares of mechanisms deficiency in stance for two studied
age groups. The overall weakness of the muscles acting on
the joints was observed in elder’s falling causes. Triple in-
teraction of the mechanisms possessed remarkable share
of falling causes in the old model.

5. Discussion

The present parametric study investigated the physio-
logical effect of aging on the human musculoskeletal sys-
tem. The aging frailty was modeled by a constant weak-
ening of all muscle based on empirical data in the liter-
ature. Although several assumptions and simplifications
were taken into account, this study presented a compre-
hensive framework on the standing and its role-playing
mechanisms and also on the falls and their causes.

The main limitation of the study was mere consider-
ing the equilibrium condition in the postures and stability
was neglected. Therefore, higher levels of co-contraction
were not observed in the models. In the assessment of
total effort, however, squared activation of all muscles
were assumed to involve the effect of antagonistic forces
in the static standing postures. Results of this investiga-
tion would provide an important step to shed light on
the posture-dependent joint contributions in aged model
standing studies.

5.1. Feasible Postures

The 3D spaces of feasible postures indicated that the
old model was more confined to use further angles of the
lower joints. The young model was capable to pose in more
flexed joints due to its strengthener muscles. In fact, lower
amount of physiological muscle tolerance in the elders
was led to notably confined maneuverability state-space
of the joints. There were several postures specifically with
higher ankle and hip angles that the young could provide
balance while the old fell.

Cut views of the 3D spaces (Figure 2B) showed that the
greater difference between the age groups was in the lower
knee angles. In other words, the aged model was more vul-
nerable to fall when intended to keep the knee straight. By
flexing the knee, the elders could own roughly the same
feasible region as the young possessed. It thus implied that
reducing the height of the body by knee flexion, which was
already mentioned within the literature as an involuntary
behavior of the old adults in the experiments [29], could be
considered as a technique to broaden the standing state-
space. But it should be noted that the flexion of the knee
may be followed by both reduction in the overall poten-
tial energy (seeking a stable situation) and change in the
routine muscle recruitment pattern by the CNS due to the
changes in the kinematic positions of the joints and mus-
cle fiber lengths.

5.2. Total Effort Expenditure

The total effort of the muscles in the aged model was
remarkably higher than the young. The old model re-
cruited its muscles at least two-times greater than the
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Figure 2. A, 3D feasible space of balanced standing for elder and young models; B, Cut views of feasible regions in four selected CKAs.

young model. It primarily means that an aged model re-
quires more energy expenditure to pose in a same posture
in comparison with a healthy young one. McClenaghan et
al. (2006) also calculated the power spectral density of the
elders in stance and found that the total power was con-
siderably greater in comparison with the young control
group [33]. Furthermore, it was shown that the old indi-
viduals reveal larger compensatory muscle activation than
the young [34]. The lowest 10% percentile of the efforts
(plotted by blue line in Figure 3) indicated the low-cost re-
gions for standing in balance but the old one should ex-
pend 2.6 units rather than 1.1 unit for the young. That is, at
minimum energy level the elders should consume energy
about 2.4 times more. The effect of this consumption may
be highlighted in long-term tasks leading to the endurance
time of the muscles and fatigue-related consequences.

Dependency of the effort expenditure on the joint an-
gles was more in the elders. For instance, a dramatic de-
crease (about 20 units) in the effort expenditure was ob-
served by more flexion of the knee from 24 to 48 degrees.
In contrast, the young energy consumption was more even
through the knee angles. It explicitly declared that flex-
ion of the knee can deeply meliorate the standing condi-
tion for the aged people. Such an effect was observed in the
young by only changing the posture to slightly reduce the
effort. The largest low-cost area of standing in the young
model was near 24-degree knee flexion. However, this CKA
was shifted to about 48 degrees.

In both age groups, the possibility of changing the pos-
ture against the perturbation was highly relied of the hip

mechanisms, notably after early CKAs. In 24-degree CKA,
the hip joint could be flexed three times more than the an-
kle in the young. This ratio was encountered by a little in-
crease to 3.5:1 in the old indicating more dependency of the
elders to the hip mechanism (see arrows in Figure 3). Such
a possibility again was more noticeable in 48-degree knee
flexion for the elder model.

5.3. Roles of Joint Mechanisms

Collaboration between the joint mechanisms was
closely dependent on the standing postures. In the full-
extended knee position, the ankle and the hip were dom-
inant in balance provision and the knee was relatively of
no contribution due to the absence of the green spectrum
colors. The elder standing was a little bit more relied on
the hip mechanism in lower ankle and higher hip angles.
The previous experimental studies emphasized on use of
compensatory mechanisms in elders rather than the mere
ankle strategy in the young [35].

In 24-degree flexed knee, the mechanisms possessed
their own areas more distinctly than the early CKAs. Vivid
and sharp colors in these angles witnessed distinguished
roles of the mechanisms besides the blended areas of col-
laborations. Such a vividness in the colormap was clearer
in the young rather than the aged model. Selected pos-
tures with quantified contributions of the joints (extracted
and illustrated with the RGB doughnut diagrams in Figure
4A and C) also indicated that the subordinate colors are
more contributed to the elder standings unlike the greater
dominancy of the main color in the young. In general, the
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Figure 3. A, Effort distribution for the young model in the CKA = 24 deg; B, Efforts in other young CKAs = 0, 48 and 72 deg; C, Effort distribution for the old model in the CKA
= 24 deg. d Efforts in other elder CKAs = 0, 48 and 72 deg. The elders’ scale bar is two-times greater than the young. Also, crossed arrows within the contours denotes the
opportunity of posture change refrained from further effort expenditure.

colormaps of the elders were blurred implying the depen-
dency of the balance on all mechanisms.

After 24-degree knee flexion, the role of the ankle mech-
anism vanished and collaboration between the knee and
the hip became dominant. Higher hip angles were led to
role-playing of the hip mechanism, lower angles left for the
knee and the mid-range hip angles were the postures that
need their collaboration.

5.4. Falling Causes

All the falls or unfeasible postures were because of the
physiological limitation of the muscles. Interaction of all
mechanisms was the overriding reason of the falls (44%)
in the young group. Also, approximately 36% of falls took
place due to pure constrains in the ankle muscle groups
like the triceps surae or the tibialis anterior. Although
these muscles are intrinsically powerful ones, highly pro-
duced moment around the ankle in some postures im-
posed difficult conditions on these muscles. The body cen-
ter of mass in more flexed angles has located far from
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Figure 4. A, RGB representation of joint mechanisms in 24-deg CKA of the young standing; B, And for other CKAs of 0, 48 and 72 deg; C Elderly posture-dependent joint
mechanisms’ role in the RGB colormap for CKA = 24 deg; D, and for CKAs = 0, 48 and 72 deg.

the joint, and hence, provision of equilibrium became im-
possible. The ankle-hip strategy with 13% and hip strat-
egy with 4% of the falling reasons indicated that the knee
joint musculature can more properly counteract against
the severe conditions imposed by some postures in the bal-
anced standing. The absence of the knee mechanism in
the causes of fallen postures confirmed that the knee ex-
tensors/flexors are able to withstand against the external
moments.

In elders, nevertheless, the triple interaction between
the mechanisms was responsible for majority of the falls. It
obviously means that the overall weakness of the muscles
in the aged model evenly resulted in joint mechanisms. In

fact, an age-related fall occurred often due to the simulta-
neous defects in all mechanisms. The alone contribution
of the ankle was the second reason for the age-related falls.
Defects in the ankle muscle due to the before-mentioned
reasons were similar between the age groups.

In conclusion, contribution of the joint mechanisms
was closely relied on the postural position of the body both
in the young and the elder models. The aged model had
less feasible balanced postures in early knee angles rather
than the young but the same behavior observed between
them by flexion of the knee. The elders expended more ef-
forts to provide balance and it was deeply dependent upon
the knee angle. The optimum knee angle for standing in
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Ankle

Knee

Hip

Ankle*Knee
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Figure 5. Defects in the Balanced Standing for Young and Old Models with Respect to the Joint Mechanisms and Their Interactions

the young model was about 30 degrees while the elders
used lower energy in 45-degree knee flexion. The role of the
mechanisms was more distinct in the mid-range knee flex-
ion specifically for the young. The elders were imposed to
employ more collaboration to master their overall muscle
weakness. Age-related falls were closely due to the simul-
taneous defects in all mechanisms but the ankle was also
responsible for the young fallings.
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