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Abstract—Whether an arm will buckle under an impulsive
end-load should partly depend on the elastic and viscous
properties of the pretensed arm muscles. In measuring these
properties we hypothesized that neither age, gender, nor
muscle pre-contraction level would affect the bilinear elbow
or shoulder lumped rotational stiffness or damping param-
eters in the impulsively end-loaded upper extremity of 38
healthy men and women. Subjects were instructed to
preactivate triceps to either 25, 50 or 75% of maximum
myoelectric activity levels. Then a standardized impulsive
end-load was applied via a 6-axis load cell to the wrist of the
slightly flexed arm in the prone posture. Arm kinematic
responses were acquired at 280 Hz and an inverse dynamics
analysis was used to estimate the bilinear rotational stiff-
nesses and damping parameters at the elbow and shoulder.
The results show that pre-contraction level affected normal-
ized joint rotational stiffness and damping coefficients
(p< 0.02). Age affected the initial stiffness for the elbow
(p< 0.05), and gender affected that of the shoulder in the
sagittal plane (p< 0.006). Arm muscle strength was posi-
tively related to normalized stiffness at the elbow, but not the
shoulder. We conclude that age, gender and pre-contraction
level each affect the viscoelastic behavior of the end-loaded
upper extremity in healthy adults.

Keywords—Impulsive response, Upper extremity, Age,

Gender, Pre-contraction.

INTRODUCTION

The upper extremities are the first line of defense in
protecting the head and torsowhen arresting a fall to the
ground.7 Impulsive loads on thehand canbe substantial,

reaching 2–3 times bodyweight (BW) for a fall fromeven
half standing height5,25 and 1–4 kN for a fall from
standing height,9 enough to cause wrist fracture.12 To
prevent the slightly flexed limb from buckling under an
impulsive load applied to the hand,5,8,22 the armmuscles
acting about the elbow and shoulder need to be pre-
contracted to brace the armprior to impact.6,25,26,32 This
pre-contraction is required2 because the impulsive
ground reaction force on the hand peaks too rap-
idly5,7,9,17 for a voluntary arm muscle contraction initi-
ated at impact to develop a significant increase in
resistance before the limb has already flexed under
load.24 A knowledge gap addressed by the present study
concerns how arm muscle pre-contraction level affects
the dynamic rotational resistance of the shoulder and
elbow joints when the upper extremity is impulsively
end-loaded, as in a fall arrest scenario.

Because falls are a leading cause of traumatic brain
injuries, particularly among the elderly over the age of
70 years,20,21 the protective use of the upper extremities
in these cases clearly was either ineffectual or simply not
employed. One explanation could be concern over the
possibility of wrist injury when the hand is used for
protection. But in other situations the hand is often used,
as Vellas et al.33 demonstrated when studying the fre-
quencywithwhich different parts of the body receive the
main impact in a fall: these were the hand (50% males,
33% females) and buttock (18% males, 24% females),
followed by the head, knee, and arm. In older women,
themost common fall-related fracture sites are the upper
extremity, the hip, and the trunk or neck in that order.30

For older men a similar pattern was observed although
the fracture rates were halved. In either case, a better
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understanding of how advancing age and muscle con-
traction co-contraction level affect the dynamic prop-
erties of an arm braced for impact would seem useful for
teaching an individual how to arrest a fall safely.

It would helpful to better understand the effect of
gender on the mechanical behavior of the braced upper
extremity under impulsive end-loading. Case et al.3

examined gender differences in upper extremity kine-
matics and impact loading in forward falls for young
female adults to compare with the previous studies for
young male adults.5,26 They found that both genders
employed similar initial elbow and shoulder angles at
impact with the ground, but the changes for the young
women’s shoulder extension and elbow flexion angles
were two and four times less, respectively, than in the
young men. One interpretation of these results is that
the young women favored maintaining relatively
extended arm postures in order to reduce the risk that
their upper extremities might deflect too much, thereby
allowing their head to strike the ground. This suggests
that there may be a gender difference in the dynamic
properties of the braced upper extremity. Indeed, at the
elbow, young females have been shown to have lower
rotational stiffness and damping resistance at the
elbow than young male adults of the same body size.22

However, that study was limited to a single joint, the
elbow, and the end-loads applied to the hand were
relatively modest step increases in load. So a third
knowledge gap we wished to address is the dearth of
gender-specific data on the biomechanical response of
the shoulder in an impulsively end-loaded extremity.

Shoulder muscle rotational stiffness and damping
properties should affect the behavior of the upper
extremity under impulsive load.23 This is because,
anatomically, both the anterior deltoid and pectoralis
major muscles can play a role in resisting shoulder
abduction and extension when arresting a forward fall,
while the elbow triceps brachii are the main muscles
that determine the stiffness and damping properties of
the elbow when it is forcibly flexed.22 However, with-
out stereoradiography it is difficult to measure the
shoulder abduction and extension angles during
impact in vivo because clavicular and scapular displace-
ments are hidden below layers of muscle. A simplifying
approach, used in the present study, is to only quantify
the movement of the shoulder in two planes: shoulder
flexion/extension in the sagittal plane and shoulder ad-/
abduction in the frontal plane.

The goal of this paper, therefore, was to test the
primary hypotheses in healthy adults that neither
gender, age, or level of pre-contraction affect shoulder
and elbow muscle viscoelastic properties (rotational
stiffness and rotational damping coefficient) of the
upper extremity under an impulsive end-load. The
secondary hypothesis was that the magnitude of the

elbow and shoulder stiffnesses and damping properties
are proportional to arm muscle strength because this
information would be useful in a rehabilitation setting.
We used computer simulation to calculate the stiffness
and damping coefficients from the kinematic and
kinetic data using an inverse dynamics optimization
algorithm.

METHODS

Thirty-eight healthy men and women [10 young
males of mean (SD) age: 25.5 (2.7) years; 8 young
females: 24.5 (3.1) years; 9 old males: 69.4 (3.4) years
and 11 old females: 67.7 (2.4) years] participated in the
study with written informed consent. All procedures
were approved1 by the University of Michigan Medical
School Institutional Review Board. Mean height and
mass for the young males were 1.80 (0.08) m and 75.88
(6.74) kg, for the young females were 1.68 (0.06) m and
60.96 (7.67) kg, respectively and for the old males were
1.73 (0.09) m and 74.73 (11.83) kg and for the old
females were 1.62 (0.04) m and 59.20 (7.01) kg,
respectively.

We placed double differential surface electromyo-
graphic (EMG) electrodes and amplifiers (TrignoTM

Wireless System, Delsys, Inc., Boston, MA, USA;
electrode spacing of 10 mm) on the skin over the mid
belly of selected arm muscles to measure non-domi-
nant arm muscle activity. Each subject was asked to
lightly exercise his/her arm and shoulder muscles by
doing several push/pull ups and various stretches
against a wall. We then measured subject’s resting and
maximum voluntary pre-contraction (MVC) electro-
myographic (EMG) levels of the triceps brachii (long
and lateral head), biceps brachii (short head), the
anterior deltoid, pectoralis major and serratus anterior
muscles during elbow and shoulder flexion, and
extension and ab- and adduction by pulling up or
pushing down on an handle attached to a vertical cable
in series with an uniaxial force transducer (TLL-500,
Transducer Techniques, Temecula, CA, USA) used for
measuring maximum arm strengths. The several con-
figurations for the elbow and shoulder muscle strength
tests are described in the Appendix, Fig. A.

Next, each subject was asked to lie prone on a table
with the left arm vertical and wrist positioned on a 6
axis force transducer (MC3A-1000, AMTI, Newton,
MA, USA) mounted at one end of a 76 mm 9

152 mm 9 2,032 mm hollow aluminum beam having a
rectangular cross-sectional shape and wall thickness
6.35 mm (Fig. 1). The beam was pivoted at its mid-
point about a fulcrum formed from a pair of collinear

1(Protocol #HUM00052983).
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needle bearings mounted on an axle in the horizontal
plane. An Optotrak Certus camera (Northern Digital,
Inc., Waterloo, Canada) was used to measure the dis-
placements of 15 infrared-emitting optoelectronic
markers (shown as dots in Fig. 1). A marker or marker
triad were taped on the left side of the force transducer
(markers #1–3), on the left aspect of the hand (#4), on
the most caudal-lateral point on the radial styloid (#5),
a triad on the left lateral aspect of the middle of the
forearm segment (#6–8), at the most caudal point on
lateral epicondyle (#9), a triad at the left lateral aspect
of the mid upper arm segment (#10–12), at the center
of rotation of the glenohumeral joint (#13), on the left
lateral aspect of the base of the neck (#14), and over
the T1 spinous process.

When ready, the subject was asked to hold the heel
of his/her hand ‘‘lightly’’ in contact with the force
transducer and to concentrate on monitoring EMG
biofeedback from his/her lateral head of the triceps
muscle on a display screen maintaining triceps activity
either at rest, or 25, 50, and 75% MVC values from the
main agonist muscle. A weight of 23 kgf was released
(shown as ‘‘W’’ in Fig. 1) from a height of 720 mm to
impact the top surface of the other end of the beam,
thence applying an upward impulsive force to the wrist
via the force transducer, thereby causing elbow flexion,
shoulder extension/adduction and trunk extension.
The subject was instructed ‘‘not to intervene’’ before,
during and after the weight drop. For example, if the
trial was conducted at 50% triceps MVC, the subject
was instructed to contract the target muscle steadily at

50% of MVC during the test. Three trials at least were
conducted at each of the three levels of muscle acti-
vation, and these were presented in randomized order.

The 3-D arm kinematics data were measured at
280 Hz. The kinematics and force data were digitally
low-pass filtered (MATLAB, The MathWorks, 4th
order Butterworth) with cutoff frequencies of 30 and
300 Hz. Surface electromyography (EMG) data were
collected at 4 kHz. A band-pass 6th order filter with
breakpoints at 40 and 500 Hz was used to attenuate

FIGURE 1. Schematic of testing apparatus for in vivo testing of the impulsively end loaded human upper extremity. Each subject
lay on a padded table with left hand positioned on a force transducer (F). The subject was asked to concentrate on monitoring EMG
biofeedback from his/her elbow extensor muscle activity provided on a display screen (S) and maintaining it at a certain level of
muscular effort. A weight (W) of 23 kgf was then released by a remote trigger after a random delay to strike the end of the lever-arm
(B) in order to apply an impulsive force to the wrist, thereby causing elbow flexion and shoulder adduction (the end of the lever-arm
changing from B to B¢). Alpha (a) and theta (h) represent the initial shoulder extension and elbow flexion angles, respectively.

FIGURE 2. In silico model for determining, via optimization,
the lumped rotational stiffnesses (K1 and K2) and damping
coefficients (B) for the elbow and shoulder (Left: sagittal
plane, Right: transverse plane). The black dots denote
spherical joints at wrist (extension), elbow (flexion), shoulder
(extensor and adduction) and the sternoclavicular joint to
ground.
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any movement artefacts in the EMG signal. Then, the
data were digitally low-pass 4th order Butterworth
filtered with a cutoff frequency of 30 Hz. EMG data
were normalized by maximum MVC values. The
muscle preactivation state for each trial was deter-
mined as the mean EMG value over a 100 ms time
window 50 ms before the weight drop.

Statistical Analyses

Descriptive statistics were undertaken for calculat-
ing joint marker kinematics, forces, and torques and
EMG levels. A repeated measures analysis of variance
(rm-ANOVA) was used to test the null hypothesis for
age, gender, and three different muscle pre-contraction
levels using SAS 9.3 software. A p value of less than
0.05 was considered statistically significant for the
three main effects (primary hypothesis). A Bonferoni
correction was used for the interactions.

Inverse Dynamics Optimization Model

An inverse dynamics optimization algorithm was
used to estimate the rotational stiffness and damping at
the elbow and shoulder joints using the measured
impulsive moments, limb inertia (see next paragraph),
and measured joint angles and wrist vertical displace-
ment using MD AdamsTM (MSC. Software Corpora-
tion, version 2010). A 3-D, sagittally-symmetric, four-
link (including hand, forearm, upper arm and clavicle),
lumped parameter, musculoskeletal representation was
employed using equations of the form: si ¼ Kihiþ
Bi

_hi þ Ii€hi, where si denotes the applied torque of each
joint i, hi is the angular displacement of each joint i, _hi
is the angular velocity of each joint i, €hi is the angular
acceleration of each joint i, Ii is the calculated moment
of inertia of each segment i, Bi is the rotational
damping coefficient, and Ki is the rotational stiffness
coefficient for each joint i. The moment of inertia was
calculated by measuring the length of the limb and
knowing the location of the center of mass of forearm
and upper arm. The subject-specific anthropometric
data are described in the next paragraph.

The model arm segments were assumed to be con-
nected by four frictionless spherical joints at wrist,
elbow, shoulder and sternoclavicular joints (Fig. 2).
Segment anthropometric, mass, and inertial properties
were scaled to each subject’s height and weight based
upon the literature.34 The model arm muscles were
represented by a bilinear torsional spring and linear
damper placed in parallel at the elbow, and again at
the shoulder and sternoclavicular joints. The bilinear
behavior for each joint was characterized using two
rotational stiffnesses (K1 and K2) and a single damping
coefficient (B) in an optimization algorithm. Joint

FIGURE 3. Block diagram for describing the optimization
algorithm showing the components of the muscle–joint
model.

FIGURE 4. Time plot comparing the optimization results for the measured torque (broken lines from experimental data) and the
computer predicted torque (solid lines from computer simulation result) at the elbow and shoulder joints. Data are from subject
YMWK with pre-contraction level of 50% MVC.
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kinematics, including wrist angle, elbow angle, shoul-
der angle and wrist displacement, were measured as the
arm was end loaded in a proximal direction in each
impulsive loading trial. Next, an optimization routine
that minimized the square of the paired differences
between corresponding points on the desired and cal-
culated (measured) joint torques was processed to find
K1, K2 and B of each joint (Fig. 3). The Ks and B
values were normalized by the product of subject body
weight times height to reduce the effect of body size as
a confounder in inter-subject comparisons; this also
helps make the data more transferrable to other
subjects.

RESULTS

Elbow and Shoulder Rotational Stiffness and Damping
Coefficient Values

Sample flexion moment (torque) elbow and shoulder
responses for an impulse load is shown using the bro-
ken lines in Fig. 4 (subject YMWK). The computer
simulation optimized the values of K1, K2 and B at each
joint, then the response of the model arm with these
values was plotted (solid lines) in Fig. 4. The normal-
ized mean values of elbow and shoulder rotational
stiffness and damping values found for the 150 ms

TABLE 1. Mean (SD) normalized stiffness and normalized damping coefficients of all subjects by age, gender, and level of
pre-contraction.

Normalized stiffness

(N m/rad/kg/m)

Normalized damping

(N m s/rad/kg/m)

K1 K2 B

Mean (SD) Mean (SD) Mean (SD)

Elbow

Age

Old 0.625 (0.538) 0.840 (0.306) 0.032 (0.031)

Young 1.099 (0.585) 0.882 (0.341) 0.042 (0.033)

Gender

Female 0.562 (0.496) 0.759 (0.275) 0.029 (0.030)

Male 1.109 (0.582) 0.955 (0.335) 0.044 (0.032)

Pre-cocontraction

25% MVC 0.709 (0.552) 0.824 (0.328) 0.027 (0.027)

50% MVC 0.855 (0.644) 0.855 (0.326) 0.038 (0.033)

75% MVC 0.965 (0.606) 0.899 (0.315) 0.045 (0.035)

All 0.843 (0.605) 0.860 (0.321) 0.037 (0.032)

Shoulder in transverse plane

Age

Old 1.010 (0.777) 0.160 (0.151) 0.011 (0.010)

Young 1.217 (0.480) 0.106 (0.078) 0.014 (0.015)

Gender

Female 1.046 (0.758) 0.147 (0.150) 0.008 (0.010)

Male 1.161 (0.559) 0.124 (0.097) 0.016 (0.014)

Pre-cocontraction

25% MVC 1.030 (0.626) 0.107 (0.102) 0.009 (0.009)

50% MVC 1.096 (0.681) 0.143 (0.131) 0.013 (0.012)

75% MVC 1.189 (0.687) 0.156 (0.139) 0.016 (0.015)

All 1.105 (0.663) 0.135 (0.126) 0.012 (0.013)

Shoulder in sagittal plane

Age

Old 10.400 (3.369) 0.773 (0.379) 0.103 (0.087)

Young 9.321 (1.774) 0.806 (0.470) 0.090 (0.071)

Gender

Female 11.235 (3.231) 0.861 (0.473) 0.076 (0.069)

Male 8.644 (1.463) 0.719 (0.357) 0.117 (0.086)

Pre-cocontraction

25% MVC 9.801 (2.765) 0.839 (0.428) 0.076 (0.067)

50% MVC 9.960 (2.694) 0.787 (0.384) 0.100 (0.080)

75% MVC 9.952 (2.991) 0.738 (0.456) 0.114 (0.090)

All 9.904 (2.795) 0.788 (0.422) 0.097 (0.080)
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window after an impact are shown by gender, age and
pre-contraction level in Table 1. Across all subjects, the
mean (±SD) of the initial (K1) and the second (K2)
stiffness were 0.843 (±0.605) N m rad21 kg21 m21 and
0.860 (±0.321) N m rad21 kg21 m21 for elbow, 1.105
(±0.663) N m rad21 kg21 m21 and 0.135 (±0.126)
N m rad21 kg21 m21 for shoulder on transverse plane,
and 9.904 (±2.795) N m rad21 kg21 m21 and 0.788
(±0.422) N m rad21 kg21 m21 for shoulder in the
sagittal plane, respectively. For the damping, values of
0.037 (±0.032) N m s rad21 kg21 m21 were found for
the elbow, 0.012 (±0.013) N m s rad21 kg21 m21 for
the shoulder in the transverse plane, and 0.097 (±0.080)
N m s rad21 kg21 m21 for the shoulder in sagittal
plane, respectively.

Older adults had 57–95 and 76% of young adult
stiffness and damping values, respectively; women had
51–80 and 66% of men’s stiffness and damping values at
elbow, respectively (see Table 1 showing mean (SD)
absolute values).Wedidnot find significant age or gender
differences in the normalized stiffness and damping

values of the shoulder in either the sagittal or the trans-
verse plane. However we found that the initial stiffness
coefficient (K1) of the shoulder in the sagittal plane in
female adults was significantly higher than inmale adults
and this finding will be discussed further in next section.

TABLE 2. Results of hypotheses testing showing ANOVA tables for the main effect and the interactions for joint stiffness and
damping parameters at elbow and shoulder.

K1 K2 B

F P F P F P

Elbow

Main effect

Age 5.91 0.0207* 0.01 0.9236 0.56 0.4611

Gender 9.29 0.0045* 3.98 0.0542* 2.15 0.1525

Pre-cocontraction 26.48 <.0001* 4.32 0.0216* 44.08 <.0001*

Factor Interaction

Age 9 gender 0.44 0.5129 0.89 0.3521 0.04 0.8485

Age 9 pre-cocontraction 0.15 0.8601 0.05 0.9476 9.27 0.0006*

Gender 9 pre-cocontraction 0.19 0.8245 0.21 0.8129 0.21 0.8133

Age 9 gender 9 pre-cocontraction 0.08 0.92 0.93 0.403 0.6 0.5525

Shoulder in transverse plane

Main effect

Age 0.85 0.3619 1.96 0.1713 0.16 0.6937

Gender 0.12 0.7348 0.09 0.7699 3.94 0.0555*

Pre-cocontraction 5.33 0.0099* 6.77 0.0034* 13.18 <.0001*

Factor interaction

Age 9 gender 0.42 0.5212 1.7 0.2016 0 0.9714

Age 9 pre-cocontraction 0.33 0.7245 0.72 0.4923 1.06 0.3576

Gender 9 pre-cocontraction 0.96 0.3945 1.8 0.1808 1.64 0.2101

Age 9 gender 9 pre-cocontraction 0.48 0.6244 2.28 0.1177 0.7 0.5046

Shoulder in sagittal plane

Main effect

Age 0.74 0.3972 0.16 0.6936 0.49 0.4896

Gender 8.67 0.0059* 1.22 0.2766 2.79 0.1045

Pre-cocontraction 1.41 0.2585 4.77 0.0152* 18.23 <.0001*

Factor interaction

Age 9 gender 0.02 0.8832 0.04 0.8403 8.61 0.006*

Age 9 pre-cocontraction 1.48 0.2424 0.65 0.5296 0.01 0.9922

Gender 9 pre-cocontraction 1.64 0.2093 0.3 0.74 2.91 0.0683

Age 9 gender 9 pre-cocontraction 1.17 0.3222 5.66 0.0077* 2.87 0.0708

FIGURE 5. Scatter plot of the shoulder muscle strengths
plotted against body size (height times weight) for all sub-
jects. This plot shows the strength of the elbow flexor mus-
cles measured in the straight arm pull up test (Appendix,
Fig. A). The other muscle strengths showed similar results.
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In testing the primary hypothesis, main effects for
age, gender, and pre-contraction level were found
along with the interaction for each joint stiffness and
damping value (Table 2, p< 0.05); the ANOVA
demonstrated that pre-contraction level significantly
affected normalized joint stiffness and damping coef-
ficients. Age affected only the initial stiffness coeffi-
cient for the elbow (K1) and gender affected both the
initial stiffness (K1) at the shoulder in sagittal plane
and the damping coefficient (B) at the shoulder in the
transverse plane. Stiffness and damping coefficients for
the elbow and shoulder were proportional to higher
levels of pre-contraction. However, women had a lar-
ger mean normalized stiffness value at the shoulder in
both planes (Table 1).

Muscle Strength Results

An ANOVA showing a significant effect of age and
gender (p< 0.001) with men unsurprisingly being
found stronger than women and young adults stronger
than older adults in all six tests (Fig. 5, Table 3 and

‘‘Appendix’’ section). Arm muscle strength explained
30% of the variance in the normalized K1 and 17% of
the variance in K2 at the elbow (Fig. 6). However
strength did not explain a significant proportion of the
variance in shoulder stiffnesses.

DISCUSSION

We used a novel drop weight testing apparatus to
safely measure the lumped rotational stiffness and
damping at the elbow and shoulder joints in non-
dominant arms placed under impulsive end-loads. This
is the first experimental evidence for the effect of age,
gender and muscle pre-contraction level on the rota-
tional stiffness and damping resistance of the elbow
and shoulder joints. The main hypotheses were rejected
in that the ANOVA (Table 2) demonstrated a signifi-
cant effect of pre-contraction level on lumped upper
extremity viscoelastic properties; some age and gender
effects were also found. Although two significant
interactions were found (for example, age 9 gender

TABLE 3. Mean (SD) strength (N) from six different postures (see ‘‘Appendix’’ section) for all subjects by age, gender, and
age 3 gender.

Straight arm pull down

(side)

Straight arm pull up

(side)

Bending arm pull down

(front)

Mean (SD) Mean (SD) Mean (SD)

Age

Old 75.7 (22.5) 46.9 (17.2) 135.1 (52.9)

Young 109.8 (29.8) 67.8 (20.9) 164.1 (40.3)

Gender

Female 71.7 (20.6) 42.8 (12.2) 118.1 (38.2)

Male 112.0 (26.5) 70.9 (19.7) 179.5 (38.4)

Age 9 Gender

Old Female 60.2 (13.1) 36.5 (7.3) 102.0 (36.5)

Old Male 94.7 (15.7) 59.7 (17.4) 175.6 (40.2)

Young Female 87.6 (18.6) 51.4 (12.6) 140.4 (29.4)

Young Male 127.6 (24.9) 81.0 (16.4) 183.1 (38.6)

All 91.9 (31.1) 56.8 (21.6) 148.8 (49.0)

Straight arm pull down

(front)

Straight arm pull up

(front)

Bending arm pull up

(front)

Mean (SD) Mean (SD) Mean (SD)

Age

Old 81.4 (27.2) 46.7 (17.8) 108.2 (39.0)

Young 107.7 (27.4) 66.7 (21.0) 154.8 (44.5)

Gender

Female 71.4 (18.6) 40.8 (11.8) 96.0 (26.8)

Male 116.4 (21.0) 71.6 (17.9) 164.5 (37.8)

Age 9 Gender

Old Female 61.0 (10.8) 33.9 (6.9) 79.7 (17.3)

Old Male 106.4 (18.2) 62.4 (14.0) 142.9 (27.7)

Young Female 85.7 (17.7) 50.2 (10.8) 118.4 (20.8)

Young Male 125.4 (19.9) 80.0 (17.5) 183.9 (35.9)

All 93.9 (30.0) 56.2 (21.6) 130.2 (47.4)
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and age 9 gender 9 pre-contraction in Table 2) they
do not profoundly affect the main conclusions.

In the current study we assumed that the rotational
stiffness of the muscles acting about each joint had
bilinear properties15,27 in that the initial stiffness (K1)
would typically be higher than the later stiffness (K2)
under a large deflexion, although someolder adult elbow
K1 and K2 values did not follow this tendency. If the
mean of the elbowK1 andK2 values was calculated then
the absolute values of the stiffness were 76.7 N m rad21

for young females and 159.9 N m rad21 for young

males (Table 4). The range of non-normalized elbow
stiffness and damping coefficients were consistent with a
previous elbow study in healthy young adults.22

The gender and age differences found in the abso-
lute mean values at the elbow in Table 4 were consis-
tent with the normalized results: the older females had
the lowest values, next came the young females, the
older males had the third highest and the young males
had the highest values (Fig. 6). These results corre-
spond to known age- and gender-associated declines in
muscle strength and power measurements in the upper
extremities in women and men.10,14,28 Such findings
could partially explain why older women more com-
monly fail to safely arrest a fall using their arms
because of their loss in muscle strength and consequent
reduction in viscoelastic resistance to stretch in the
upper extremity protraction muscles.7,22

Although the elderly women had lower stiffness and
damping coefficient values and strength than the young
adults or men in the elbow muscles, there is little
known about the viscoelastic properties of active
shoulder muscles when the arm is subjected to impul-
sive end-loading. This is why we developed the present
apparatus to measure the values of the rotational
stiffness and damping parameters at the elbow and
shoulder muscles, while subjects actively resisted an
impulsive type of loading that is familiar to anyone
who has used their hand to protect themselves from the
ground while arresting a fall.

We found that 9.9 N m rad21 kg21 m21 of the
normalized stiffness mean value (K1) and
0.097 N m rad21 kg21 m21 of the normalized damp-
ing mean value (B) of the shoulder in sagittal plane (see
Table 1) were an order of magnitude greater than the
stiffness and 2.6 times greater than the damping mea-
sured at the elbow or the shoulder in the transverse
plane. This result implies that the viscoelastic proper-

FIGURE 6. Scatter plot of the calculated elbow normalized
bilinear stiffnesses at 75% MVC for all subjects. (Upper: K1,
Bottom: K2).

TABLE 4. Comparison between current and previous22 results in elbow stiffness and damping properties (non-normalized
values).

Elbow

Current results Previous results

Stiffness

(N m/rad)

Damping

(N m s/rad)

Stiffness

(N m/rad)

Damping

(N m s/rad)

K B K B

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Old Female 59.35 (37.15) 2.54 (2.65)

Young Female 76.74 (33.48) 3.22 (3.24) 47.06 (19.28) 1.13 (0.48)

Old Male 111.02 (46.89) 4.84 (3.18)

Young Male 159.89 (63.20) 6.83 (4.70) 76.43 (29.10) 2.60 (2.08)

All 102.38 (62.17) 4.39 (3.89) 61.75 (24.19) 1.86 (1.28)

* Mean ages 20.3 years of nine healthy young females and 25.1 years of nine healthy young males. Voluntary motion response measured

under a step increase in elbow with 25� of initial elbow angle.22
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ties in resisting extension at the shoulder may be as
important a factor for arresting a fall as the ad-/
abduction muscles of the shoulder joint.

It was surprising that the secondary hypothesis was
not supported: arm strength was not significantly
correlated with normalized elbow or shoulder stiff-
nesses. Similarly, we did not find a significant effect of
gender on the shoulder stiffnesses in the present study
(K1 and K2, Table 2). It is well known that muscle
strength decreases with advancing age, particularly in
women.28 While we found age and gender differences
in strength on elbow and shoulder muscles (Fig. 5), the
values for maximum voluntary elbow and shoulder
torques found in the literature (Table 5) do not appear
to show a relationship between the mean values of
flexion and extension torque within the same gender,
especially at the shoulder. This may help explain why
we could not find a marked relationship between the
stiffness values and the maximum voluntary strength
at the shoulder.

Our experimental and computational methods have
several limitations. The first limitation was the rela-
tively modest impulsive force generated by the appa-
ratus we used: approximately 25% of body weight,
which is markedly lower than the full body-weight
force measured in young subjects in actual falls by
DeGoede et al.5 However, we limited the magnitude of
the impulsive force to be certain that we did not injure
any of the older subjects’ wrists, elbow extensor or
shoulder muscles via a muscle lengthening contraction
injury.1 The impulsive force induced torques of up to
~25 N m at the elbow and ~50 N m at the shoulder
(Fig. 4) which are also less than those induced in a real
fall.7 In addition, we did not notify subjects of the
exact time of release of weight to lessen the risk that
they would abruptly decide to change the desired level
of precontraction just prior to impact. Nonetheless,
many subjects commented that the nature of the
loading felt similar to that during a real fall arrest.

A second limitation was the simplifying assumption
that the proximal end of the clavicle could only rotate,
but not translate, in space. Hence we may have over-
estimated the actual rotation at this particular joint. A
third limitation was that we used only the triceps lat-
eral brachii EMG activity to indicate the muscle pre-
contraction level via biofeedback. Originally we pro-
vided feedback on both triceps and deltoid activities,
but it proved too much for some subjects to maintain
constant preactivation levels on both, so we elected to
use one representative arm protraction muscle for
biofeedback.

A fourth limitation is that stiffness and damping
values may be underestimated compared to other stud-
ies11,13,29 because the present study was limited to the
non-dominant side. Although sagittally-symmetric falls
do occur,23 many forward fall arrests are actually
asymmetrical,32 so we chose to study the non-dominant
arm response as the ‘worst case’ scenario for a fall.

A fifth limitation is that the rotational stiffness and
damping parameters at the elbow were considered
independent of those acting about the shoulder. We
limited our model to analyzing the situation in which
an individual lands on the ‘heel’ of his/her hand such
that little or no moment from the ground reaction
force is transmitted across the wrist joint: therefore the
forearm muscles played little or no role in the response
of the wrist. However, anatomically portions of both
biceps and triceps act across both joints so there may
be some degree of co-dependency between the elbow
and shoulder muscles’ resistance to arm joint rotation
that was not parsed out here. This behavior might be
useful to consider in future studies.

Despite these limitations, we conclude that age,
gender and especially pre-contraction level do affect
the rotational properties of the elbow and shoulder
under impulsive arm end-loading, and these factors
may therefore be anticipated to affect the buckling
behavior of an upper extremity under such loading.

TABLE 5. Literature values4,16,18,19,31 for joint torque (mean values in N m) by age, gender, and age 3 gender..

Mean published arm strength (N m)

50% femalesa 50% malesa Young femalesb Young malesb Older femalesb Older malesb

Elbow flexion 40 75 22c 40c

Elbow extension 24 46 25c 39c

Shoulder flexion 40 92 32 58 16 38

Shoulder extension 33 67 40 72 22 40

Shoulder adduction 30 67

Shoulder abduction 37 71

aMean ages 31.3 year. Isometrically measured strength in elbow and shoulder.4,16,31

bMean ages approximately 25–30 year for young, 60–80 year for older adults. Nondominant limb. Isometric strength for shoulder flexors and

extensors.19

cMean ages approximately 60–90 year for older adults. Isokinetic strength for elbow flexors and extensors.18
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APPENDIX

See Fig A.
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