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Age-related declines in upper extremity muscle strength may affect an older adult’s ability to land and control a
simulated forward fall impact. The role of individual upper extremity joints during a forward fall impact has not
been examined. The purpose was to evaluate the age differences in upper extremity joint moment contributions
during a simulated forward fall and upper extremity muscle strength in older women. A convenience sample of
68 older women (70 (8) yrs) performed three trials of a simulated forward fall. Percentage joint moments of the
upper extremity were recorded. Upper extremity muscle strength was collected via handgrip, hand-held dyna-
mometry of the shoulder and elbow and a custom multi-joint concentric and eccentric strength isokinetic
dynamometer protocol. Percentage joint moment contributions differed between women in their sixties and
seventies with significantly greater relative shoulder joint involvement (P =.008), coupled with lower elbow
joint contributions (P =.004) in comparison to 80 year olds. An increase in each year of age was associated with a
4% increase in elbow contribution (Beta = -0.421, 2= 17.9, P = 0.0001) and a 3.7% decrease in shoulder
contribution (Beta = 0.373, r> = 14.6, P = 0.002). Older women exhibit different landing strategies as they age.
Fall injury prevention research should consider interventions focused on these differences taking into account the

contributions of upper extremity strength.

1. Introduction

Fall-related injuries can have a substantial impact on an individual’s
independence and generate a financial strain on the health care system
(Public Health Agency of Canada, 2014). Nearly 60% of fall injuries
occur to the upper limb, head or trunk (Public Health Agency of Canada,
2014), with falls being responsible for 80% of hospital admissions for
traumatic brain injury (Harvey and Close, 2012). Women are at a greater
risk, falling approximately 1.3-2.2 times more often than men (O’Neill
et al., 1994; Public Health Agency of Canada, 2014; Sattin et al., 1990).
Women experience fractures at a greater frequency when compared to
men (Court-Brown et al., 2018), with the most common site for a fall
related fracture being the upper extremity, followed by the hip and
trunk (Sattin et al., 1990). With 20-30% of older adults in Canada
experiencing one or more falls a year (Public Health Agency of Canada,
2014) an understanding of the contribution the upper extremity has
during forward fall arrests is needed.

During a forward fall arrest, the upper extremity must attenuate the
forces generated during impact to decelerate one’s body mass (Nevitt
and Cummings, 1993). A common strategy to break a forward fall is
Falling On the Out-Stretched Hand (FOOSH) (Sran et al, 2010). The
position of the upper extremity at impact affects body mass deceleration
post-impact and could help to reduce risk of head and trunk injuries
(DeGoede et al., 2003; Hsiao and Robinovitch, 1998; O’Neill et al.,
1994). In 97% of falls occurring in a forward direction in long-term care,
there was head impact, despite the majority also impacting with the
hand, suggesting that older adults may be using an upper arm protective
response that is ineffective in reducing head impact (Schonnop et al.,
2013). In addition, women are twice as likely to experience a head
impact than men (Yang et al., 2017). The kinetic contributions of the
wrist, elbow and shoulder during a fall arrest have received limited
attention. Implementing an elbow dominant strategy to control the
body’s momentum, categorised by higher energy absorption at impact,
may reduce pain and the risk of injury in young men (Chou et al., 2012).

* Corresponding author at: College of Kinesiology, University of Saskatchewan, 87 Campus Drive, Saskatoon, SK S7N OW6, Canada.

E-mail address: Hayley.legg@stmarys.ac.uk (H.S. Legg).

https://doi.org/10.1016/j.jbiomech.2022.111107
Accepted 25 April 2022
Available online 29 April 2022

0021-9290/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:Hayley.legg@stmarys.ac.uk
www.sciencedirect.com/science/journal/00219290
https://www.elsevier.com/locate/jbiomech
https://doi.org/10.1016/j.jbiomech.2022.111107
https://doi.org/10.1016/j.jbiomech.2022.111107
https://doi.org/10.1016/j.jbiomech.2022.111107
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2022.111107&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

H.S. Legg et al.

Research on individual joint contributions during forward falls in older
adults is lacking, and there are no similar studies involving women.

Age-related declines in upper extremity muscle strength may reduce
an older adult’s ability to attenuate forward fall impact forces and
consequently expose them to higher risk of injury (DeGoede et al., 2003;
DeGoede and Ashton-Miller, 2003). Women with weaker triceps
extension strength were more likely to endure a fracture following a fall
(Nevitt and Cummings, 1993). Older women have a reduced capacity in
the upper extremity, by almost half, compared to younger women, to
absorb the energy during a simulated forward fall descent (Lattimer
etal., 2017; Sran et al., 2010). Eccentric elbow extensor strength may be
a key factor in impact force attenuation during a forward fall (Chiu and
Robinovitch, 1998; DeGoede and Ashton-Miller, 2003; Sandler and
Robinovitch, 2001).

An understanding of the individual upper extremity joint contribu-
tions during forward falls in older women should help to guide exercise
and training research interventions designed to reduce fall-related in-
juries. The purpose of this study was to compare the individual upper
extremity joint kinetics and kinematics, joint involvement and upper
extremity strength during a simulated forward fall impact in older
women across three decades (60 s, 70 s and 80 s). Secondly, the rela-
tionship between upper extremity strength and relative joint contribu-
tions was explored. We hypothesised that; 1) upper extremity impact
strategy, as characterized by relative joint contributions, will be
different between age groups and 2) differences in upper extremity
strength will be related to the impact strategy utilized, where in-
dividuals with greater shoulder strength will demonstrate a shoulder
dominant approach.

2. Methods

Participants were recruited from the local community as part of a
larger intervention study. Participants were excluded during a telephone
screening process if they had: a) a recent upper body injury or painful
joint problem that limited day to day activities or results in pain on a
daily basis; b) prior distal radius fracture in the past 2 years, or multiple
fractures of the wrist or forearm; c) any history of upper extremity
neurological problems (i.e. Stroke, Multiple sclerosis, Parkinson’s dis-
ease, reflex neuropathy) and d) were unable to safely ambulate inde-
pendently (with or without a walking aid) in the community. All
participants were informed of the experimental risks and provided
signed informed consent. The study was approved by the BLINDED
Biomedical Ethics Review Board.

Journal of Biomechanics 138 (2022) 111107
2.1. Data collection protocol

Participants visited the laboratory for strength assessments and a
simulated forward fall protocol. Height and weight were collected uti-
lizing a standardized protocol. Participants completed the Waterloo
Handedness Questionnaire (Bryden, 1977) and the Falls risk for older
people in the community assessment (FROP-com) (Russell et al., 2008).

2.1.1. Simulated forward fall protocol

Participants completed a tether-released forward fall protocol (Lat-
timer et al., 2018, 2017, 2016). The experimental set-up (Fig. 1) was
designed to simulate the pre-impact, impact and the immediate post-
impact phase of a forward fall, replicating Lattimer et al. (2018,
2016). Participants were suspended at a 60-degree angle from the hor-
izontal with their feet maintaining contact with the platform, elbows
fully extended, shoulder at 90°flexion and the wrists extended to allow a
1 cm distance of the palms to the force plates. Body position was stan-
dardized between participants based on limb proportions. The suspen-
sion system was attached to a timed magnet-release mechanism,
releasing the participant unpredictably within a one to five second delay
following trial initiation. A safety harness and tether ensured no other
body parts would contact the force platforms. Participants completed
three trials and were instructed to “lower themselves in a push up
(descent) motion to 90 degrees of elbow flexion on impact and to avoid
contacting the force plates with any other body part”. Participants and
were fully informed of the protocol and completed assisted practice
repetitions against a wall.

Upper limb three-dimensional kinematics were collected utilizing an
8-camera motion capture system (sample frequency = 200 Hz, VICON
Nexus, VICON, Centennial, CO, USA). Reflective markers (14 mm
diameter) were placed over the sternum, bilaterally at the acromion
processes, lateral and medial humerus epicondyles and the radial and
ulnar styloid processes. Clusters of four markers each were placed on the
lateral distal shaft of the humerus and anterior proximal ulna. Joint
centres of the elbow and shoulder were calculated via functional cali-
brations and published standards (Monnet et al., 2007; O’Brien et al.,
2000; Wu et al., 2005). Two force plates (sample frequency = 2000 Hz,
OR6-7, AMTI, Watertown, VA, USA) were attached to the apparatus and
positioned parallel to the body angle. Kinematic, force and magnet-
release timing data were synchronously collected on the same system.
The simulated forward fall impact was defined as the time when the
contact force exceeded 10 N following the release from the magnet
support. The data collected during the 200 ms immediately post impact

Fig. 1. A) Participant suspended at 60-degrees from the horizontal by a safety harness over dual force plates with their arms and wrists extended prior to the magnet-
cable release B) Participant impacting the force plates following the magnet-cable release.
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was used for analysis. The raw kinematic data were exported and pro-
cessed with a 4th order zero-lag Butterworth low-pass filter (cut-off
frequency = 10 Hz) implemented in MATLAB (R2019b, Mathworks,
Natick, MA, USA). The elbow joint velocity (EV) and elbow joint range
of motion (EROM) were extracted. Average elbow joint stiffness (ES)
was calculated as the ratio of the change in joint moment to the change
in elbow angle (Nm/[BW+*height]). The energy absorption (ENRG)
represented the total energy absorbed by the upper extremity, normal-
ized to bodyweight and height, and was calculated using the area under
the curve defined by the normal reaction forces at the hands and the
displacement vector of the shoulder (average of left and right shoulder)
perpendicular to the force platforms (Sran et al., 2010). The peak ver-
tical force (VF) was normalized to bodyweight. Absolute peak joint
moments of wrist, elbow and shoulder were calculated utilizing stan-
dard inverse dynamics techniques and normalized to bodyweight and
height. Percentage joint involvement was calculated using the absolute
joint moments as a percentage of the total sum of peak moments for all
three joints.

2.1.2. Strength assessments

Handgrip (HG) strength was assessed using a calibrated handgrip
dynamometer (Model #5030 J1, JAMAR, DMM, Canada) via a stand-
ardised protocol (Nitschke et al., 1999). Participants held contractions
for approximately 5-seconds for each of three maximal efforts with one
minute rest. A Hand-Held Dynamometer (HHD, Model #01165, Lafay-
ette Instrument Inc., Lafayette, Indiana, USA) was used to test the
strength of the arm muscles using a standard protocol with a 5 s make
test (Stratford and Balsor, 1994) for three maximal repetitions. The
positions tested consisted of shoulder flexion, shoulder abduction, and
elbow extension. The participants were supine on a standard plinth for
all HHD tests and a standardised protocol was implemented (Legg et al.,
2020).

Maximal voluntary strength measures from concentric (CON) and
eccentric (ECC) trials were obtained using an isokinetic dynamometer
with a cable-based linear motion attachment (Fig. 2, Humac Wheel,
Humac NORM Isokinetic Dynamometer, CSMi, Stoughton, MA, USA).
The participant was secured in the dynamometer chair with stabilizing
lap and vertical shoulder straps. The custom isokinetic dynamometer

Fig. 2. The isokinetic dynamometer cable-based linear motion attachment
utilised in concentric and eccentric upper extremity strength assessments
(Humac Wheel, Humac NORM Isokinetic Dynamometer, CSMi, Stoughton,
MA, USA).
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set-up used within this study aimed to replicate the multi-joint upper
extremity movement seen during forward fall arrest by utilizing a
similar upper extremity custom isokinetic strength assessment protocol
(Lattimer et al., 2018, 2017). Participants performed two submaximal
repetitions for each contraction mode. For the CON contractions, the
participants started with their shoulder abducted to 45° and elbow
flexed at 120°. Participants were instructed to ‘punch out’ until the elbow
was extended. During the ECC contractions, the participants initiated
the movement with a partially extended arm with 60° elbow flexion and
resisted the cable movement to an elbow angle of 120°. For both
contraction protocols the linear cable speed was set constant at 17 mm/
s. The reliability and validity of the custom protocol utilized has been
previously demonstrated in older adults (Legg et al., 2020). Data were
obtained successively in the CON contraction mode, followed by the ECC
mode in the same arm before swapping arms. Participants completed
three maximal efforts under each condition; each repetition was sepa-
rated by a rest period of one minute.

2.2. Statistical analysis

For all strength measures, an average of the three repetitions from
the right arm were used for analysis (Legg et al., 2020). The absolute
joint moments, percentage joint contributions and biomechanical mea-
sures (ES, EV, ENRG, EROM, VF), averaged across all trials and from the
right arm were utilized for analysis. All variables were assessed for
normality and participants were grouped according to their age decade.
Separate mixed design ANOVA (joint x decade groups) tests were used
to determine age differences in the percentage joint involvement, ab-
solute joint moments and biomechanical measures utilized. In the event
of significant interaction effects, post hoc one-way ANOVAs were uti-
lised to identify differences between age groups. Strength data were
analyzed using separate one-way ANOVA to assess differences in each
strength assessment with age (decade group). Greenhouse-Geisser cor-
rections were made when violations in Mauchly’s Test of Sphericity
were present. Finally, three separate multiple regression step-wise
backward selection models were conducted to examine the relation-
ships between age (as a continuous variable) and upper extremity
strength with percentage joint contributions. Significance was set atp <
0.05.

3. Results

A convenience sample of 68 older women (70 (8) yrs, 1.61 (0.06) m,
71.5(13.3) kg, 60 s: n = 34, 70 s: n = 23 and 80 s: n = 11) completed
testing. Mean strength variables and joint moments are reported in
Table 1. Two participants (3%) reported being left-handed and 26
women (38%) reported experiencing one or more falls (range 1-3 falls)
in the previous 12 months.

3.1. Percentage joint involvement

Percentage joint contributions during the simulated forward fall are
reported in Fig. 3. Compared to individuals in their eighties, those in
their sixties and seventies had significantly greater shoulder involve-
ment (mean % contribution (SD): 60 s = 54 (7), 70 s =53 (9), 80 s = 45
(7), P =.008), and significantly less elbow joint contributions (mean %
contribution (SD): 60 s = 33 (6), 70 s = 34 (7), 80 s = 41 (6), P =.004).
There were no differences present between those in their sixties and
seventies.

3.2. Biomechanical measures and absolute joint moments

There were no significant differences across the three age decade
groups for all biomechanical measures (Table 1): ES; P =.450, VF; P
=.286, EV; P =.380, ENRG; P =.279, and EROM; P =.777. For joint
moments (Table 1), individuals in their eighties had a reduced absolute
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Table 1
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Means and standard deviation (SD) for all strength variables and upper extremity biomechanical variables in older women in their sixties,

seventies and eighties.

60s 70s 80s
Strength variables (Kg)
HG 22.3 (6.1) 23.0 (6.2) 21.0 (4.6)
Shoulder abduction 5.6 (1.3)* 5.1(1.1) 4.6 (1.1)
Shoulder flexion 7.1 (1.4)* 6.8 (2.0)* 51(1.1)
Elbow extension 6.6 (1.5) 6.4 (1.2) 6.2 (1.7)
CON 15.4 (4.3)* 14.2 3.1)* 10.4 (4.5)
ECC 20.8 (4.7)* 18.8 (2.9) 16.3 (2.9)
Joint moment (Nm/ [BW*height])
Wrist 0.006 (001) 0.006 (0.002) 0.006 (0.002)
Elbow 0.017 (0.004) 0.015 (0.003)* 0.019 (0.004)
Shoulder 0.027 (0.005)* 0.024 (0.006) 0.021 (0.005)

Energy Absorption (Joules /[BW* height])
Peak vertical force (% BW)

Elbow joint stiffness (Nm/deg)

Elbow velocity (deg/sec)

Elbow ROM (deg)

0.007 (0.003)
29.63 (5.26)
0.028 (0.026)
73.02 (77.56)
15.55 (8.88)

0.006 (0.003)
27.81 (3.87)

0.035 (0.030)
90.49 (87.86)
13.76 (10.78)

0.007 (0.003)
27.42 (6.62)
0.039 (0.022)
113.00 (100.74)
14.52 (7.64)

Abbreviations: HG; handgrip, CON; concentric strength, ECC; eccentric strength, ROM; range of motion, BW; body weight in N. * Significant

difference compared to women in their 80 s, p < 0.05.

elbow joint moment compared to women in their seventies (P =.028)
and a lower absolute shoulder joint moment than women in their sixties
(P =.005). There were no differences present for absolute wrist joint
moments across the three decades.

3.3. Muscle strength

Significant differences were found (Table 1), with women in their
eighties displaying lower strength levels in their shoulder flexion and
CON compared to women in both their sixties (P =.002 and P =.019)
and seventies (P =.002 and P =.037). Women in their sixties had
stronger shoulder abduction (P =.039) and ECC (P =.005) than women
in their eighties. No differences according to age were shown in HG (P
=.657) and elbow extension (P =.742) strength assessments.

70

me0s 70s m80s Al

60

40

Percentage

30

20

S0 i

3.4. Percentage joint involvement relationship with muscle strength and
age

Significant backwards regression models were found for % elbow (r2
=17.7, P =0.0001) and % shoulder contribution (r2 =14.6,P =0.002),
but not for the % wrist contribution. Both % elbow and % shoulder
contribution were associated with age, explaining 17.9% and 14.6% of
the variance respectively. For every year increase in age there was an
associated 4% increase in elbow contribution (Beta = -0.421) and a
3.7% decrease in shoulder contribution (Beta = 0.373).

4. Discussion
The aim of this study was to evaluate age differences in upper ex-

tremity kinetics and kinematics, joint involvement and strength during a
simulated forward fall impact. Secondly the relationship between upper

Wrist

Bbow

Shoulder

Fig. 3. Joint % contributions of the wrist, elbow and shoulder joints during the initial impact (200 ms) of a simulated forward fall in older women in their sixth,
seventh and eighth decade. Differences were shown primarily for comparisons with the oldest age group (80 s). *Significant difference between groups, p < 0.01.
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extremity strength and impact strategy was explored in older women. In
support of the primary hypothesis, women in their 80 s exhibited an
increase in elbow involvement leading to a more equal (shoulder and
elbow) upper extremity strategy, immediately following impact,
whereas women in their 60 s and 70 s utilise a shoulder dominant
strategy. For the second hypothesis, upper extremity strength did not
predict the joint involvement strategy, however, older age was associ-
ated with an increase in % elbow and a decrease in % shoulder
contribution.

A FOOSH strategy upon impact is used to avoid injury (head and
torso) by absorbing energy with the upper extremity. Currently, a
limited number of studies have investigated the individual kinetic con-
tributions of the wrist, elbow and shoulder during a forward fall arrest.
The upper extremity strategy utilized during a simulated FOOSH alters
energy contributions at the elbow and shoulder joints (Chou et al.,
2012). Through a combination of experimental and modelling methods
in young adults during stiff-arm landings, with fully extended elbows,
the shoulder has been shown to experience low levels of force and
absorb the majority of the energy at impact (Chiu and Robinovitch,
1998). In a group of young men, an elbow dominant strategy, catego-
rized by higher energy absorption, was better for pain reduction and
generated a dampening effect for the shoulder joint (Chou et al., 2012),
but little attention has been given to the role of individual joint contri-
butions in women during forward falls. Lattimer et al., (2017) reported
no significant differences in elbow joint moments between older (~68
years) and younger (~25 years) women during controlled FOOSH
descent trials. Here we show women in their 60 s and 70 s utilised a
shoulder dominant strategy, characterised by higher % shoulder
contribution, during an unexpected simulated FOOSH whereas women
in their 80 s used a more equal upper extremity strategy (shifting to
similar % elbow and shoulder contributions). Women in their 80 s also
exhibited lower shoulder flexion strength compared to the women in
their 60 s and 70 s. The association between age and elbow and shoulder
joint contributions, suggests a link between increasing age and a more
elbow focused strategy.

The aging process is associated with a decline in physical capacity
and strength (Brady and Straight, 2014; Smee et al., 2012) which con-
tributes to a reduction in functional competency (Desrosiers et al.,
1999). Declines in upper extremity strength have been reported to begin
during the 4th decade of life (Metter et al., 1997), with expected annual
declines of 1-3.5% past 60 years of age (Skelton et al., 1994). Age-
related declines in upper limb muscle strength can reduce an older
adult’s ability to control the impact of a fall and consequently result in
an injury to the upper extremity, head and/or torso (DeGoede et al.,
2003; DeGoede and Ashton-Miller, 2003). The lower shoulder strength
observed in women in their eighties of life may suggest an important age
bracket for targeting shoulder and elbow strengthening exercise. Despite
differences in other strength measures (shoulder abduction and flexion,
CON and ECC), there were no differences in HG across the age groups.
HG provides a measure of overall strength and has been strongly asso-
ciated with an individual’s physical function (Leong et al., 2015; Rijk
et al., 2016). These data suggest a discrepancy between HG and other
strength measures for 80 year old participants compared to the other age
groups.

A previous study measuring multi-joint upper extremity CON and
ECC strength found a preservation of ECC strength and a reduction in
CON strength in older women compared to younger women (Lattimer
etal., 2018, 2017). The same was shown within the current cohort, with
80-year-old women having weaker CON strength compared to 60 and
70-year-old women but weaker ECC compared to 60-year-old women
only. During the impact phase of a fall, ECC strength has been identified
as a key factor in controlling the impact (Sandler and Robinovitch,
2001), specifically an individual’s elbow extensor strength (Chiu and
Robinovitch, 1998; DeGoede and Ashton-Miller, 2003). The evidence
points toward the importance of preserving an older woman’s upper
extremity multi-joint ECC strength to aid in reducing their likelihood of
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a fall injury to the head, torso or upper extremity.

The differences in upper extremity joint moment contributions and
muscle strength indicate the women within this study are implementing
different upper extremity loading strategies to control the initial impact.
To counteract a lack of upper extremity strength, impacting with a more
extended elbow position to minimise ‘buckling’ could consequently
reduce the risk of head impact; but possibly at a cost to increase risk of a
forearm fracture (DeGoede and Ashton-Miller, 2003). Within this study,
there were no differences in ES, EV or EROM, suggesting that similar
kinematic upper extremity strategies are utilised and the differences in
individual joint contributions within this cohort may be explained by the
neuromuscular strategies undertaken. Further investigation into the
neuromuscular strategies utilised at impact would be beneficial.

Previous research has demonstrated energy absorption differences
between young and old women, where older women were 45% less
equipped to absorb energy during controlled and unexpected descents
compared to younger women (Lattimer et al., 2018). Here we show no
age differences in ENRG were found suggesting older women exhibit
similar ENRG despite utilising different joint moment contributions.
Lattimer et al. (2018) suggested elbow velocity (EV) was a contributing
factor to the energy absorption differences between the young and old
women, with younger women exhibiting greater EV and older women
exhibiting a bracing strategy at impact. The EV similarities across the
age groups within the current study, coupled with the lack of differences
in ES, EROM, PF and elbow extension strength suggest older women,
may be adopting similar arm configurations just prior to impact.

This is the first study, to our knowledge, that has investigated the
upper extremity simulated forward fall dynamics in a population of
older women ranging in age from 60 to 89. There are some limitations in
utilizing a laboratory simulation protocol. Firstly, the fall simulation
only focussed on the impact of a forward fall and does not fully represent
all stages of a real fall. The pre-impact response aspects of a fall, such as;
unexpected balance perturbation, reaction time, and pre-impact upper
extremity movement strategies were not incorporated. Secondly, for
participant safety, the falling range was limited, removing the factors
connected with full body excursion from vertical to the floor and the
associated increases in the force and velocity parameters. Participants
were positioned with an extended wrist and flexed shoulder position
with their arms extended prior to the fall release to ensure participants
landed safely on their hands at impact. In order to enhance participant
safety and reduce the potential risk of upper extremity injury or fracture
participants were instructed to “lower themselves in a push up (descent)
motion on impact”, this may have removed a natural impact response.
As all participants were able to complete the task successfully, it may be
the body position requirements were not challenging enough to show
further differences between the age groups or the effects of the different
strategies utilised by the upper extremity.

5. Conclusions

This study sought to examine age differences in upper extremity joint
contributions and the relationship of upper extremity muscle strength to
upper extremity joint contributions during a forward fall impact. Older
women exhibited different landing strategies; 60 and 70-year-old
women had more shoulder involvement during forward fall impact;
whereas, women in their 80 s displayed a more equal joint involvement
strategy at impact. These differences are partly explained by differences
in upper extremity muscle strength, primarily at the shoulder. Fall injury
prevention research should consider focused interventions to account
for differences in upper extremity landing contributions.
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