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Abstract
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This study investigated the differences in kinematics and kinetics of the lower limbs and load
applications of the upper limbs across various armrest configurations. Configurations tested
include nine combinations through three anterior-posterior (AP) positions (close, middle, far)
and three height positions (low, middle, high). A linked-segment model was used to calculate
kinetics and kinematics of the lower limbs using an inverse dynamic analysis. Forces were
recorded from two force plates below the feet and two load cells embedded in the armrests.
Farther armrest AP positions yielded higher pulling forces and were encountered with greater
moments about the knees and hips. Higher armrest positions yielded greater pulling forces
and were encountered with reduced moments about the hips and ankles. Stability was best in
far and high positions. Potential applications for this research include an armrest design

guideline for use by seating companies, rehab therapists, and for potential armrest products.
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Introduction to Sit to Stand

Being able to stand from a seated position is a vital physical function of everyday life. While
the ability to perform this activity is a daily requirement for every human being; this ability
can become daunting for those with weak musculoskeletal systems. Such individuals are
more likely to experience falls and injuries. Advanced age, in itself, is a risk factor for falling
and disability [1]. Every year, it is estimated that one third of the older community
population, 65 years and older, experience a fall at least once; and by the age of 80, this

proportion will double [2].

Older adults with physical limitations often have decreased physical independence, and must
rely on other devices or individuals to assist them with their daily living. Individuals who fall,
gradually become fearful of falling again, which in return reduces their involvement in

outdoor and daily activities [3].

The sit-to-stand (STS) task is considered one of the most physically demanding activities
during everyday life, due to the mechanics involved [4]. In 2009/2010, the number of older
Canadians that reported experiencing a fall-related injury was 256,011 [5]. It was also found
that 50% of fall injuries occur in the home environment. Another study reported that 30%-
70% of fall injuries occur inside the home, mainly in the bathroom [6]. Rising from a chair
involves transitioning from a statically stable position (sitting) to a quasi-static position
(standing) [7]. While it may sound like a two-step process, the challenge is that this process is
performed through a dynamically unstable transition phase where the base-of-support (BOS)

and center-of-mass (COM) do not coincide.



There are thus two challenges during the transfer phase, the first pertaining to effort and the
second pertaining to safety [8]: not only should sufficient joint torques be generated in the
lower limbs to pivot the COM to its vertical position, but adequate balance support must be
available to successfully transfer the COM into the BOS region. The STS movement helps to
determine the functional level of a person [9]. For any physical activity, the STS test has been

proven to be a reliable assessment for lower limb strength and muscle power [10].

According to Schenkman et al., the STS movement is characterized by four phases [11]:

9 Phase I: Flexion-momentum phase
Begins with initiation of movement and ends when the buttocks are lifted from the seat

1  Phase ll: Momentum-transfer phase
Begins as the buttocks are lifted and ends when maximal ankle-dorsiflexion is achieved,

that is, when the foot is fully flexed at the ankle

9 Phase lll: Extension phase

Begins after maximum ankle-dorsiflexion and continues until the hips cease to extend.

9 Phase IV: Stabilization phase

Begins after maximum hip extension and ends when the motion is fully stabilized

- ) [ ]
Maximum
Dorsiflexion L

Phase 1 Phase 2 Phase 3 Phase 4



The determinants to the STS movement encompass three inter-dependent categories: chair-
related, participant-related, and strategy-related [9]. Chair related determinants are
concerned with physical parameters such as height, use of armrests, backseat etc.
Participant-related determinants are such as age, size, and strength. Finally, strategy-related
determinants are the parameters used to plot and compare the results of the study, which

include speed, arm movement, foot/trunk/knee positions, and so on.

According to Riley et al., there are two main types of STS failure [12]. The first type occurs
when the individual sits immediately back down after they had momentarily achieved seat-
off. The second type occurs when the individual achieves successful seat-off, but fails to
achieve proper balance during standing. These failures arise due to weakness, loss of balance

control, and/or coordination impairment.

The previously mentioned ailments pertaining to STS can be minimized or even eliminated
through the use of assistive devices such as armrests. While armrests have been introduced
in the market through various forms, there is a lack of research on armrest design to help
older adults who suffer from functional limitations. Thus, the aim of this research is to bridge

this gap and to provide a guideline for armrest design.



1. Literature Review

Sit-to-Stand Motion

The STS activity consists of two main motions, vertical rise combined with horizontal
translation. Vertical rise is crucial to lift the user’s bottom off the seat to reach an upright
standing position, and horizontal translation is necessary to shift the trunk forward for
adequate momentum generation to maintain the transfer. Scarborough et al. found that low
peak trunk flexion suggested that assisted STS devices promoted a dominant vertical motion
[13]. It is crucial to control the stability of the COM at the end of the STS task. In some cases,
older adults actually place a priority on stability control over joint moment requirements

while standing from a chair with armrests [14].

The movement of the feet in the forward direction must be properly controlled in order to
maintain anterior-posterior (AP) stability. The positions of the feet also have a strong
influence on the horizontal motion of the COM. In general, the larger the distance between
the feet and the chair, the longer it takes for the COM to travel in the forward direction until

it falls within the base of support.

There are three main challenges associated with the STS activity: 1) bringing the COM
forward before seat-off; 2) raising the COM from the sitting to the standing position; and 3)
completing the transition from a small base of support during sitting to a larger base of

support during standing [15].



Research on unassisted methods of STS suggest four key metrics for evaluation of each
method [13][14][16][17]. These include:

Mechanical Demand

1) Providing greatest reduction in knee extensor effort

Stability

2) Providing the greatest amount of static and dynamic stability

Chair Riséstrategy
3) Enabling the participant to follow a momentum transfer strategy

4) Preference of the participant

Many studies have investigated the effects of chair ergonomics on the STS motion. For STS
activities without armrests it was found that the two main parameters that influence the
torque developed at the hip and lumbar spine are seat height and the initial positions of the

feet [9].

The main findings of these studies show that lowering the seat height increases substantial
mechanical demand from the lower limbs [18][19][9][20][21]. Other studies have also shown
that placing the foot in the forward position increases the mechanical demand of the hip
joint [19][9][22]. On the contrary, placing the feet in a more posterior position reduced hip

flexion velocity [23] and allowed for a lower extension torque at the hip joint [19][22].

Blache et al. investigated the effects of seat height on L5-51 joint load [24]. The study was
conducted on 14 healthy male adults with an average age of 26, each tested under nine
conditions (three foot positions x three seat heights). Findings of the study showed that the

mechanical work increased on average of 50% from high to low seat position.



Determinants to St-to-Stand

Chair Rise Strategy

Chair-rise strategies in healthy younger and older adults have been studied during various
constrained chair-rise conditions [11][25][26][27][28][17][29]. The three main strategies are
the momentum transfer (MT) (Figure 1), exaggerated trunk flexion (ETF) (Figure 2), and the

dominant vertical rise (DVR) strategies (Figure 3) [27].

The MT strategy is a smooth movement that combines both the simultaneous back and knee
extension movements after seat take-off. Other studies that investigated the MT strategy
concluded that the upper-body transfers forward momentum to vertical momentum as soon
as the buttocks are lifted from the chair [11][25]. The ETF strategy consists of excessive trunk
flexion, in which the trunk is flexed to position the COM above the feet before seat seat-off,
with limited vertical momentum [27]. In other studies, the ETF strategy has also been
described as the stabilization strategy [30][31]. It is easily identified when vertical lines are
being projected from the ground reaction forces. And finally, the DVR strategy involves

limited trunk flexion and is primarily focused on movement in the vertical direction.

Figure 1: Momentum transfer Figure 2: Exaggerated trunk flexion Figure 3: Dominant vertical rise
strategy [27] strategy [27] strategy [27]

Scarborough et al. studied the three different chair-rise strategies in 96 community dwelling
older adults with functional limitations [13]. A backless and armless chair was adjusted for

each study participant to the knee height. It was found that most of the 96 participants

6



naturally performed the MT strategy; therefore, a cut-off was required to ensure a similar
sample size across each strategy. This resulted in a total sample size of 46 participants, with
16 participants performing the MT strategy, 16 participants performing the ETF strategy, and

14 participants performing the DVR strategy.

The results of the study showed that both the ETF and DVR strategies are more physically
demanding methods of chair rise when compared to MT. The ETF strategy took a longer time
to perform due to the early seat take-off, which limited the transfer of horizontal to vertical
momentum. The ETF strategy was most likely to cause a “sit-back” failure since adequate

vertical momentum could not be generated.

While the DVR strategy required the least hip torque, this was counter-balanced with the
highest knee torque demand amongst the three strategies. Substantial knee torque was
required for the DVR strategy due to the limited anterior trunk flexion, as well as the pure
reliance on lower-limb muscle-force to push the body upwards. Overall, the point of initial
vertical rise for this strategy was not adequately fueled to efficiently complete the DVR

strategy, especially for functionally limited older adults.

While the average maximum knee torque was lower for the ETF than the MT group, the MT
strategy demonstrated simultaneous hip and trunk flexion that resulted in a smooth chair
rise movement. The MT strategy was found to be the most preferred strategy by the
participants and involved the best compromise of horizontal and vertical momentum to

facilitate the safest chair rise strategy.

Hughes et al. also describes three types of chair rise strategies, which included the

momentum transfer and stabilization strategy, as well as a combination of the two [7].



Twenty two older adults were tested with varying chair heights, which were then divided into
groups based on the STS strategy they incorporated. The main criteria adopted to distinguish
between the strategies were horizontal COM velocities and base of support (BOS) to COM
distance. Participants who achieved maximum COM velocities of 10 cm/s or higher and did
not decrease their BOS distance by more than 5 cm were placed in the MT group, those who
decreased their BOS by more than 5 cm and achieved a maximum COM velocity of less than
7.5 cm/s were placed in the stabilization group, and those who did not fall in either category

were classified as the “combined” group.

While previous literature has investigated chair rise strategies through factors such as chair

height and base of support, none focused on the role armrests play in strategy selection.

Impact of Age

Studies have found that young and older adults demonstrate very similar movements during
the STS process [32][33]. Ikeda et al. found most of the differences occurred during the
flexion phases, as the older group were found to be seated in a more trunk-to-pelvis flexion
position [32]. Other authors such as Allander et al., Boone et al., and Walker et al. reported a

decrease in range of motion amongst elderly individuals [34][35][36].

In Guitard et al.’s study on grab bar use under the influence of balance perturbation, it was
found that the performance of older adults was poor when compared to the younger
population [37]. During the trials, the older participants experienced difficulty in responding
to perturbations, and were more dependent on grab bars and other structures than their
younger counterparts. The perturbations demanded that older adults undergo significant
postural adjustments that their bodies were barely capable of. Younger participants were

more capable of these postural adjustments, even when the perturbations occurred at higher

8



speeds than the older adults’. Bugnariu et al. observed similar reactions from older adults
through comparable mechanical perturbations [38]. It was found that older adults showed
slower muscle activation, increased recruitment of postural muscles, and a larger range of

COM displacement when compared to younger adults.

The difference in balance and stability control between older and younger individuals reflects
the decrease in balance compensations that comes with normal ageing. The general
consensus is that older adults are more reliant on arm reactions than younger adults, despite

having difficulty to perform reach-to-grasp reactions quickly [39].

Movement Time

Slowness of movement may be a factor that could hinder the daily quality of life [40].
Yoshioka et al. examined the effects of STS movement time on joint moments across 11
young participants. Through the 110 STS trials that were collected, it was found that as STS
movement time increased, the sum of the peak hip and knee joint moments and inertial
components deceased. As the STS movement decreased however (ie. faster STS trials), the
moment values were found to increase. For slow STS movement times however (above 2.5

seconds), the moment at the joints was found to be fairly constant throughout.

While the findings conducted on the younger adults are interesting, they may not represent

those of older participants in which STS is of much greater significance.

Knee Position

Joint moments are one of the key parameters to assess the physical demands associated with
performing STS movements. In fact, peak joint moments in STS have been found to be higher

than in other activities such as walking or jogging [20].



Schenkman et al., Kotake et al., and Kralj et al. found that knee joint moment had reached its
maximum peak as soon as the buttocks lost contact with the chair [11][42][43]. This makes
sense as the body not only needs to supply the necessary horizontal momentum to shift the
COM forward, but also needs to combat the additional effects of gravity caused by losing the

reaction forces supported by the chair.

Not only does STS demand a greater level of exertion on the joints, but also greater muscle
activation. Ploutz-Snyder et al. found that greater muscle strength was required for STS than

for activities such as walking or stair climbing [43].

It is therefore important to consider the effects of STS on joint moments as a main outcome
measure. Hof et al. and Wu et al. concluded that a joint moment can be separated into 2
main components, static and inertial components [44] [45]. The static component comprises
of external forces on the joint, as well as gravitational forces. The inertial component is

concerned with the acceleration effects of the body.

Stability and Foot Position

In order to maintain the same movement velocity for the short and large distance cases of
the feet, the STS transition takes longer and also requires greater range of motion of the

lower limbs and higher force exertion of the hip extensors [46][22][47][23].

Many studies and therapies focus on assisting with the challenge of moving the COM but lack
the ability to track the dynamic stability control of the individual [15]. After much practice,
individuals learn to ease the transition during STS by positioning their feet just behind the
knee joint [22][48]. Thus, concentrating most of the motion vertically and not involving the

horizontal motion required to position the hips just above the knee joints.

10



Blache et al. has shown that positioning the feet further back reduced lumbar spine loading,
particularly L5-S1 joint load, when rising from a backless chair [24]. Positioning the feet

further back was thus recommended for individuals with poor lumbar muscle strength.

Akram and Mcllroy hypothesized that instability during STS was proportional to the
horizontal distance travelled by the COM [15]. Through testing 22 healthy individuals (11
young and 11 elderly) under close and far foot positions, they found that elderly individuals
experienced more challenges in stability regardless of foot position despite having similar
movement times and shear forces with the young sample. In the AP direction, no significant
effects were found in COP excursion for age and foot position, while a significant effect of
age was found on the total COP path in the AP direction, where the mean path was longer for
the elderly participants (Mgg=31mm vs. Myoung=23mm). In the ML direction, main effects for
age and foot position were found in COP path. For age, COP path was found to be longer for
elderly participants (Mojg=42mm vs. Myoung=30mm). For foot position, COP path was found to
be longer in the far position versus the close position of the feet (M¢,,=40mm vs.

Mcose=32mm), for both the young and elderly groups.

While the different foot positions were found to be non-significant factors in stabilization
time and total COP excursion in the AP direction, they were in found to be significant in
regards to movement duration and magnitude of shear forces required to initiate the
movement. These findings are consistent with previous research which concluded further
foot positions demanded longer movement times to complete the STS transition

[46][47][23].
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Shepherd et al. found that placing the feet at a posterior position reduced movement time as

well as decreased hip flexion angle and speed [23].

Kawagoe et al. also explored the influence of posterior foot placement, where rear

placement of the feet was found to reduce mean momentum about the hips [22].

From the literature, it can be easily noted that foot position is one of the most significant
factors affecting STS stability. This is mainly because the feet become the main base of
support as soon as the buttocks leave the seat [7]. Hughes et al. conducted a study in efforts
to categorize different chair rise strategies. Foot position was found to be an important
factor in categorizing these different strategies, where posterior feet placement was

classified as the “stabilization” phase (Figure 4).
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Figure 4: Foot position influence on chair rise strategy [7]

The positioning of the feet during STS is a critical factor in dictating the amount of torque
generated by the COM on the knee opposing the rise. For individuals with weak leg muscles
and poor motor control, placing the foot in an anterior position was found to have a

detrimental effect on STS performance [23]. This is especially the case for individuals with
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recent hip replacement surgery, where the increased moment arm caused by the extended

feet could induce otherwise painful torques about the hips.

Other studies investigated asymmetric foot positions for patients with hemiparesis and found
that placing the affected foot posterior to the unaffected foot improved STS performance,

functional mobility, and balance[49][53][54][52].

Assistive Devices

Jeyasurya et al. investigated four types of assisted STS methods which included grab-bar,
arm, seat, and waist assisted modes [53]. When compared to the unassisted modes, it was
found that the waist and seat assisted modes showed greatest reduction in knee extensor
effort. The waist-assist mode displayed lowest peak trunk flexion than the other three
assistant modes. While all modes did not closely replicate the momentum transfer strategy,
the waist-assisted modes provided the least amount of momentum transfer. It was found
that the waist and seat assisted modes were most dynamically stable since participants were

less likely to experience a “step” or a “sit-back” failure [12].

However, this study is limited by the use of healthy older adults with no functional limitations
for their study population. The seat-assisted mode also relies on a motor controlled
mechanism to lift the user from the seat, thereby decreasing or eliminating muscle
stimulation by the user. Hence, a powered seat assisted device is not a recommended

solution if long-term muscle therapy is desired, as well as low cost [54].

There are a variety of assistive devices to help facilitate STS activities for older adults. These
devices are categorized either as passive or active. Passive devices include grab bars and

standing frames, which are mainly designed for those who have strength but lack stability.
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Active devices include lift cushions and powered standing devices, which are mainly designed

for those who lack both strength and stability.

While powered lift-devices are frequently used, there are concerns in their long term benefit
since dependence on such devices will lead to muscles degeneration due to misuse [53].
Therefore, it is best that older adults with adequate strength rely on passive devices for the

therapeutic benefit of maintaining and building muscular strength.

Therefore, this review focuses on passive devices. More specifically, the efficacy of grab bars
and armrests were investigated, since these two devices are the most common devices

currently used to assist STS.

Grab bars

STS aids such as grab bars have been proven to support older adults with age-related deficits,
such as impaired balance and strength, and have been shown to improve safety and
independent living. Unfortunately, there has not been sufficient research in the area of grab

bars, although commonly prescribed to those with impairments.

There are many factors that influence the use of grab bars. These factors include ease of
grasp, the presence of two or more bars, location, and the different stages involved in the
transfer [55][56].For example, some elders have to reach out to a distance to hold a grab bar;
which leaves them even more vulnerable to falls [55]. One study showed that those who did
not install bath grab bars were 3.7 times more likely to experience falls than those who did

install [57].

Vena et al. investigated different vertical pole configurations and positions in nine mobility
limited older adults [8] (Figure 5). Kinetic and kinematic differences were assessed to
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characterize lower-limb exertion and dynamic stability. Three types of poles (single vertical
pole, double vertical pole, and a vertical pole with a horizontal bar) were used in near and far
configurations. The study found no significant differences in peak extension moments at the

hips and knees, and relatively no change in dynamic balance across pole configurations.

A significant increase in trunk and hip flexion was found, however, when poles were placed in
the far condition. Kinetic asymmetry was also found when the pole was placed unilaterally,

where significant peak knee extension moments were found on the ipsilateral side.

LAl

Figure 5: Vertical pole evaluation for assisted STS conducted by Vena et al. [8]

Another study by Guitard compared four states of assistive sitting and standing [37]. These
included vertical/horizontal combination, L-shaped bar, and vertical/angled combination
following balance loss. Eighty-two young and older individuals were divided into three
groups. The young group consisted of 10 males and 11 females, between the ages of 19 and
28 years. The older group consisted of 16 males and 45 females between the ages of 50 to 59
years. While both groups were considered healthy, a percentage of the older population
reported specific health issues related to balance problems (16%), hip/leg/knee problems

(36.1%), back and/or neck problems (41%), visual problems (52.5%). Of the older population,
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42.6% have experienced a fall in the preceding year, with women reporting more falls than

men.

The goal of the study was to examine the influence of balance loss on acceptance of grab
bars and the influence of the STS task on grab bar use. Of the 355 trials, the vertical,
horizontal, diagonal and L-shaped bars were used 68%, 1%, 13.8%, and 27.4% of the time,
respectively. Overall, it was found that the vertical bar was most preferable in transferring

the patients into and out of the bathtub.

Unilateral grab rail assistance was found to induce asymmetry to lower limb joint moments
[58]. Since users are required to rely on one side of their body to anchor the STS motion, the
effort produced by the ipsilateral hip gives rise to greater extensor moments and power by
the ipsilateral knee. Thus, unilateral grab rails may be best suited for individuals with

asymmetric strength and stability differences.

Armrests

Armrests have been suggested to aid in propelling body weight forward while maintaining
substantial horizontal momentum to complete the STS motion [58][14][59]. Armrests have
been shown to reduce trunk and leg flexion, without changing thigh extension [59]. This has
an overall positive impact on the joints of the lower extremities for older adults, as these

joints are known to become weaker with increasing age.

Use of hands can significantly reduce the force required to rise from a chair [60]. The use of
arms aids standing in many ways, such as in providing momentum, balance, and added
strength. There are many studies that have investigated the use of arms while rising from a

chair. Armrests have been found to aid older adults with STS, however, their use could have a
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detrimental effect if the joints of the upper limb are severely damaged due to arthritis, or any

form of muscle degeneration [61].

Burdett et al. conducted a study to compare joint moments needed to rise from a chair with
and without armrests [62]. Joint moments were collected for 10 healthy participants. When
the upper extremities were used for standing via an armrest, peak normalized moments

were reduced for both hip and knee extension.

Alexander et al. also found that the percentage of older adults who were able to rise from a
chair increased from 1% to 32% when the use of hands was allowed, via an armrest [63]. The
time to rise from the chair also decreased from 4.6 seconds to 3.8 seconds when the arms

were incorporated.

Leg muscles are the primary power that allows rising to occur during STS, with forces
concentrated at the knee extensors. In fact, knee extension forces (KEF) provide 72% of the

concentric force at the hip and knee joints while standing [64].

Bohannon and Eriksrud investigated the role of KEF on a variety of factors such as weight,
age, sex, and whether or not the upper extremities were incorporated during the STS
maneuver [65]. They found that while standing without the use of arms requires
approximately 40% of KEF (as a percentage of body weight), standing with the use of arms

dropped this value to 31.1%.

Etnyre and Thomas conducted a study on 100 adults (50 male and 50 female) compared four
different rising methods by analyzing ground forces while using armrests, arms free, hands
on knees, and arms crossed [66]. It was found that, although the armrest condition had a

longer duration, it showed less average force than the other three conditions. A reduction of
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vertical peak force is 16% less for armrests than for the other conditions, which is similar to
the findings of Ellis and colleagues, where a reduction of 18.5% in tibiofemoral force was

recorded [67].

Armrests have been found to provide a mechanical advantage by reducing hip and knee joint
moments during STS [20] [69]. However, the reduction in hip and knee moments was also

found to come at the cost of higher mean ankle and shoulder moments [59].

Perhaps the study most relevant to armrest configuration assessment was that by
Wretenberg et al. [69] (Figure 6) . In this study, different configurations were tested in the
high, low, ordinary, and no armrest conditions on hip and knee load during rising on a sample
of ten healthy males (20-32 years). Regardless of height and hand positions, armrests
provided lower knee and hip moments compared to the no armrest condition. Increased
armrest heights showed higher hip moments, but the results were insignificant. Although
higher armrests were hypothesized to reduce hip and knee moments due to the longer STS
transfer, the same reduction was observed on both joints in the low and high positions. No

significant differences were found between armrest heights and hand placements.

Figure 6: Study by Wretenberg et al. investigated ordinary & high armrest
positions as well as forward & rear hand placements [69]
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Similar to armrests, Kinoshita et al. conducted an STS study on five types of handrail positions
(‘no handrails’, ‘both high’, ‘both low’, ‘high and low’, and ‘reverse high and low’) [70]. The
study involved 25 youth, 25 independent elderly, and 25 elderly with physical limitations. The
results revealed that both high and low handrails created the greatest decrease in torque on

the elderly population compared to the no handrail condition.

Kinoshita et al. decided to analyze the STS transfer even further and conducted a later study
on joint movement analysis through the use of handrails [71] (Figure 7). In this study, STS
movement was compared across three conditions: no handrail, high handrails, and low
handrails on a sample of 16 young-healthy (21-43 years) and 25 older adults requiring care
(65-93 vyears). It was found that low hand rails yielded increased hip flexion, ankle
dorsiflexion, and trunk flexion angles while high hand rails resulted in smaller hip flexion and

trunk flexion angles. However, these findings were only found in the young-healthy group.

High

Low

el |
Force Plate | Force Plate

Figure 7: Hand rail configuration study by Kinoshita et al. [71]
Backward forces on the force-plate were significantly lower in the low than the high
condition which is a likely indication of more upper-body loading applied during the low

position, although this was not investigated further.
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Summary

The MT strategy was found in the literature review to be the most preferred chair rise
strategy, and involved the best compromise of horizontal and vertical momentum to
facilitate the safest chair rise strategy. Older adults with adequate strength should rely on
passive devices, as opposed to active devices, in order to pursue therapeutic benefit of
maintaining and building muscular strength. Although the vertical bar was found to be most
efficient in transferring patients into and out of a bathtub, and to and from a seated position,
unilateral grab rail assistance was found to induce asymmetry to lower limb joint moments.
Asymmetry in upper and lower-body kinetics is not necessarily disadvantageous, but may be

unfavorable if equal loading on both sides of the body is desired.

Vertical forces applied to armrests in [69] are greater than the vertical forces applied to poles
in [8], as well as grab bars in previous literature [16][59]. This is likely due to the shoulder
joint being more directly above the point of load application on the armrest, and thus
pushing down becomes more favorable than applying a vertical force to an anteriorly

positioned pole.

Armrests have been suggested as a great means in propelling body weight forward while
maintaining sufficient horizontal momentum to complete the STS motion. This horizontal
momentum may not be biomechanically feasible with poles due to their anteriorly-placed

vertical structure, which could work against a smooth STS transition.

Studies on armrests yield positive results in reducing joint moments when compared with
assisted and unassisted conditions, but there is a lack of research investigating implications

of various configurations on armrest load and lower-joint moments.
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Purpose of the Study

This aim of this research is to bridge the gap in the field of assisted STS through providing a
more detailed understanding of the effects of armrest position on the kinematics and kinetics

of the STS task.

Previous literature on armrest and handrail use yielded reduced lower-body joint moments
when assisted and unassisted conditions were compared [62][66][67][20][69]. Wretenberg
and Kinoshita et al. went further and provided great insights on different armrest elevations
(low and high) and AP placements (rear and front), but still yielded significant differences
only when compared to the unassisted conditions [69][70]. No research has yet able to

provide a comprehensive comparison of various armrest configurations.

Table 1 lists the STS evaluation metrics mentioned in the literature, and lists how this thesis

proposes to analyze these metrics in the new armrest study.

Table 1: Biomechanical analysis of the armrest-assisted STS task

Evaluation metrics investigated in Evaluation metrics to be investigated in
unassisted STS from literature: current armrest study:

A) Mechanical Demand

=

Providing greatest reduction in knee 1. Providing greatest upper-body load
extensor effort application on armrests

2. Providing greatest reduction in lower-limb
joint moments

B) Stability

2. Providing the greatest amount of static | 3. Providing the most amount of center-of-
and dynamic stability pressure control below the feet

C) Chair Rise Strategy

4. Enabling the participant to follow a 4. Preference of the participant

momentum transfer strategy (not controlled for)
5. Preference of the participant
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This study aims to provide a biomechanical analysis of the armrest-assisted STS task. Thus,
mechanical demand is divided into two categories: force applied from the upper-limbs and
moments exerted in the lower-limbs. Stability will be assessed through analysis of center-of-

pressure (COP) by the feet.

It is unreasonable to refer to chair rise strategies from the literature due to the different
seating arrangement with the use of armrests. Previous literature provided a comprehensive
analysis of chair rise strategies; however, there exists no research investigating chair rise
strategies with the use of armrests. The addition of armrests replaces the three-point contact
system with five, which changes the BOS structure. In addition to propulsion from the lower-
limbs and trunk momentum, armrests add a third source of propulsion, which is the

momentum developed from pulling/pushing on the armrests.

The scope of chair rise strategies discussed in this thesis will therefore only pertain to

armrest load application.

Therefore, this study will study armrest use in assisting the STS transfer by assessing the
effects of various armrest height and AP positions on upper-body load application, lower-

body joint moments, and stability.

My specific research objectives, questions, and hypotheses are as follows:

Research Objectives
(1) Quantify the effect of various armrest positions on body-environment interactive forces.
(2) Quantify the effect of various armrest positions on lower-body joint moments.

(3) Quantify the effect of various armrest positions on stability-related variables.
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Research Questions and Hypotheses
Question 1)
How do various armrest configurations (armrest height, AP position) affect armrest load

application during STS?

Question 2)
How do various armrest configurations (armrest height, AP position) affect lower-body joint
moments during STS?

Hypothesis 1:

Maximizing upper-body force application on armrests will help minimize lower-body

joint moments.

Question 3)
How do various armrest configurations (armrest height, AP position) affect overall stability as
measured by motion of the COP under the feet during STS?

Hypothesis 2:

Configurations that provide greatest stability show increased armrest force application

and reduced lower-body joint moments.
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2. Methods

Study Design

The study was a single group, repeated measures design testing nine independent variables
(three armrest positions in the AP direction, and three armrest positions in the vertical
direction). The study continued by looking at three additional exploratory conditions
involving each participant’s preferred armrest configuration, a wider-armrest configuration,
and a no-armrest (unassisted) condition; however, these conditions were not
investigated/discussed because of time constraints. Within-participant differences were used
to determine the effect of different armrest positions on joint kinetics, kinematics, and

reaction forces on the armrests and force plates.

Participants

Eleven older adults with various functional limitations were recruited over a period of four
months from the Toronto Rehabilitation Institute (TRI). Data from nine of the eleven
participants were analyzed, with data from two participants excluded due to excessive
motion capture marker occlusions from the early motion capture positons. Two in-patient
participants were recruited through the help of Occupational Therapists from the geriatric
clinics at TRI, while the rest of the participants were out-patients and were contacted via an

onsite Fall Prevention Group.

The main eligibility criteria for the study were as follows:
1. Over the age of 65 years
2. Difficulty to perform STS without assistive aid (eg. armrests, grab bars, etc.)
3. Able to understand spoken English and follow 2-3 step instructions
4. Able to participate in a single 2 hour session
5. No cognitive disabilities
6

. Ability to provide informed consent
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Experimental Setup

Adjustable Armrest Apparatus

The first version of the adjustable armrest apparatus was designed by Regina Leung (Masters
student, Toronto Rehab, 2013) using Solidworks CAD software. Further modifications to the
design were created for this study, with the main purpose of improving structural rigidity and

adjustability of the apparatus. The final CAD model is shown in Figure 8.

After the design phase was complete, the apparatus was fabricated at the TRI machine shop
(Figure 9). The armrest frame consists of two mechanical assemblies made primarily of steel
Unistrut components and aluminum plates. As shown in Figure 10, two threaded steel bars
allow for adjustment in the vertical and ML directions (marked as 1 and 2) and a rail sub-

assembly allows for adjustment in the AP direction (marked as 3).

The armrest pad used for this study was derived from a standard office chair, as shown in
Figure 11. The armrest is fixed to a wooden board via two steel tubes that provide adequate
rigidity and sufficient spacing in case participants prefer to wrap their fingers over the front
edge. The wooden board is mounted to a bottom sub-assembly that consists of an AMTI
(Advanced Mechanical Technology Inc., USA) load-cell sandwiched between two aluminum
plates. The armrest sub-assembly is attached and adjusted on the apparatus rail via two

screws that can easily be tightened and loosened after each configuration.

The final armrest apparatus was mounted in Toronto Rehab’s FallsLab (described in the

following section) and is shown in Figure 12.
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Figure 11: Armrest sub-assembly, consisting of an
AMTI 6-degree of freedom load-cell sandwiched
between two aluminum plates that hold the top
extension of the armrest pad. Extended tubes provide
users with sufficient spacing for wrapping the fingers
on the sides or at the tip of the armrest

Figure 9: Fabrication of the .Figure 10: Three-way armrest
armrest apparatus at the TRI  adjustability through two
machine shop threaded rods (1 and 2) and the

armrest rail (3)

Figure 12: Final armrest apparatus mounted in TRI’s FallsLab
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The chair used for this study is a wooden backless chair of a standard height of 43cm. The
back rest seen in Figure 12 was only mounted during rest periods and while configurations
were being adjusted, but was removed during the actual testing period. The apparatus
occupies four force plates. Both of the armrest frames are mounted onto separate force
plates, with the chair symmetrically mounted in between both frames and resting equally
between both force plates. The two force plates anterior to the apparatus are intended to
read the forces from each of the participant’s feet, using cantilevered wooden foot platforms

that extend out the edge of the anterior force plates.

Lab Environment

TRI’s FallsLab environment was the space used for the study. The utilized hardware consisted
of 17 VICON (Vicon Motion Capture Systems Ltd., UK) MX40 cameras, 4 AMTI (Advanced
Mechanical Technology Inc., USA) BP12001200 force plates, and 2 AMTI MC3A load cells for
the armrests. As shown in Figure 13 below, three cameras were mounted on the platform.
These three cameras were placed in this configuration to account for the platform not being

in the exact center of the room. The sampling frequencies used for collecting motion capture

and force data were 100Hz and 1000Hz, respectively.

Figure 13: Set-up of motion and analog hardware in the FallsLab study space (screenshot from VICON)
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Experimental Procedure

Participants performed trials in 12 different armrest configurations, as shown in Table 2. The
nine main configurations were those consisting of randomized three x three armrest
combinations in the AP (close, middle, far) and vertical (low, middle, high) positions, as
shown in Figure 14. The horizontal (ML) position of the armrest was fixed at each
participant’s shoulder width. The three final configurations are exploratory configurations,
which aimed to confirm the participants’ favorite configuration, investigate the impact of a
wider armrest position, and assess the participants’ performance in STS without the use of
armrests to better help compare the implications of the other configurations; however these
exploratory trials were not investigated further due to time constraints. Two trials were
completed for each of the configurations. Only the first trial was analyzed, with the exception
of two participants who experienced calibration issues in their first trials, as well those

participants who were only physically capable of performing a single trial.

Table 2: Configurations investigated in this study
Config. no. | Configuration

% Femur

close-low 50% 75% 100%
close-medium close middle far
-hi high 50% 7| X
cose-hgh 000 :
. medium 25%
middie-ow 000
low 0% c

middle-medium

RANDOMIZED
VN[O N[ W N|F-

middle-high
far-low
far-medium
9 far-high
Exploratory

10 Preferred Configuration

11 Preferred configuration + 1” wider

12 No arms (unassisted)

Figure 14: Schematic of the nine main configurations
tested in the armrest AP and height positions
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Armrest Height Position

As shown in Figure 14, the vertical position of the armrest was varied along the humerus
bone, taking the acromion as a reference point. In the low-vertical position, the armrest was
in a position such that the elbow forms a 90 degree angle, with the hand placed directly on
top of the armrest. In the medium-vertical position, the armrest was elevated to a distance
25% proximal to the acromion (from the elbow). The high-vertical position had the armrest
elevated 50% proximal to the acromion (from the elbow). These percentages were found to
be most appropriate after conducting the pilot study, as they were capable in assessing

reasonable minimum and maximum performance of the participants.

Armrest AP Position

As previously shown in Figure 14, the AP position of the armrest was set based on the length
on the femur, taking the trochanter as a reference point. In the low position, the mid-point of
the armrest was at a position 50% distal from the trochanter to the knees (that is, the
midpoint of the thigh). In the medium position, the mid-point of the armrest was at a
position 75% distal from the trochanter to the knees. In the high position, the mid-point of
the armrest was at a position 100% from the trochanter to the knees (that is, when the

armrest was directly on top of the knees).

For cases in which participants’ knees were extended beyond the maximum possible position
of the armrest on the rail, participants were asked to sit further back beyond the 30% thigh
contact to allow for the appropriate armrest variation without affecting their ability to

perform STS normally.
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Seating Positon

During seat-off from the chair, 30% of the thigh was in contact with the seat for all STS trials.
This was done by taking a 30 percent measurement from the trochanter to the knee for each
participant. This was found to be most reasonable during pilot studies, as participants who
placed their thighs 50% in contact with the seats experienced difficulty standing up from a

seated position due to constrained range of motion of the knees.

Biomechanical M odel and Data Processing

Marker Setup

A full body marker set (excluding the head) was used to capture the main upper and lower-
body landmark movements during the trial periods (as shown in Figure 15 below). Reflective
markers were placed on the body as single markers and as clusters. Single markers were
placed on the main landmarks using non-allergenic tape. Clusters of three and four markers
were also attached to the main segments of the participant. This permitted the tracking of

the pelvis, left and right shins, left and right thighs, and the chest.
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Figure 15: Marker-set used for study; with cluster sets for the back, pelvis, both shanks, and both thighs
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As shown in Figure 15 and Figure 16, markers were positioned and secured bilaterally on the
feet, ankles, shank, knees, thighs, hips, torso, shoulders, upper/lower arms, elbows, wrists,
hands and fingers, on rigid clusters secured to the limb segment. Markers were attached to
participants with non-allergenic tape and with elasticized straps. Video cameras mounted

inside FallsLab also recorded the data collection session.

Figure 16: Fully marked up participant in testing position

Data Labelling

Motion capture and analog data were imported into the VICON Nexus workspace as shown in
Figure 17. Twelve segment models were created for each participant, which helped to
automate the labelling process. Marker gaps were then filled using pattern and spline-fill

techniques.
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Figure 17: Screenshot of VICON Nexus workspace

Post-processing

Labeled motion data from VICON was transferred to Visual3D for post-processing. Models
were first created from the static trials (Figure 18) which were then used to develop the
motion trials for each individual participant (Figure 19). These segments included feet, shins,
thighs, upper arms, lower arms, as well as the pelvis and trunk. Rigid body clusters (in green)
were mounted on the shins, thighs, pelvis, and back and were used for segment tracking.
Main landmarks of the lower limbs (in blue) and upper limbs (in red) were identified with

single markers and were used for segment definition and for tracking as well.

Segments were defined by their proximal and end points. An anatomical pose was captured
for each participant before the trial to help the system define the locations and
configurations of the segments. Midpoints between the medial and lateral malleoli, medial
and lateral femur epicondyle, and medial and lateral humerus epicondyle defined the ankle,

knees, and elbows, respectively.
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The pelvis segment used in the model was derived from the CODA pelvis model implemented
in Visual3D [72]. The pelvic model was modeled using the right and left ASIS (Anterior
Superior lliac Spine) and PSIS (Posterior Superior lliac Spine) markers as landmarks, with 4

marker clusters for tracking.

The foot segment was defined using virtual landmarks for the medial and lateral malleoli
(proximal) as well as the first and fifth metatarsal (distal). The shank segment was defined
using the medial and lateral knee epicondyle (proximal) as well as the medial and lateral
malleoli (distal). The thigh segment was defined using the left and right greater trochanters
(proximal) as well as the medial and lateral knee epicondyle (proximal). To account for the
difficulty in obtaining concise joint angles, virtual segments needed to be created for both
feet and were only used as kinematic segments (not used for inverse dynamic calculations
but only for identifying coordinate systems). A virtual pelvis segment was also created to
account for the 20° tilt associated with the Coda pelvis model. Motion and force data were

filtered using a 2nd order dual-pass Butterworth filter with 6 Hz cutoff frequency.
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Figure 18: Post-processing using Visual3D showcasing model and lab coordinate system
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Visual3D v5 Professional”

Figure 19: Seated representation of a participant showcasing the force platforms (force plates, armrest) and lab axes

Outcome Measures

All kinetic and kinematic data were calculated and extracted from Visual3D. Peak values for
angles, velocity, moments, and forces, as well as COP displacement ellipsoid and principal

component angles were used for the ANOVA analysis.

Kinematic P arameters

The following section summarizes static and dynamic kinematic data collected for joint

angles, COP displacement, COM peak velocity, and COM-BOS distance.

Joint Angles

Mean and standard deviation values of peak joint angles were calculated to describe the
movement strategy from sitting to standing. Angles were collected in the sagittal plane for:

9 Ankles - maximum and minimum angles (dorsiflexion)
9 Knees - maximum and minimum angles (flexion)
T Hips - maximum and minimum angles (flexion)

9 Trunk - maximum angle in the AP direction (flexion — sagittal only)
Figure 20 displays the start and end angles of the following joints: ankles, knees, and hips.
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Figure 20: Schematic showing start and end angles of the following joints: ankles, knees, and hips

COPDisplacement

Postural sway was evaluated by quantifying the level of control in keeping the body’s COM
steady within the BOS, known as postural sway, during STS [73]. Sway is typically quantified
by measuring the displacement of the COP in the AP and medial-lateral planes. COP is the
point where the cumulative vertical reaction force vector meets the ground. It is measured
using force data captured from a load cell to find a weighted average of all the pressures over
the surface of the area in contact with the ground. Formulas for calculating the COP are

shown in the following

— (My + Fx - zaigys) CoP, — (M + F - zaigy)

COP, = " P

Where COP, and COP, are the x- and y-coordinates of the COP. M,, M, F, and F, are the
moments about the x- and y-axis and forces in the x- and y-directions. Zg is the distance

from the top of the force platform to its origin.
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COP trajectory data in both x and y coordinates was processed using the principal component
analysis method (PCA) developed by Thomas Wollseifen [74]. COP data of a participant on
any given force plate (Figure 21) was extracted into 2D trajectory form (Figure 22) and then
mathematically converted into a 95% confidence ellipsoid that outputs both area and
direction (Figure 23) [73][74]. The method uses an orthogonal transformation to convert a
set of observations of possibly correlated variables into a set of values of uncorrelated
variables, called principal components. Eigenvalues were calculated ,,  from the covariant
matrix ,, in 3.1, where ofand ware the mean values of the COP coordinate trajectories.
Body sway area was calculated through the area formed by an ellipse, which consists of two
principal axes 1.96, with a trajectory angle —3.2). Eigenvectors were then used to build

the main axes of the ellipse.

9 1 N - -
o, = mz (x; =)y, — ) tan @ = —
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Figure 21: COP of a Figure 22: COP sway trajectory sample Figure 23: Ellipse calculated by the PCA
participant standing on a [74] method [74]

force plate [75]

The PCA method thus outputs two important COP metrics, body sway area formed by the

ellipse and COP angle formed by major and minor axes of the ellipse.
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COMPeak Velocity

Visual3D was used to output the participant’s COM. In the AP direction, maximum
(horizontal) COM velocity was extracted to help distinguish transition characteristics across
the different arm configurations. Peak COM velocity values were extracted to help evaluate

different chair rise strategies to depict ease of transition.

COMBOS Distance

Combined with COP data for assessing dynamic balance, COM with respect to BOS distance
was also extracted for its ability in assessing static balance [58]. Adopting the procedure used
by Hughes et al., distances from each participant’s COM-BOS were calculated at seat-off
(Figure 24) where the back edge of the BOS was defined at a location four centimeters
posterior to the mean of both ankles (lateral malleolus) [7]. The movement of the feet and
buttocks both impact the distance between the COM and BOS, therefore, these two

movements were combined to provide a resultant measure of the positional change.

» Figure 24: COM-BOS distance schematic
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Kinetic P arameters

The following section summarizes kinetic data collected for joint moments, armrest forces,
and ground reaction forces. Moment data was normalized to body mass while force data was
not normalized.

Peak Joint Moments

Peak joint torques in the ankle, knee, and hip were extracted from the inverse dynamical
linked-segment model generated from Visual3D. Inputs to the model were derived
experimentally from motion capture (position and angular displacement), as well as force
plates and armrests (reaction forces). Moments in the sagittal plane were calculated for:

9 Ankles - maximum and minimum moments (dorsiflexion)
9 Knees - maximum moment during STS (flexion)

9 Hips - maximum moment during STS (flexion)

Peak Armrest Forces

Peak armrest forces from both the left and right armrests were extracted in the vertical (2),
AP (Y), and ML (X) axes to characterize armrest use. Data was collected and analyzed from
each armrest for each of the three components, the combined force components from both

armrests (ie. Fzrotal = F et + F2right), and the total resultant vector force from both armrests

where: 'O O O O

Ground Reaction Forces

In the vertical direction, peak vertical ground reaction force (GRF) from both left and right
foot force plates were extracted. In the AP direction, peak posteriorly-directed GRF was
determined from both force plates. In the ML direction, peak laterally directed and medially
directed GRF were determined. Data was collected and analyzed for each component from
each of the force plates, the sum of the components from both force plates (ie. GRF1ota =
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GRF; et + GRF, rignt), and the total resultant vector force from both force plates where:

‘0YO ‘0YO ‘0YO ‘0YO

Temporal Parameters

Duration of the STS trial (in seconds) was collected for each participant and is listed In Table

14 of Appendix B.

Data Analysis

Event Identification

To identify the seat-off event, an open loop push-button electrical circuit was created and
interfaced below the chair top (Figure 25 and Figure 26). A thin wooden board was hinged
onto the seating top, with 2 attached springs that compress and extend at reasonable limits
as the participant moved on and off the chair. A push-button switch was screwed in such a
way that the switch was closed when participants were seated and open after seat-off. Pilot
tests showed that the switch apparatus consistently activated for a variety of participant

body types. The event signal was transmitted on the Visual3D interface appropriately.

Figure 25: Seat switch mounted on side Figure 26: Location of both seat switches
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Start point: Initially, the starting point of the STS task was defined when the seat switch was
activated. While the seat switch proved to be a great addition to assess time of seat-off,
setting it as the “start point” was found to hide valuable preceding information that would
help in assessing the STS task. As such, a new start point was identified at a point 100 frames
before seat switch activation, in order to capture an adequate preparation phase prior to
STS. Shown in Figure 27 below, seat switch activation is highlighted in black and the new 100

pre-frame start point is highlighted in red.

Visuval3D v5 Professional”

o
®

" Seat Switch
Activated
1 \ END
START) e

Right Knee Moment X

0234

A1
<
4

Figure 27: Visual3D trial with event points highlighted on knee moment (top right) and pelvis velocity (bottom right)

End point: The ending position of the STS transfer is the stable standing position. To find this
point, initially, the shoulder marker was used to find the point where velocity is two standard
deviations below the mean (before seat-off). This method was proven difficult as different
participants used different STS strategies, which made shoulder marker velocities
inconsistent throughout the STS task. A second and more accurate approach was taken using
the mean pelvis velocity, where the end point was identified as the point at which the pelvis

velocity fell to two standard deviations below its mean (before seat-off).
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Procedure for recording sit -to-stand movement

Participants were scheduled for a single test session that lasted for approximately 2 hours.
Upon entering the lab and signing the consent form, height, weight, three measurements of
the arm segment (acromion-elbow, elbow-wrist, wrist-index finger tip), and three
measurements of the leg segment (trochanter-knee, knee-ankle, ankle-toe) were taken.
Participants were then asked to fill out two questionnaires on demographics and physical
activity level. After receiving all the required participant information, markers were prepared
and placed on the participant’s body. Markers were taped using double-sided non-allergenic
wig tape and were placed on the main landmarks on the toes, ankles, knees, hips, shoulders,
and arms. After applying the singular markers, 6 clusters of 3-4 markers each were placed on
the shins, thighs, back, and pelvis. Clusters were attached to a belt using Velcro and were

strapped around each segment.

Once prepared, participants were brought to the force platform and were asked to sit in the
armrest seat apparatus. The anterior and vertical armrest positions were first adjusted close-
low configuration, which was when the arm formed a 90 degree elbow angle and the hands
were parallel with the armrest. The horizontal position was adjusted to shoulder width for
each participant. Once the armrest position was adjusted, the medium and high
configuration positions were labeled on the apparatus using a black marker to facilitate quick
changes between configurations. After the apparatus had been adjusted and prepared for
the participant, the participant was asked to perform a sit to stand to get used to the
apparatus. Once the participant was seated in his/her natural position, tape was used to
mark the locations of the feet and buttocks to ensure that they were in the same initial

position for each trial. Participants were told: “On the count of three, I'd like you to stand
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up, stay standing for five seconds and then sit back down.” Participants were given rest

breaks in between each configuration.

Statistical Analyses
Using the R software package, two types of statistical analyses were conducted for this study:

1. Repeated measures ANOVA - conducted to compare the nine main armrest
configurations. The test consisted of two factors (armrest AP position, armrest

height) and three levels on was tested on the peak values of the outcome variables.

2. Pairwise comparisons - conducted within the groups when an ANOVA showed a
significant main effect. Groups within armrest AP position consisted of close — middle
— far, and groups within armrest height consisted of low — medium — high. The

Bonferroni-Holm correction factor was applied to the post-hoc tests.
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3. Results

A total of nine participants (3 men and 6 women) were included for analysis and their

demographics are shown in Table 3. The mean age, weight, and height were: 73.56 £ 6.29

years, 75.82 £ 17.23 kg, and 1.63 + 0.10 meters, respectively.

Table 3: Demographics of participants recruited for study

. . Preferred
Participant | Age | Sex Height | Mass Dorr-nnant Condition(s) Armrest
(m) (kg) Side ..
Position
2. 76 |M | 185 935 | Left Upper and lowerlimb .\
arthritis, balance issues
4. 82 |F |165 56 Right Upper limb arthritis Far-high
(mild)
5, 68 |F | 161 55 Right Upper and lowerlimb | Middle-
arthritis, balance issues medium
PSP (Progressive Far-
6. 67 | M 1.68 90.5 Right supranuclear palsy) — left .
. medium
side
Ankle brace (in-patient),
7. 68 | F 1.6 98 N/A Uppe.r.and IO\{ver limb Far-low
arthritis, cardiovascular
diseases
Balance issues,
8. 80 |F 1.57 79 Right cardiovascular and inner- | Far-high
ear diseases
9. 76 |M | ~17 715 | Right Lower limb arthritis, Far-high
inner-ear disease
10. 66 | F 1.51 55 Left Balance issues Middle-low
. . Close-
11. 79 | F 1.6 83.9 Right Diabetes .
medium
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ANOVA onKinematic P arameters

Angles

Both armrest AP position and height had a significant main effect on trunk flexion angle, as
shown in Figure 28. AP position had a significant effect on trunk flexion angle (p<0.0001),
where trunk flexion angle decreased as the armrests were extended forward. Armrest height
also had a significant effect on trunk flexion angle (p<0.0001), where trunk flexion angle

decreased as the armrests were elevated to higher positions.

Post-hoc tests on trunk flexion only showed significant differences across all armrest heights,
where reductions were found from low to medium (p<0.05), medium to high (p<0.001), and

low to high (p<0.0001).

Both armrest AP position and height had a significant effect on right hip flexion angle.
Elevated armrest heights yielded reduced hip flexion angle from low to medium (p<0.01) and
from low to high (p<0.001). Extended armrest AP positions also significantly reduced hip

flexion angle (p<0.01), although there no group differences.

Mean joint angles about the sagittal and frontal planes for all configurations are displayed in

Tables 6 and 7 of Appendix B, respectively.
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Figure 28: Mean peak trunk and right hip flexion angles across changing armrest AP position and height. Asterisks (*)

denote significant main effects.
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COP Displacement

COP displacement ellipses at 95% confidence were generated (using the start and end events
previously identified) to estimate the area and shape of the COP path for each of the armrest
configurations, and are displayed for a representative participant in Figure 30. COP
displacement ellipse plots were also generated across all nine participants and are shown in
Figure 29. Mean COP area and angle values for all participants are displayed in Table 8 of
Appendix B.

Observing the paths in Figure 30, COP area reduced as armrests moved to the extended and
elevated positions. An ANOVA performed on the mean COP ellipse areas confirms these
findings as significant effects were found across both armrest AP position (p<0.01) and
armrest height (p<0.05). Post-hoc tests revealed a significant decrease in COP area as

armrest height increased from low to medium (p<0.05).

COP Ellipse Area (changing AP position) COP Ellipse Area (changing height)
o -Mean Plot with 95% CI -Mean Plot with 95% CI
™ 7] - -
9
-~ o —~ p<0.05
2; ® & —
3 S8
@© m
0 & A o
< < n |
3 5
O & O
S
* * ]
I I T | 1 T
close middle far low medium high
Armrest AP Position Armrest Height

Figure 29: COP area of the 95% confidence ellipse across changing armrest AP position and height. Asterisks (*) denote

significant main effects.
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Figure 30: COP displacement ellipses at 95% confidence with the corresponding results of a representative participant (participant 9)
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COM Peak Velocity

Peak COM velocity values were extracted to help evaluate different chair rise strategies.
Although there were no significant effects by armrest AP position and height on COM
velocity, it is worth noting in Figure 31 that peak velocity values were lowest in the far
configurations for AP position, and lowest in the high configurations for armrest height. A
more gradual decrease was found within armrest height, where velocity was highest in the
low configuration. Mean COM velocity values for all configurations are shown in Table 8 of
Appendix B.

COMBOS Distance

The distance between each participant’s COM and BOS at seat-off was extracted to further
help characterize different chair rise strategies [7]. As can be seen in Figures 32 and 33,
participants varied in COM-BOS distances even when the same armrest configuration was
used. Although armrest AP position and height did not yield significant effect on COM-BOS
distance, mean plots in Figure 31 show a gradual increase with increasing AP position, where
COM-BOS distance was greatest in the high configuration. Mean values for each of the nine
participants’ mean COM-BOS are shown in Table 4 below. Mean COM-BOS values across all

configurations are displayed in Table 9 of Appendix B.

Table 4: Mean COM-BOS distance for each participant

Participant 2 4 5 6 7 8 9 10 11

Relative Foot | 8.17 15.51 8.26 13.53 8.64 11.21 14.59 11.17 3.74
Position [cm] | (1.87) | (1.89) | (1.53) | (2.87) | (0.96) | (1.24) (2.20) (1.36) | (1.65)
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Figure 31: Mean COM peak velocity and COM-BOS distance across changing armrest AP position and height
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Figure 32: COM-BOS distance across participants in the closelow armrest configuration (participants 4, 5, and 6)
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Figure 33: COM-BOS distance across participants in the closelow armrest configuration (participants 7, 9, and 10)
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ANOVA onKinetic P arameters

Joint Moments (normalized)

Left and right ankle plantarflexion moments decreased at elevated armrest heights (left
ankle: p<0.05, right ankle: p<0.05), as shown in Figure 34. Left ankle moment significantly
increased at extended armrest AP positions, however, these changes were only found in the
frontal plane (p<0.05) (values for frontal plane outcomes are shown in Table 11 of Appendix
B). In the sagittal plane, the decrease in left ankle moment at elevated positions was found to

be significant from low to medium positions (p<0.05).

Left and right knee flexion moments increased significantly at extended armrest AP positions
(left knee: p<0.05, right knee: p<0.05), as shown in Figure 35. The left knee saw a significant

reduction between close and middle (p<0.05) as well as close and far (p<0.05). The right knee
also saw a reduction between close and middle (p<0.05) as well as close and far (p<0.01). No

significant differences were found across changing armrest heights for both knees.

Right hip flexion moment increased significantly with extended armrest AP positions (p<0.01)
but reduced significantly at elevated armrest heights (p<0.05), as shown in Figure 36.
Moment increases at extended armrest AP positions were highest from close to middle
(p<0.05) as well as close to far (p<0.01). No significant reductions were found along armrest

AP positions and height for the left hip.

Mean joint moments about the sagittal and frontal planes for all configurations are displayed

in Tables 10 and 11 of Appendix B, respectively.
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Figure 34: Mean peak moments about the left and right ankles with increased armrest AP and height positions. Asterisks

(*) denote significant main effects.

53



Left Knee Moment (changing AP position)
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Figure 35: Mean peak moments about the left and right knees with increased armrest AP and height positions. Asterisks

(*) denote significant main effects.
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Left Hip Moment (changing AP position) Right Hip Moment (changing AP position)
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Figure 36: Mean peak moments about the left and right hips with increased armrest AP and height positions. Asterisks (*)

denote significant main effects.

Armrest Force Components

This section describes the peak data extracted from armrest AP and vertical force
components. Data was be displayed across changing armrest AP and height positions for

each armrest force component; the peak combined force component for both armrests
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(dual), as well as the total resultant armrest force component. Forces in the ML direction
were also extracted but showed no significance. All armrest force data, including those in the
ML direction, are displayed in Table 12 of Appendix B.

AP Forces

There was a main effect for armrest AP forces for each individual armrest (left armrest:
p<0.01, right armrest: p<0.001) as well as for dual armrests (p<0.01), as shown in Figure 37.
The left armrest saw a significant increase in AP force from close to middle (p<0.05) and close
to far (p<0.01). The right armrest also saw an increase in AP force from close to middle
(p<0.05) and close to far (p<0.01). Dual armrest use saw a similar increase in AP force from
close to middle (p<0.05) and close to far (p<0.01). In general, it was found that armrests

demanded greater pulling force when placed at anterior positions.

Armrest AP forces also increased at elevated armrest heights positions for each individual
armrest (left armrest: p<0.05, right armrest: p<0.01) as well as for dual armrests (p<0.01).
The left armrest saw a significant increase in AP force from low to high (p< 0.01). The right
armrest saw an increase in AP force from medium to high (p<0.05). Dual armrest use saw

significant increase in AP force from low to high (p<0.05) and medium to high (p<0.05). In

general, it was found that armrests also demanded greater pulling force when placed at

elevated positions. Figure 36 displays mean peak force plots for AP forces on the armrests.
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Figure 37: Mean peak AP force on left, right, and dual armrest across changing armrest AP and height positions. Asterisks
(*) denote significant main effects.
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Vertical Forces

There was a main effect for armrest vertical forces for each individual armrest (left armrest:
p<0.001, right armrest: p<0.001) as well as for dual armrests (p<0.001), as shown in Figure
38. The left armrest saw a significant decrease in vertical force from close to middle (p<0.01),
close to far (p<0.0001), and middle to far (p<0.01). The right armrest also saw a significant
decrease in vertical force from close to middle (p<0.001), close to far (p<0.0001), and middle
to far (p<0.001). Dual armrest use also saw a similar decrease in vertical force where
reductions across all close-middle-far were significant (p<0.001). In general, it was found that
less downward force was applied to armrests when placed at anterior positons. There was a
trend of reduced vertical armrest forces at elevated positions; however, there were no
significant effects. Figure 37 displays mean peak force plots for vertical forces on the

armrests.

Total Resultant Forces

Mean plots for peak resultant forces are shown in Figure 39. Although no significant effects
were found across armrest AP and height positions, it can be observed that lower forces are

required at more extended and elevated armrest positons.
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Figure 38: Mean peak vertical force on left, right, and dual armrests across changing armrest AP and height positions.
Asterisks (*) denote significant main effects
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Figure 39: Mean peak total resultant force on armrests across changing armrest AP and height positions

Ground Reaction Force Components

This section describes the peak force data extracted from the force plates in the AP, ML, and
vertical directions. Data was be displayed across changing armrest AP and height positions
for each force component; the peak combined force component for both force plates (dual),
as well as the total resultant force component acting on the force-plate. All ground reaction

components are displayed in Table 13 of Appendix B.

AP Ground Reaction Forces

Ground reaction AP forces increased significantly at extended armrest AP positons for each
individual force-plate (left force-plate: p<0.05, right force-plate: p<0.01) as well as for dual
force plates (p<0.01). The left force-plate yielded a significant increase in ground reaction AP
force from close to middle (p<0.05), and from close to far (p<0.05). The right force-plate also
saw an increase in ground reaction AP force from close to middle (p<0.05) and from close to
far (p<0.001). Dual force plates also saw a similar increase in ground reaction AP force from

close to middle (p<0.05) and from close to far (p<0.001) and close to far (p<0.01). In general,
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it was found that ground reaction forces exerted more shear about the feet when armrests
were placed at anterior positions. Changing armrest height yielded no significant effects on
ground reaction AP forces, although an increase was observed between medium and high
positions. Figure 40 displays mean peak force plots for ground reaction AP forces on force
plates.

Vertical Ground Reaction Forces

Significant effects in vertical ground reaction force were only observed across armrest height,
where elevated positions significantly reduced vertical ground reaction force on the right
force-plate (p<0.01). Post-hoc tests revealed no group differences. Figure 41 displays mean

peak force plots for ground reaction vertical forces on force plates.

Total Resultant Ground Reaction Forces
Changing armrest AP position and height yielded no significant effects on the total resultant

ground reaction forces on the force plates. Figure 42 displays mean peak force plots for

ground reaction AP forces on force plates.
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Figure 40: Mean peak AP force on left, right, and dual force plates across changing armrest AP and height positions
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Figure 41: Mean peak vertical force on left, right, and dual force plates across changing armrest AP and height positions
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Figure 42: Mean peak total resultant force on force plates across changing armrest AP and height positions

Power Analysis

A power analysis was conducted to assess the likelihood of detecting a significant effect for
the main outcome variables in this study. A two sided test was performed using the method
outlined in [76]. The inputs to the analysis included a sample size of nine, a significance level
(a) of 0.05, and the means and standard deviations of a pair of values with significant
differences. The results of the power analysis for the main effects across changing armrest AP

position and height are shown in Table 5.

The power assessment revealed that a sample size of nine produced a higher degree of
confidence with effects from armrest forces (>0.8) vs. joint moments. Powers generated
from joint moment effects (except for the right knee) revealed that a sample size greater

than nine would provide greater confidence in detecting the effects found in this study.
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Table 5: Post-hoc power assessment for a sample size of nine

Outcome measure Main effect | Significance (1-B :r(:‘c;vre;rob.)

(with increasing armrest AP position) - - -

Left knee moment Increased p<0.05 0.72
Right knee moment Increased P<0.05 0.92
Right hip moment Increased p<0.01 0.42
Total armrest AP force Increased p<0.01 0.92
Total armrest vertical force Decreased p<0.001 0.99
(with increasing armrest height) - - -

Left ankle moment Decreased p<0.05 0.56
Right ankle moment Decreased p<0.05 0.70
Right hip moment Decreased p<0.05 0.33
Total armrest AP force Increased p<0.05 0.81
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4. Discussion

This study investigated the effect of nine different armrest configurations on body kinetics
and kinematics. The main findings of this study were that forces applied to the armrests in
assisted STS replaced the need for trunk flexion generated during unassisted STS. Comparing
across different armrest configurations, more pulling on armrests were found in the far and
high configurations. This led to a more static upper-body as demonstrated by trunk flexion
and hip flexion angles in the high and far positions. Larger pulling forces at extended armrest
positions provided adequate horizontal momentum, however, this yielded to increased
lower-limb joint moments (hip and knee) to provide the necessary vertical momentum to
complete the STS transfer. However, far and high positions also led to improved stability as
demonstrated by the reduction in COP ellipsoid areas. This section will discuss differences in
assisted and unassisted armrest conditions, and then will discuss the effects of changing
armrest configurations on body-environment force application, lower-body kinetics and

kinematics, and COP path excursion.

Effect of armrests compared to the unassisted sit-to-stand transfer

In the present study, older adults significantly increased trunk and hip flexion when STS was
performed at closer AP positions and higher armrest positions. This is a common strategy
that brings the COM above the BOS before seat-off to ensure a stable posture at this critical
stage in STS where instability is highest [7][60]. If the COM is outside of the BOS at seat seat-
off, and there is not sufficient horizontal momentum of their COM, this will lead to a fall in

the posterior direction [77].

The addition of armrests negates the need for trunk flexion to bring the COM into the

standing BOS or produce substantial COM momentum. Using arm rests as an STS aid offers
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an increased frame of support provided by contact of the hands on the armrests. As a result,
the participant can seat-off from the seat without requiring the COM to be inside the
standing BOS, and without a high COM momentum to bring the COM into the BOS shortly
after seat-off. Armrests enables participants to apply the armrest forces necessary to bring
the COM into their standing BOS, essentially replacing the COM momentum to achieve a
stable standing posture upon the completion of the STS transfer. As a result, the trunk plays
less of a role in positioning the COM over the BOS or creating the horizontal COM
momentum necessary to bring the COM into the BOS after seat seat-off. This is consistent
with literature indicating armrests assisted in propelling the body forward through armrest
force application, which allows for a similar horizontal force as that obtained from trunk

momentum during unassisted STS [43][60].

Effect of changing arm rest position on force application to arm rests

Changes in the STS transfer strategy across different armrest configurations originate from
how users apply force to the arm rests in the various configurations. Armrests placed closer
to the participant showed highest force application, and this is likely due to the shoulder joint
being more directly over the armrests, which creates the demand for greater elbow extensor
muscle strength. One noticeable trend in armrest force application was that increasing the
height and moving the armrests more anteriorly resulted in increased forces in the AP
direction, consistent with a predominant pulling force on the armrests during the STS
transfer. Participants found it difficult to exert vertical forces when armrests were farther
away, due to the larger moment arm to the shoulder joint. Upper limb kinematics could be
investigated to confirm this. The corresponding increase in GRF shear forces as the armrests

are extended confirm the pulling forces generated on the armrests. This is consisted with
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previous literature where further anterior-and-higher handrails yielded significant increases
in backward GRF forces when compared to closer-and-lower handrails [71], thus meaning
increased pulling action is being enacted by the upper limbs. The greater AP forces applied at
extended and higher armrest positions create a moment about the COM that pivots the
person upwards, which could thus be a favorable strategy if adequate pulling forces can be

generated at the upper limbs.

Changes in joint kinematics across different arm rest configurations

Positioning armrests higher yielded significantly lower trunk and hip flexion angles. In
addition, positioning the arm rests more anterior to the participant (i.e. in the far position),
while not statistically significant, demonstrated a similar trend, with trunk and hip flexion
consistently reducing as the armrests were moved from close, to middle, and to far AP
positions. As armrests are placed farther and higher, more horizontal force is applied
negating role of trunk flexion in the STS transfer. Contrast to lower and closer armrest
positions, less horizontal force is applied and trunk flexion is thusly increased to bring the
COM into the standing BOS to ensure a stable STS transfer. The reduction in right hip flexion
angle with increased armrest AP and height positions could be due to the effect of the
dominant foot, as most of the participants in this study were right dominant. The reduced hip
flexion angles with elevated heights are also consistent with literature on handrail assisted
STS, where higher handrails saw a significant decrease in hip flexion angle [71]. There was
less demand to push the trunk forward, and thus the legs did not to provide higher rise
movements to assist in tilting the torso forward. Trunk flexion angle also reduced

significantly at elevated positions.

68



The high armrest position was set at a height for each participant where the armrest is
parallel with mid-humerus, which demanded that the elbows bend even further. This
constrained horizontal motion as bent elbows created a more locked posture and thus less

trunk flexion could be produced.

Impact of armrest configuration on lower -body kinetics

Positioning armrests at farther anterior positions yielded greater knee and right hip
moments. The reduction in peak armrest vertical force and the increase in knee and right hip
moments corresponded to significantly higher GRF forces in the AP direction (opposing the
movement). This is consistent with a grab-bar study that found GRF to increase at far

positions, which resulted in higher moments in the lower-limbs [77].

Increased pulling combined with reduced pressing at extended armrest positions create the
risk of a fall if adequate vertical propulsion is not provided by the lower limbs. The lower
limbs thus exert greater forces to assist with STS at this position, with these forces
concentrated at the knee extensors [64]. Figure 43 and 44 show the different load

applications seen at the armrests and force plates in the close and far positions, respectively.

Armrests placed at higher positions yielded decreased ankle moments and lower right hip
moments. Significant GRF reductions were found on the right force-plate, which are likely the
cause of the reduced joint moments seen about the right hip. The moment reductions about
the right hip are consistent with the flexion angle reductions previously mentioned, which

could also be due to the effect of the right dominant foot coming into play.
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Figure 43: Armrest loading Figure 44: Armrest loading schematic

schematic and Visual3D and Visual3D representation in the
representation in the close far position
position

Another explanation to the reduction in hip joint moments could be due to the combined
effect of COP position and GRF vertical force during STS. More specifically, more posteriorly
located COP combined with reductions in vertical GRF force will both direct the force vector
closer to the hip joint center, which would result in reduced hip moments. In this study, it
was observed that the COP displacement ellipses at 95% confidence were generated closer

to the user and significant GRF reductions were seen about the right force-plate at elevated
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positions, both of which contribute to a reduced moment about the hip. COP position will

need to be further investigated to confirm this explanation.

Armrests placed higher yielded lowest moments about the hips and ankles. Higher armrests
are consistent with literature indicating that armrests provide a mechanical advantage by

reducing hip moments during STS [20][69].

The significant moment reductions seen about the hips are similar to the findings of
Wretenberg et al. [69] where increased armrest heights did show a trend to higher hip
moments, but the findings were not statistically significant. Two reasons for this lack of
significance are the older sample population and differences in armrest heights tested.
Wretenberg et al. used a sample of young and healthy males, with three armrest heights: 1)
elbow, 2) five cm below elbow, and 3) five cm above elbow. Healthy adults do not depend on
armrests as the elderly do, and thus the joint moment findings could have been offset by this
alone. And second, the three height configurations were lower than the heights used in this
study. Relating these findings to the first hypothesis of this study, maximizing upper-body
force application on armrests was found to minimize lower-body joint moments only across
increasing armrest height positions, where significant pulling coincided with reduced hip and
ankle moments. The same effect was not observed across AP positions, where significant

pulling was followed with increased knee and hip moments.

Impact of armrests on stability

Armrests placed at farther and higher positions yielded significant reductions in COP area
from seat-off to the stable standing position. A reduced COP displacement ellipse area at
95% confidence implies a more stable system throughout the STS transfer [15]. In far and

high armrest positions, it was possible for participants to maintain grip on the armrests for
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longer periods through the STS transfer. As a result, participants were stabilized throughout
the entire STS transfer leading to a tighter COP displacement ellipses area. In contrast, in the
near and low armrest positions, participants let go of the armrest sooner after seat-off and
therefore could not use the armrests for stability - leading to a larger COP displacement
ellipses area. Another mechanism by which stability was improved is through ankle
plantarflexion moments when using armrests positioned higher and more anterior to the
participants. In order to balance the forward movement during STS, the tibialis anterior must
provide dorsiflexion torques at the ankles in order to maintain the COP in a posterior position
below the feet [78]. The significant increase in plantarflexion moments found about the right
ankles at higher armrest positions are a reflection of this phenomenon. This outcome is
consistent with previous research that suggests older adults prioritize stability over reduction

of lower-limb moments when using armrests to perform STS [79][59].

It may be important to note that the COP ellipsoids tended to be shifted away from the mid-
line by three to five cm demonstrating that some participants tended to prefer supporting
their weight on one side or the other. Relating these findings to the second hypothesis in
this study, configurations that provided greatest stability showed increased upper-body force
application and reduced lower-body joint moments only across increased armrest heights.
Higher armrests yielded significant pulling, reduced moments about the ankles and hips, as
well as smaller COP ellipsoid areas. While armrests in farther AP positions did in fact yield
significant pulling and smaller COP ellipsoid areas, this was also met with increased knee and

hip moments, which is not consistent with the second hypothesis.
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5. Conclusion s and future work

The purpose of the study was to investigate various armrest configurations (nine
combinations made up of three AP positions: close-middle-far and three height positions:
low-middle-high) and the effects on the STS transfer. The kinetics and kinematics of the STS
transfer were investigated to characterize movement, force application of the body on the
environment, and lower-limb joint moments. My findings showed that propulsion from the
armrests in assisted STS replaced the need for trunk generated horizontal momentum during
unassisted STS. This action was required to bring the COM into the BOS at seat-off, which is
necessary to maintain balance. Both the AP position and height of the armrests were found
to have significant effects on STS biomechanics. Specifically, it was found that participants
pulled back on the armrests more when they were placed in the high and far positions, and

they pushed down more in the closer configurations.

The differences above were also reflected in lower-body joint moments. When pulling was
most prominent at extended positions, an increase in knee flexion moments was induced to
supply the vertical momentum necessary to complete the STS transfer. When pulling was
most prominent at higher positions, a decrease in ankle plantar flexion moments was
induced. Hip moments increased at far armrest positions, but decreased at higher positions.
This was likely caused by the combined effect of the COP and GRF in directing the force
vector to and away from the hip joint center. In contrast, hip moments decreased at higher

armrest positions when the COP and GRF are directed closer to the hip joint.

Finally, better stability was provided by armrests that are placed higher and farther as seen
by the smaller areas generated from the COP displacement ellipses at 95% confidence.

Contact-time with the armrests is expected to be longest at these positions and ankle joints
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played a more critical role at higher positions in improving dynamic stability. It was
hypothesized that greatest stability would be achieved in armrest configurations that showed
increased armrest force application and reduced lower-body joint moments. While higher
armrest loads yielded better stability outcomes in this study, armrests placed in the extended
positions increased knee moments and resulted in decreased ankle moments when in the
higher positions. Both hypotheses were found to be true and are repeated below for
reference.

Hypothesis 1:

U Maximizing upper-body force application on armrests will help minimize lower-body
joint moments.

Hypothesis 2:

U Configurations that provide greatest stability show increased armrest force

application and reduced lower-body joint moments.
Related to hypothesis 1, | found that increased armrest heights resulted in more pulling on
the armrest and resulted in reduced lower-limb moments about the ankles and hips. Related
to hypothesis 2, | found that COP ellipsoid areas were reduced when there was more pulling

on the armrests along with reduced lower-limb moments.

Limitations

The effect of foot position was not investigated in this study. Participants were asked to sit
on the chair as they would normally do in any given seated position. Tape markers were
applied and participants were asked not to change their foot positions across the
configurations, observing the video data revealed a very slight shift in feet placement during
the two-hour study. Allowing participants to change foot position could provide further

insight on methods to reduce joint moments and improve dynamic balance during assisted
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STS, since participants may have preferred different foot placements for different armrest

configurations [22][7][15].

Hand placement on the armrest was investigated in this study. | chose to allow my
participants to grasp the armrests however they wanted to minimize the risk of a participant

falling, especially if made to hold the armrests a certain way they are not accustomed to.

Although thigh contact on the seat was controlled during at the start of the study,
participants found it uncomfortable to be seated in the same position for a pro-longed period
of time. A slight shift forward and backward of the buttocks was common throughout the
testing period. This in turn also affected the angle at which the ankle was initially dorsiflexed,
which could have had an effect on the moment experienced by the ankle. Also, | could have
learned more about the STS task if | had asked participants to sit further back in their seats so

that the study would have captured the biomechanics of participants shifting forward.

This study is limited in that the BOS and COP were assessed only taking the feet into
consideration, when there were in fact four points of contact present after seat-off (both
hands on the armrest, both feet on the force plate). Either the COP about the feet should
have been analyzed once the hands had released the arm rests (where the BOS is solely the
feet at that point), or the BOS should have accounted for contact about the feet and hands if

the seat-off event were to be used.

In this study force data was not normalized to body weight however it may be valuable to
investigate the impact of normalizing ground reaction forces (but not armrest forces since

there is likely little influence of the body mass on these forces).
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The power assessment revealed that a sample size of nine produced a high degree of
confidence for effects detected from armrest forces (power >0.8) in contrast to lower-limb
joint moments. Thus, it would be valuable to investigate the impact of armrest configurations

on a larger sample size to confirm the effects seen about the lower-limb joint moments.

This study attempted to recommend an armrest configuration for the elderly mobility-limited
through testing a sample of older adults with various functional limitations. However, it was
found that different configurations represent different trade-offs of upper and lower-limb
contribution. Thus, a best-design-for-all solution could not be made that would fit all the
needs of all, as different participants preferred different armrests configurations that suited
their strength and stability needs.

Future w ork

Armrest vs Transfer Poldt may be valuable to consider the potential of transfer poles vs
armrests for certain users. A trade-off might be found where transfer poles could provide
more stability than armrests. Due to the relatively lower and horizontal position of armrests,
users would lose contact at a much earlier time point compared to transfer poles. Transfer
poles offer the ergonomic advantage of being vertically oriented, where being in the
direction of the standing trajectory allows users to grasp for longer periods of time. However,
they could become disadvantageous if sufficient horizontal momentum is a priority, or for
individuals who have difficulty pulling themselves up due to shoulder muscle weakness as is
common to many older adults according to our clinical colleagues. Poles that are placed in
the center could also obstruct the motion of the STS transition. Vertical forces applied to
armrests in [69] are greater than the vertical forces applied to poles in [8], as well as grab

bars in previous literature [16][59]. This is likely due to the shoulder joint being more directly
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above the point of load application on the armrest, and thus, pushing down becomes more
favorable than applying a vertical force to an anteriorly positioned pole. However, greater
pulling forces exerted onto poles are much easier and could yield a better advantage over
armrest. In this study pulling forces were also found to be much more favorable in far and
high conditions, thus, a middle solution can be found between transfer poles and armrests.
Further research will need to be conducted to confirm the trade-off between armrests and

transfer poles.

Recommendations to TherapistJhis research was able to provide valuable insights on the
effects of various armrest configurations on upper and lower extremity exertion and could
recommend an armrest design that could represent the best trade-off for individuals with
different strength and stability needs. Thus, a guideline could be produced for therapists to
recommend armrest configurations for their patients depending on their functional

limitations.

Adjustable Armrest ProducGtThe results of this research could also be potentially used to
launch an adjustable armrest product. The product could either be installed onto a seating
device or be used as a detached unit. A concept of a detached armrest unit incorporated
onto a chair and a toilet is shown in Figure 45 and Figures 46-47, respectively. The product
can span a broad range of AP and height hand placement positions to assist a broad range of
individuals depending on their functional limitations and needs. As such, median and
standard deviation values for close-low and far-high positions can be derived from this study
and be used as the design parameters for the product, as shown in Figure 45. The product
might be most suitable for toileting applications as the bathroom vicinity is generally most

appropriate for permanent installation. A toilet, being bolted to the ground, can also
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withstand considerable pulling forces and thus would be a good fit if the armrest product

was portable as well.
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Figure 45: Armrest product with median and standard Figure 46: Armrest product with toilet use
deviation values for close-low and far-high configurations
from this study; with chair use

Figure 47: Three-dimensional view of armrest product with toilet use
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Appendix B — Data Tables for Outcome Measures

The sign convention used for moments about the sagittal and frontal planes is as follows:

Sagittal Plane Frontal Plane

In other words, the sagittal plane moments result in flexion/extension moments (hips and
knees) as well as dorsiflexion/plantarflexion (ankles), while the moments seen in the frontal
plane represent abduction/adduction movement.

Data for all outcome measures are listed for each of the three armrest AP positions for each
of the three following armrest heights:

Close Middie Far Close Middle Far

Low Medium
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Joint Angles (sagittal plane)

Table 6: Mean and standard deviation values for joint angles (flexion, dorsi/plantar-flexion, and flexion) across all armrest configurations in the sagittal plane

Armrest height LOW MEDIUM HIGH

Armrest AP Position Close Middle Far Close Middle Far Close Middle Far
S Max EL () 22.63 20.63 22.45 21.12 19.39 15.79 15.36 13.38 11.84

(11.67) (11.84) (12.53) (7.95) (11.87) (11.74) (11.38) (10.55) (12.30)

Max DF (* 19.16 19.98 20.99 19.70 21.06 21.57 19.24 20.93 18.44

T (5.73) (6.18) (7.17) (3.86) (8.41) (7.86) (7.37) (8.99) (8.17)
Min PF (°) 7.96 6.59 8.79 7.27 9.93 8.13 7.35 7.83 9.61

(5.43) (2.98) (6.48) (5.49) (8.16) (6.33) (5.29) (4.65) (6.45)

Max DF (* 17.81 15.20 15.17 15.14 15.84 18.47 16.71 18.72 13.39

Right Ankle (8.00) (13.17) (12.74) (11.89) (12.74) (9.02) (8.66) (9.94) (12.07)
Min PF (°) 8.38 4.59 4.73 5.07 5.31 7.57 6.26 7.14 3.21

(6.04) (10.88) (11.79) (9.81) (10.90) (5.05) (6.16) (5.70) (10.47)

Max ET (°) 91.97 90.96 92.88 91.62 91.84 92.94 90.24 91.39 92.21

T (7.71) (9.14) (10.04) (8.90) (11.29) (8.22) (9.70) (10.55) (9.41)
Min ET (°) 9.93 10.01 10.46 10.71 10.88 9.39 10.15 10.58 10.08

(9.41) (10.24) (11.21) (11.28) (9.40) (9.44) (9.51) (9.99) (10.44)

Max ET (°) 88.21 88.76 89.52 90.32 88.38 89.18 88.28 89.82 88.70

Right knee (11.59) (12.48) (12.43) (10.48) (11.94) (11.53) (12.52) (13.32) (12.80)
Min ET (°) 11.68 11.28 11.81 11.50 10.65 9.92 10.57 8.75 9.08

(13.10) (11.14) (11.88) (12.90) (12.07) (11.98) (10.80) (11.43) (11.65)

Max EL () 107.44 108.25 107.94 107.30 110.88 108.38 111.56 109.81 103.46

Left hip (26.94) (28.30) (28.69) (27.62) (27.31) (25.14) (24.69) (22.63) (27.75)
Min FL (°) 19.34 18.61 20.39 18.71 20.40 8.50 20.78 18.23 20.03

(17.40) (13.84) (14.40) (14.68) (14.05) (43.48) (14.71) (17.74) (14.89)

Max EL () 110.57 111.19 111.35 107.15 107.17 105.77 105.73 104.88 103.04

**Right hip (30.08) (27.82) (31.87) (27.97) (30.08) (26.60) (26.62) (27.21) (29.75)
Min FL (°) 21.35 19.01 22.26 19.75 20.75 16.55 21.56 19.93 19.82

(18.35) (17.57) (15.24) (16.33) (15.97) (27.32) (17.01) (15.66) (15.44)

*Trunk p<0.0001 across AP position, p<0.0001 across height. **Right hip p<0.001 across AP position, p<0.0001 across height
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Joint Angles (frontal plane)

Table 7: Mean and standard deviation values for joint angles (eversion and adduction) across all armrest configurations in the frontal plane

Armrest height LOW MEDIUM HIGH

Armrest AP Position Close Middle Far Close Middle Far Close Middle Far
5.80 5.82 5.84 6.61 5.40 7.36 4.94 5.44 5.63

Left ankle | MaxEV (°
eftankle | MaxBV() | 5 /o) (2.70) (2.72) (5.57) (3.12) (4.63) (2.49) (2.55) (3.19)
5.86 5.84 6.02 6.05 5.73 5.63 5.98 5.96 5.75

Right ankle | Max EV (°
ight ankle | MaxEV (") | 35 (3.46) (3.32) (3.74) (3.30) (3.02) (3.00) (3.28) (3.41)
eftknee | MaxaD () | 2402 13.09 14.02 13.89 13.66 15.71 14.75 13.62 13.10
(6.82) (6.39) (7.44) (6.26) (5.96) (8.62) (9.21) (6.10) (8.27)
Right knee | Maxap () | 1288 12.01 12.87 12.03 12.99 11.08 12.07 11.26 11.20
2 (5.37) (5.42) (4.82) (3.77) (4.15) (3.39) (5.17) (3.56) (3.44)
efthio | maxan() | 1370 13.49 12.63 12.71 13.63 16.99 18.23 17.58 12.89
s (3.41) (3.79) (3.91) (3.21) (4.87) (11.50) (15.61) (14.67) (3.62)
Righthin | Maxap () | 1399 16.49 11.33 12.86 13.16 15.63 16.23 13.75 13.50
A (9.27) (17.43) (8.42) (10.04) (10.00) (15.74) (17.60) (9.48) (10.64)
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COM and COP

Table 8: Mean and standard deviation values for peak COM velocity, COM-BOS distance at seat-off, COP area, and COP angle

Armrest height LOW MEDIUM HIGH

Armrest AP Position | Close | Middle Far Close | Middle Far Close Middle Far
\'\//'a;x " 22 23 20 20 22 21 20 21 21
(n‘; /‘_:;' y (.03) (.04) (.05) (.03) (.04) (.06) (.09) (.07) (.07)

COM
g‘izt"g;ig?at 11 10 10 09 11 10 11 11 12
ceat.off) (m) | (05) (.04) (.04) (.04) (.04) (.04) (.04) (.05) (.04)
*COP Area | 3039 | 3337 | 2651 | 24.97 23.59 18.51 26.10 25.04 18.13

e (cm?) (22.95) | (22.90) | (17.27) | (14.21) | (1496) | (9.10) @ (16.47) | (16.17) (9.89)
COP Angle | 109.77 | 102.00 | 111.79 | 115.67 | 101.36 83.26 | 114.51 24.41 97.72
©) (32.76) | (22.19) | (28.46) | (34.30) | (95.88) | (94.41) | (33.76) @ (136.43) | (34.25)

* COP area across armrest AP position (p<0.01) and height (p<0.05)

Table 9: Mean and standard deviation values for COM-BOS distance across armrest configurations

Armrest height LOW MEDIUM HIGH

Armrest AP Position | Close | Middle | Far | Close | Middle | Far | Close | Middle | Far
COM-BOS A1 .10 .10 .09 A1 10 | .11 11 12
Distance (m) (.05) (.04) (.04) | (.04) (.04) (.04) | (.04) (.05) (.04)

88



Joint momen ts (sagittal plane)

Table 10: Mean and standard deviations for peak moments about the sagittal plane (N-m/kg)

Armrest
height LOW MEDIUM HIGH
A t AP ) . .

rnrr.es Close | Middle Far Close Middle Far Close | Middle Far
Position
*Left Ankle -0.27 -0.30 -0.30 -0.24 -0.24 -0.27 -0.24 -0.28 -0.27
(plantarflexion) = (0.13) (0.13) (0.13) (0.16) (0.15) (0.14) (0.21) (0.14) (0.16)
*Right Ankle -0.30 -0.27 -0.24 -0.17 -0.23 -0.22 -0.20 -0.18 -0.22
(plantarflexion) | (0.19) (0.24) (0.17) (0.15) (0.16) (0.15) (0.22) (0.16) (0.19)
*| eft Knee 0.64 0.68 0.70 0.62 0.69 0.69 0.67 0.73 0.70
(flexion) (0.17) (0.13) (0.15) (0.20) (0.16) (0.17) (0.19) (0.17) (0.16)
*Right Knee 0.62 0.65 0.71 0.57 0.68 0.73 0.62 0.71 0.70
(flexion) (0.34) (0.30) (0.35) (0.38) (0.34) (0.31) (0.40) (0.28) (0.35)
Left Hip 0.56 0.60 0.64 0.56 0.60 0.64 0.62 0.59 0.67
(flexion) (0.34) (0.37) (0.36) (0.32) (0.27) (0.27) (0.27) (0.27) (0.26)
*Right Hip 0.45 0.46 0.51 0.33 0.44 0.49 0.34 0.45 0.47
(flexion) (0.28) (0.25) (0.26) (0.21) (0.19) (0.24) (0.26) (0.14) (0.23)

*Across armrest AP position: left knee (p<0.05), right knee (p<0.05), right hip (p<0.05)
Across armrest height: left ankle (p<0.05), right ankle (p<0.05), right hip (p<0.05)
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Joint moments (frontal plane)

Table 11: Mean and (standard deviations) of peak angles about the frontal plane (N-m/kg)

Armrest height LOW MEDIUM HIGH
':m?r.eSt AP Close | Middle Far Close Middle Far Close Middle Far
osition
FLeft Ankle -0.08 .0.07 -0.09 -0.07 -0.07 -0.08 -0.06 -0.08 -0.08
(0.08) (0.08) (0.10) (0.08) (0.07) (0.07) (0.06) (0.08) (0.07)
Right Ank| -0.03 -0.04 -0.03 -0.02 -0.03 -0.02 -0.03 -0.03 -0.03
Ight Ankie (0.05) (0.06) (0.06) (0.06) (0.06) (0.05) (0.06) (0.07) (0.06)
Left K 0.18 0.18 0.18 0.18 0.17 0.21 0.18 0.18 0.16
et fnee (0.07) (0.09) (0.08) (0.07) (0.04) (0.09) (0.09) (0.05) (0.05)
- 0.21 -0.19 0.21 -0.16 -0.22 -0.20 -0.17 -0.19 -0.21
ight fnee (0.15) (0.14) (0.14) (0.13) (0.15) (0.12) (0.14) (0.14) (0.15)
Lot Hi 0.31 0.28 0.30 0.30 0.29 0.29 0.35 0.33 0.30
et hip (0.16) (0.14) (0.17) (0.16) (0.15) (0.16) (0.20) (0.20) (0.17)
Rioht Hi -0.39 -0.38 -0.38 -0.31 -0.40 -0.36 0.32 -0.37 -0.37
ight Hip (0.28) (0.26) (0.25) (0.25) (0.27) (0.26) (0.24) (0.26) (0.27)

*Left ankle (p<0.05) across armrest AP position
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Armrest Force s

Table 12: Mean and standard deviation values of peak individual, dual, and total net armrest forces in the AP, ML, and vertical directions (N)

Armrest height LOW MEDIUM HIGH
Armrest AP Position Close | Middle Far Close | Middle Far Close | Middle Far
T 36.60 43.86 47.44 30.49 4558 54.57 44.78 49.04 53.46
(35.13) | (54.79) | (45.20) | (28.40) | (47.02) | (55.38) | (44.33) | (51.86) | (46.86)
vRicht armrest | 3821 49.41 49.07 27.94 46.30 47.98 42.97 52.54 55.80
AP 8 (36.75) | (58.39) | (45.96) | (24.62) | (49.10) | (52.37) | (43.94) | (49.00) | (47.06)
R 74.13 92.29 96.04 56.38 90.61 100.92 86.16 100.82 | 107.73
(71.83) | (112.78) | (90.53) | (52.58) | (96.15) | (107.88) | (87.81) | (100.69) | (93.98)
R 15.17 14.55 13.20 16.00 18.08 13.75 14.93 14.50 15.90
(16.43) | (20.24) | (23.74) | (19.77) | (22.67) | (26.15) | (1850) | (18.41) | (31.69)
ML | Right . 15.26 16.40 15.98 16.65 18.24 15.59 18.14 15.33 20.77
Ight armres (15.14) | (17.65) | (17.21) | (20.11) | (20.20) | (19.04) | (1834) | (15.30) | (26.81)
A 21.95 25.41 27.41 28.24 32.14 29.12 31.67 25.14 32.92
u (26.68) | (33.78) | (37.69) | (36.84) | (38.59) | (43.98) | (36.33) | (3165 | (57.19)
e 75.58 64.56 42.90 80.93 62.66 38.65 67.05 53.84 40.01
(53.26) | (44.61) | (32.54) | (39.88) | (41.20) | (21.88) | (37.47) | (37.50) | (28.99)
Vertical | Right armrest | /28 59.98 35.65 82.31 51.44 39.09 70.56 53.03 33.56
€rtica g (54.94) | (41.01) | (25.17) | (47.77) | (36.01) | (23.48) | (4432) | (47.24) | (25.55)
*Dual armrest | 15216 | 122.99 73.68 15950 | 107.05 77.04 130.82 | 104.73 72.02
(106.14) | (83.52) | (49.90) | (86.89) | (63.52) | (41.61) | (78.81) | (82.40) | (47.00)
Total resultant armrest force | 18438 | 17650 | 14011 | 18113 | 16102 | 14333 | 17504 | 157.52 | 14674
u (104.24) | (120.59) | (89.44) | (79.53) | (93.18) | (96.94) | (82.75) | (106.80) | (85.64)

*Across armrest AP position: left AP (p<0.01), right AP (p<0.001), left vertical (p<0.001), right vertical (p<0.001), dual AP (p<0.05), dual vertical (p<0.001)

Across armrest height: left AP (p<0.05), right AP (p<0.01), dual AP (p<0.01)
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Ground Reaction Force

Table 13: Mean and standard deviation values of peak individual, dual, and total net ground reaction forces in the AP, ML, and vertical directions (N)

Armrest height LOW MEDIUM HIGH
Armrest AP Position Close | Middle Far Close Middle Far Close Middle Far
* 49.85 61.95 59.90 44.32 60.54 61.30 57.03 58.12 66.62
Left foot
(32.05) | (47.95) (32.78) (27.65) (35.45) (43.53) (38.81) (41.34) (41.83)
o 51.92 62.71 68.08 51.59 64.09 72.45 62.96 68.25 73.27
AP Right foot
(44.25) | (60.31) (50.53) (40.22) (52.72) (51.61) (52.45) (53.60) (49.41)
* 98.65 121.65 124.41 93.00 120.51 129.80 114.73 122.30 138.68
Dual feet
(70.52) | (104.74) | (79.99) (59.65) (83.03) (93.98) (85.34) (92.72) (89.08)
25.79 27.35 25.97 25.84 26.88 25.04 25.87 26.07 28.08
Left foot
(13.13) (12.05) (12.76) (13.33) (13.49) (12.90) (11.87) (13.14) (14.73)
P 6.05 6.51 8.10 5.53 8.71 8.58 11.69 9.88 9.01
M |_ Right foot
(13.20) (15.93) (16.87) (15.43) (14.21) (13.57) (17.99) (15.44) (15.25)
52.91 53.26 50.98 53.25 51.59 50.52 49.95 51.29 53.93
Dual feet
(22.61) (22.69) (21.52) (23.63) (23.30) (21.56) (20.80) (22.13) (26.62)
426.59 427.05 430.34 418.41 418.82 437.80 413.38 453.14 441.57
Left foot
(157.15) | (167.20) | (168.20) | (154.17) | (157.05) | (161.89) | (170.12) | (163.86) | (164.66)
. . 436.44 445,75 451.26 428.85 433.15 418.60 420.60 414.26 417.48
*Right foot
Vertical g (94.83) | (114.37) | (126.21) | (90.92) (95.89) (96.05) | (107.45) | (89.56) (93.93)
780.82 796.13 786.77 769.21 777.93 780.29 766.03 779.70 784.39
Dual feet
(207.46) | (237.44) | (216.06) | (196.65) | (214.18) | (208.20) | (224.50) | (211.19) | (212.30)
Total resultant ground 784.61 800.72 792.17 773.17 782.74 786.93 772.43 785.77 791.01
reaction force (211.28) (242.79) (222.98) (199.83) (219.46) (216.18) (227.44) (217.86) (216.70)

*Across armrest AP position: left AP (p<0.05), right AP (p<0.01), dual AP (p<0.01)
Across armrest height: right ML (p<0.05), right vertical (p<0.01)
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Temporal parameters

Table 14: Time to complete STS transfer for each participant across all armrest configurations

Participant 2 4 5 6 7 8 9 10 11 |Average StdDev
CONFIGURATION Time to complete Sit-to-Stand (seconds)

close-low 2.96 | 3.58 | 2.65 | 5.09 | 4.04 | 532 | 555 | 2.89 | 3.98 4.01 1.10
close-med 379 | 474 | 236 | 549 | 39 | 473 | 474 | 3.05 | 4.13 4.10 0.96
close-high 2.53 | 3.98 | 256 | 5.63 | 444 | 442 | 531 | 448 | 473 4.23 1.08
middle-low 2.46 | 4.87 | 246 | 422 | 405 | 419 | 559 | 3.34 | 43 3.94 1.04
middle-med 27 | 418 | 312 | 514 | 3.44 | 464 | 483 | 3.42 | 3.75 3.91 0.83
middle-high 2.64 | 3.05 | 3.13 | 531 | 413 | 5.82 | 6.22 | 4.03 | 3.59 4.21 1.29
far-low 3 374 | 233 | 536 | 405 | 504 | 591 | 3.08 | 4.14 4.07 1.19
far-med 337 | 3.89 | 299 | 5.16 | 421 | 466 | 423 | 2.86 | 3.93 3.92 0.75
far-high 3.75 | 404 | 238 | 47 | 425 | 505 | 404 | 2.75 | 3.94 3.88 0.85
Unassisted 2.98 | 3.64 | 3.47 | 395 | 328 | 403 | 521 | 2.82 | 3.74 3.68 0.70
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Appendix C — Sample Plots for Outcome measures

Appendix C.1 - Knee Moments (sample data from participant 6)
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Appendix C.2 — Ankle Moments (sample data from participant 6)
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Appendix C.3 — Hip Moments (sample data from participant 6)

Left Hip Moments - Sagittal Plane
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Appendix C.4 — Additional outcome graphs (sample force data from participant 6)
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Appendix C.5 — Additional outcome graphs (sample kinematic data from participant 6)
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Appendix C.6 — Additional outcome graphs (sample COP data from participant 6)

Centre-of-Pressure in ML direction
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Appendix C.7 — Additional outcome graphs (sample COP data from participant 6)
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Appendix C.8:

Relationship of joint moments across AP position with height
fixed at medium
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Appendix C.9:
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