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Abstract

A significant number of non-institutionalized old=glults have difficulty rising from a chair.

Although there exist several assistive devicesdaith sit to stand, there is a lack of reseatwit t
compares and analyzes various modes of assistedss#nd to characterize their relative
effectiveness in terms of biomechanical metricsaddition, few existing assistive devices havenbee
designed specifically to share between the usett@ndevice the force required to rise, an approach
that has the benefit of maintaining both the mgbdnd muscular strength of the user.

This thesis advances our understanding of diffemedes of load-sharing sit to stand through
empirical quantification. A specially-designedtsitstand test bed with load sharing capabilities w
fabricated for human-subjects experiments. Intamdio an unassisted rise and a static assisg @sin
grab bar, three mechatronic modes of assist, atethe waist and arms, were implemented. The test
bed employs a closed-loop load-sharing control meht® require a user to provide a portion of the

effort needed for a successful rise motion.

Experiments were performed with 17 healthy olded@dusing the five aforementioned modes of
rise. Force and kinematic sensor measurementsettduring the rise were used as inputs into a
biomechanical model of each subject, and each rabdse was evaluated based on key
biomechanical metrics extracted from this modedtmeg to stability, knee effort reduction, and rise
trajectory. In addition, a questionnaire was adstémed to determine subjective response to and

preference for each rise type.

Results show that the seat and waist assists gratadistically significant improvements in ternis o
stability and knee effort reduction, while the aand bar assists do not provide any biomechanical
improvement from the unassisted rise. The assiett preferred by the subject were the seat and bar
assists. Because of subject preference and bi@nmeth improvements, of the modes tested, the seat
assist was determined to be the best mode of pngvaksistance with sit to stand.
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Nomenclature

Assist End: the point in time at which the subject loses aohwith either the seat or waist assist

mechanism

Biomechanical Metric: One of five measures based on the kinematicgrmardics of the sit-to-

stand motion used to evaluate the effectivenesg-td-stand assists.
CoM: Center of Mass
CoP: Center of Pressure

DVR: Dominant Vertical Rise. This STS strategy israelaterized by a lowering of upper body
anterior momentum at liftoff along with a cessatidriorward trunk flexion, followed by knee

extension and dominantly vertical momentum.

ETF: Exaggerated Trunk Flexion. This STS strategsheracterized by deep trunk flexion prior to
seat-off that places the center of mass over hieafed results in a delay of trunk extension dutirey

transition to an erect position.

Load Sharing: The concept of sharing the knee extensor eféaptiired for sit-to-stand between the

user and the assist when rising with assistance.

Movement End: The time at which the motion of the user ends fitme at which thigh extension

angular velocity reduces below 0.1 rad/s.

Movement Start: The time at which the subject initiates trunkite (the time at which trunk

angular velocity exceeds 0.1 rad/s).

MT: Momentum Transfer. This STS strategy is charetdrbya smooth transition of upper body

anterior momentum at liftoff to total body verticabmentum with continued anterior momentum,
RMSE: Root Mean Squared Error

Sagittal Plane:a vertical plane passing from front to rear thaideg:s the body into right and left

sections.
Seat-off: The point in time in the sit-to-stand motion dtieh the user loses contact with the chair.

Sit to Stand Trial: A single sit-to-stand motion
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Sit to Stand: The process of rising from a seated to a stanulisgion.

STS Mode: the particular method of chair rise, either uisied, bar-assisted arm-assisted, seat-

assisted or waist-assisted

STS: Sit to Stand
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Chapter 1 Introduction

1.1 The case for assistive robotics

Advancements in health related infrastructure,tgaéehnology, health awareness and medical
technologies among other factors over the pasticghtave enabled North Americans to live longer
lives. As a result, Canada has an aging populatitnprojections indicating that by 2026 one inefiv
Canadians will be 65 or older, an increase fromioregght in 2001 [1]. The 2009 Statistics Canada
Year Book has indicated that aging Canadians reqssistance in activities of daily livingADLS)

and that a significant portion of this assistarsceurrently being provided by people over the &ge o
45 [2]. Over the next twenty years, these agimggigers will make up a proportionally much larger

group of seniors, and this will result in a lackpabple able to provide care for older persons [3].

In addition to Canadian statistical surveys, theRIRA(American Association of Retired Persons)
completed a national survey on independent livimg) @isability in 2003 [4]. Their principal finding
was that persons 50 years and older with disadslgtrongly prefer to live independently in theimo
homes over other alternatives. It was also ndtatihany persons with disabilities have unmet needs
requiring long term support services and assigtougpment in their homes. With the increasing
number of elderly people, and the shortage of healte dollars and workers to provide needed

support, alternate means must be examined in tvgeovide the necessary care for elderly people.

There is an ongoing worldwide interest in creat@thnologies that can assist people with ADLSs,
enabling them to: maintain their independence atdhoeduce their dependence on caregivers,
function independently, and increase their qualftiife, while reducing the financial burden
associated with in-home personal care. The usssi$tive devices has numerous general benefits.
Studies have shown that persons using assistivieadelvave greater self-reliance and are less likely
to depend on externally provided personal car¢gp] It has also been determined that providing
equipment assistance is a more efficacious strdtegeducing and resolving limitations in

comparison to personal assistance [7].

! Basic ADLs consist of self-care tasks, including: personal hygiene and grooming, dressing and

undressing, feeding oneself, functional transfers, elimination, ambulation [68].



1.2 Case for sit-to-stand (STS) assistance

Identifying unmet needs for personal assistancke agtivities of daily living among community-
dwelling non-institutionalized persons aged 70 yeard older was the focus of a study [8] that
examined data from the 1994 National Health IneaswEurvey’s Supplement on Aging. The results
showed that 20.7 % of those needing help to perfarenor more activities of daily living (an
estimated 629,000 persons) reported inadequatdasst. For specific activities of daily livinget
prevalence of unmet need ranged from 10.2% fongati 20.1% for transferring from a bed or chair,
thus inferring that transferring is the activityddily living with proportionally the greatest unime

need.

Difficulty in transferring, namely rising from a aln, is common among elderly people, affecting
more than 6% of community dwelling older adultsd®d over 60% of nursing home residents [10].
Rising from a chair is thought to be the most biochamically challenging functional task because of
the high hip contact pressure and large knee tergrealuced during the chair rise motion [11].
Consequently, ailments that commonly affect oldkits such as pain, reduced joint range of motion,
stiffness, arthritis, and muscle weakness ofteit tine ability to rise to a standing position [12
inability to rise, especially quickly, has beerkka to an increased risk of falling [13] and hip

fracture [14]. Falls can result in hospitalizatmminstitutionalization, causing people to lose th

independent lifestyle they previously maintained.

Rising from a chair is one of the most importagiLieements of maintaining an independent lifestyle
[15]. Accordingly, research into assisting peoplthwit to stand (STS) will have a high impact in
enabling seniors to maintain their independence véh help alleviate a problem that affects this

significant and growing segment of the population.

Presently there are a number of assistive deviwdadependent STS both available commercially
and in research and development. Commercial deuictude passive supports such as grab bars
and standing frames that provide stability as usses and active supports such as lift cushiafts, |
chairs, and powered standing devices that prould# the force necessary to rise to a standing
position. In the research and development phasggml configurations include STS aids that
combine walker systems with powered standing di@§[[L7] [18], an assistance system consisting of
a powered handrail [19] and a force assist systmmisting of a moveable bed system and support
bar [20].



Although there are a variety of research and cori@edlevices available for STS, there are few that
have been designed specifically to share the Ibathading between the user and the device.
Passive assist devices such as grab bars andrgjdradnes require upper body strength from users,
which may be difficult for frail elders [21]. Conercially-available active assist devices suchfas li
cushions reduce the knee strength required bygbeta rise [22] and thus may risk promotion of a
decrease in user strength and mobility over tiaintaining mobility by physical exercise is
important among mobility-impaired people as it ti@spotential to prevent further disability and
mortality [23]. Thus, a device that engages ther’'ssvailable strength in the STS motion by starin
the load required to rise has the benefit of maiirig both the mobility and muscular strength & th

user.

The design of a new generation of STS assistiveedswith load sharing capabilities requires
significant analytical and experimental work toatatine the best method of assisting persons to a
standing position. Unfortunately, there is a latkesearch that analyzes and compares various
modes of assistance in existing STS devices inraodeharacterize their effectiveness. The benefit
of such a comparative analysis is that it wouldwpebetter understanding of the biomechanics of
assisted STS and empirically characterize the @btnode of assisting a person to a standing
position. This information would help drive thestgn of new STS assistive devices, specifically
those that share the load required for standing.

1.3 Scope and objective

In view of the concerns and needs raised in Sedtidnthe overall objective of this dissertatiomas
provide an empirical quantification of different des of load-sharing STS to determine the best
mode. The hypothesis to drive this objective & there is a single mode of load-sharing STS
assistance that is better than all other mode=ring of the biomechanics of the motion and user
preference. To determine if this hypothesis is,tthis thesis proposes the development of a SXS te
bed with load sharing capabilities that characésrithe biomechanics of different modes of STS
assistance. Human subject experiments with thé&sstan provide both a biomechanical and
gualitative analysis of the STS process for heattldgr subjects and can be used to determine the
best mode of STS assistance.



To develop the test bed and identify of the bestenof STS assistance, the following sub-objectives

were proposed:

1. Based on a review of the difficulties that oldeulks currently face when rising from a
chair, establish evaluation criteria to addresseffectiveness of STS assistive devices in
addressing these difficulties.

2. Identify which modes of STS assistance to testcamdpare, based on research on the
main modes of STS assistance currently in use.

Design and build a STS test bed that providesdéetified modes of assistance.
Specify biomechanical metrics to quantitativelylaate the test bed assist modes based
on the established evaluation criteria.

5. Using the test bed, perform experiments with oktkrlts to collect data for analysis
based on the specified biomechanical metrics abgsufeedback.

6. Analyze the outcome of these experiments to deterithie best mode of STS assistance.

Ultimately, the information from these analyses barused to direct the development of new
institutional and consumer load-sharing STS assistevices as well as to provide guidance in

developing STS procedures.

Based on this process the contributions of thiskveoe: (i) the development of an assistive STS test
bed with load-sharing capabilities that can accowt® multiple assist load locations and
trajectories, (ii) a scheme for assessing the ssoofa particular mode of assisted STS based on
biomechanical load and motion analysis and quaddatser feedback, (iii) a characterization of each
mode of assist based on the developed schemeassagg the success of STS assist modes, and (iv)

a conclusion on the best mode of providing assistavith STS from the modes tested.

1.4 Outline of thesis

Chapter 1, Introduction: Discusses the motivatmrthis work and presents the objectives of the

thesis.

Chapter 2, Related Work: Characterizes the difies&rategies of STS and describes the specific
difficulties with STS experienced by older adultsalso presents an overview of existing STS
assistive devices and identifies the need for mbahanical and qualitative comparison of different

modes of load-sharing STS assistance.



Chapter 3, Validation Experiment: Details the depment of the experiment methodology through
a biomechanical analysis of unassisted STS inihegtiung adults.

Chapter 4, Simulation Study: Presents simulatiorkvemd discussions with physiotherapists that
resulted in the selection of the arms, waist aad ag the key locations for the test bed to provide

assistance with STS.

Chapter 5, Test Bed Design: Describes the fotbies design stages: the specification of funetion
design requirements; experiments with a criticatfion prototype to help quantify the force and
trajectory specifications listed in the functiodakign requirements; the design of the test batl; an

the validation of the functional design requirensdosdised on pilot studies with the test bed.

Chapter 6, Test Bed Experiment: Details the expaminwith the test bed, including sections
describing subjects, experiment design, data d@eand analysis, results, discussion of resalis,

a summary of the key findings of the experiment.

Chapter 7, Conclusions and Recommendations: Reeaaynopsis of the work completed in the
thesis and conclusions based on the key experifimelings. Recommendations are then proposed
for future work with the test bed and for the depshent of new STS assistive devices.



Chapter 2 Related Work

2.1 Introduction

Based on the need to study the biomechanics aftedssTS and develop new STS assistive devices
established in Chapter 1, this chapter discussesrexliterature pertaining to STS function in etd
persons and to current STS assistive devices.eVelap the criteria used to determine better modes
of assisting older persons to a standing positiaa,necessary to first characterize STS in teois

the biomechanics of the motion, including the idfaration of the difficulties experienced in
performing the motion. In addition, it is necegsar determine the main modes of assist basedeon th
existing published and practiced modes so thastebtl can be developed to study these modes of
assist. The biomechanics of STS in older persopsasented first, followed by a discussion on
existing modes of assisting persons to a standisgipn.

2.2 STS characterization

There is a significant amount of existing literattinat characterizes STS in functionally impaired a
healthy older persons. Schenkman et al. [24] cetagla quantitative characterization of STS in
older adults with functional limitations by exanmmgibody segment motions and determined that the
standing process consists of four phases, agdtestin Figure 2.1. Phase | (flexion momentum
phase) starts with initiation of movement and gndsprior to the buttocks being lifted from thease
Phase Il (momentum-transfer phase) begins witlbtiticks rising from the chair and ends at the
moment of maximum ankle dorsiflexion. Phase IXtémsion phase) starts just after maximum ankle
dorsiflexion and is completed when the hip finiskggension. Phase IV (stabilization) commences
with the end of hip extension and ends when theamstassociated with stabilization from rising are
completed.

Phase I Phase IT Phase III Phase IV
M Extensi Stabilization

Max Dorsiflexion End Hip Extension

Figure 2.1. The four phases of STS motiof24].
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The STS motion in older adults has been charaegtiito three categories based on observation of
3-D android representations of subjects during Zb§ These categories, illustrated in Figure 2.2,
consist of Dominant Vertical Rise (DVR), which rekwering of upper body anterior momentum at
liftoff along with a cessation of forward trunk fien, followed by knee extension and dominantly
vertical momentum; Momentum Transfer (MT), whickadives a smooth transition of upper body
anterior momentum at liftoff to total body verticabmentum with continued anterior momentum;
and Exaggerated Trunk Flexion (ETF), which cons$tdeep trunk flexion prior to seat-off that
places the center of mass (CoM) over the feet asdlts in a delay of trunk extension during the
transition to an erect position. The study conetuthat MT is the safest and most preferable gjiyate
for STS in older adults because of extra movenisnihg) and torque demands imposed by the other
strategies. The study also showed that peak ftarion can be used to characterize STS rise
strategy with the MT strategy characterized byakgeunk flexion of 51° (SD 3.8°).

Exaggerated Trunk
Flexion

Figure 2.2: The three strategies of STS motiof25]. The arrows on each figure show
the direction of motion during each phase of the ge. Phases of each rise are separated
by numbered time events as follows: 1 - Lift off, 2 maximum anteroposterior linear
momentum, 3 — maximum trunk flexion, 4 — maximum vdical linear momentum.

Arrows show the direction of motion during each phae of the rise.
7



2.3 Subject-related contributing factors to STS fai  lure and corresponding

assistive device evaluation criteria

Bernardi et al. [26] determined that STS movememtrag healthy seniors depends largely on three
factors, namely: trunk bending momentum, centenass position at seat-off, and lower limb
extensor muscle strength. Studies in STS amorngi@mally impaired older persons have shown that

failure in STS is also related to these factors.

A study in the biomechanics of failed STS in impdielderly [27] indicated two types of failure in
STS: a sitback failure, occurring when a subjesggionly slightly off the chair and then sits back
down; and a step failure, which occurs when subjaer unable to stop at the end of the STS motion
and take a step to stabilize themselves. The stodgluded that both types of failure are a resiult
poor momentum control, resulting from inadequatstyp@l coordination, and from weakness,

manifested in the form of insufficient momentum dmaer body torque generation.

Schultz et al. [21] determined that among functilgrinpaired seniors, STS strategy is such that
emphasis is placed on achieving postural statlityng the rise instead minimization of joint
torques. Hughes et al. [28] examined rise time flleion velocity, and center of mass/base of
support (CoM/BoS) separation in functionally imjgairolder persons rising from chairs of varying
heights. Results showed that subjects attempictease stability by increasing rise time and
decreasing the CoM/B0S separation at liftoff. B@ver chair heights, which increase the difficulty
of rise, subjects attempt to compensate by inangasiomentum generation by increasing hip flexion
velocity while maintaining the stabilizing strateg8ince increased momentum generation and
increased stability are generally at odds, thialtesn an inefficient and difficult STS strategy
leading to decreased success in rising from a cl@aiconcurrence with Schultz et al. [21], it appe
that subjects choose this strategy of STS becheyeptace more value on stability than on
successfully rising from a chair. Deshphandi ef28] associated poor STS performance with fear of
falling, thus fear of falling may be a contributorthe more conservative and less efficient STS
strategies noted by Schultz et al. [21] and Hughed. [28]. Two biomechanical measures are
primarily used to measure the stability of a SE8:rithe displacement of the whole body Center of
Mass (CoM) is used to measure static stability tfjpas balance) [28], and the displacement of the
foot Center of Pressure (CoP) from the foot ceateseat-off is used to measure dynamic stability
(postural stability) [21].



Muscle strength has also been studied in the cbofeXTS. Hughes et al. [15] determined that in
functionally impaired older persons, at lower chagights the knee extensor strength required ¢o ris
reaches 97% of the available strength, indicatiag $trength is a limiting factor in determiningth
lowest chair height from which functionally impairpersons can rise. A study evaluating the relative
importance of balance and strength in STS [30] kwiexl that lower extremity strength is a greater
predictor of STS performance in functionally imgairseniors. Concerning upper body loads, Schultz
et al. [21] found that the largest mean value oiusther torque for chair rise using armrests tosassi

the motion began to approach the maximum volurgagngth for elderly females. This suggests
that lack of upper extremity strength can be atétion for chair rise using upper body support.e&n
torque is the biomechanical measure predominasty tio measure strength in STS and was used in
the above mentioned studies by Schultz et al. [2dighes et al. [15], and Riley et al [27].

In summary, the literature on STS in seniors indisdhat STS difficulty can be causally related to
insufficient and or uncontrolled upper body momemigeneration, weakness in the knee extensor
muscles and shoulders, instability, improper cowtion of motion, and fear of falling. The
recommended strategy for STS is MT because it ieptEss movement timing and torque demands
than the other STS strategies. Accordingly, tregieof STS assistive devices should be evaluated
by how well they adhere to the following threeemid: i) reduction of the knee extensor effort
required for standing, ii) guidance through a MTSSTotion so that motion and momentum can be
properly coordinated, and iii) provision of a sen$stability and support throughout the motion.
The biomechanical measures of peak knee torquk,tpgz flexion, and CoM and CoP
displacement at seat-off can be used to quantigtavaluate adherence to the above three criteria.
These measures are discussed again in Chapteri&eddn the context of an experiment with

different modes of assisted STS.

2.4 The case for load sharing

While it is important that STS assistive devicelphieduce the required knee extensor strength for
standing, concerns exist among rehabilitation @sitals that habitual use of standing assistance,
mainly through lift chairs, may contribute to a@reted muscular degeneration due to muscle disuse
[32]. Although these concerns of disability froom$i-term lift chair use have not been studied & th
literature, it is known that physical exercise agnomobility-impaired people can help prevent further
disability and mortality [23]. Consequently, arsigive STS device that shares with the user the lo
required to rise can be a means of exercise i alddts to help prevent further disability and
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mortality. Repeated STS has been studied asstarse-training stimulus for home exercise using
the GrandStand System, a pressure cushion withf@daiback monitor attached [33]. Six weeks of
daily home exercise in which participants performegeated STS motion using this system resulted
in an improvement in subject balance as reportetthdBerg Balance Scale [34], a scale used to
measure balance in older people with impairmebiiance function. The results of this study
indicate that performing STS motions as a funcliteisk based exercise can help improve balance in
older subjects. Thus creating an STS device tlwiighes load sharing instead of simply reducing the
required knee extensor effort, in addition to thevpusly outlined design features of trajectory
guidance and stability, could prove beneficial kiping maintain strength and balance.

2.5 Commercial devices

Presently there are numerous commercially availdéléces to assist with rising from a seated
position for persons with a wide range of functicmaility. Passive devices (devices without
mechanical assistance) include wall grab barsoitets, ceiling pole grab bars for multi-purpose
locations, and bedrails for support when risingrfra bed (Figure 2.3). These devices are stability
and support devices, enabling a person to use Ungalgrstrength to aid in the standing process.
Furniture risers represent another low-tech stasitadevice category. They are used to elevate th
height of furniture to make it easier to shift wetigorward when rising, providing a lifting advag&a
[35]. Omera et al. [36] studied the effects oflatairal grab rail assistance on STS performance of
older adults. The use of unilateral grab rail stesice provided propulsion and safety during STiS bu
also introduced systematic asymmetric changesttjpimé moments and powers, resulting in
assistance to the ipsilateral ankle and hip jant$ contralateral knee joint but greater loadinth&o
ipsilateral knee joint and contralateral hip joifithe concerns of asymmetric loading and also the
lack of upper body strength discussed in SectiBrag the primary limitations of commercial
stability devices.

10



Figure 2.3: From left to right: wall grab bars, céling pole grab bar, bedrail [35].

In addition to passive STS assist there are alsurercially available active STS assistive (devices
that provide mechanical assistance). These deg@esst of lift cushions, lift chairs, and powered
stand assist devices (Figure 2.4) and provide nméchlaassistance by raising the user close to the
standing position. Lift cushions are devices plhicethe chair in which the user sits. When therus
stands up, a lever rotates the cushion about & poiot at the front of the cushion and pushes the
person to a standing position. Lift chairs are em# recliners that lift and tilt forward to help
transfer users from a seated to standing positRowered stand assist devices typically have a U-
shaped base with leg supports, a waist harnesa ver arm to lift the harness. Assistance is
provided by strapping the waist harness aroundi$iee and raising the lever arm to assist the aser t
a standing position. Powered stand assist desigegsed mainly as assistive devices in care homes
to raise residents who have some weight bearingotigpto a standing position for transfers, persona
care tasks, and dressing [35].

Figure 2.4: From left to right: lift cushion, lift chair, powered stand assist devicg5].
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Studies have been completed on the use of lifrsliai assisting people with STS. These studies
have shown that lift chairs do not destabilize sigkring the assisted rise [37] [38] as evidena by
peak horizontal CoM velocity during the assistesg sivhich is similar to the peak horizontal CoM
velocity during the unassisted rise. However,asearch was located that established the level of
assist force required to facilitate individual mgi In addition, conflicting reports have been
published on the effects of lift chairs on kneealiog, as Wretenberg et al. [22] reported that knee
loads are reduced while rising with a lift chaingmared to unassisted rising but Munroe [39]
reported that knee loads are similar or greatemwlsing with lift chair assistance compared to
unassisted rising. Hence, further investigatiothefeffects of lift chairs on knee joint loadirgnc
help quantify the benefit of rising with assistafrcen such devices.

Ruszala and Musa [40] evaluated four types of coroigléy available equipment that assist patient
STS activities in physiotherapy. Equipment evadancluded a lift chair, a stand-and-turn aid, a
stand-and-walk aid, and a walking harness. Thaysietermined that the equipment that enabled
independent transfer (stand-and-turn aid andh#irg was beneficial in that it preserved dignitygla
allowed the patient to control the activity. Origlee concerns raised in the study was that none of
the movements generated by the equipment was@bdptoduce normal STS movement adequately.
However, the overall conclusion was that equipnuset provides greater consistency of patient
movement and is preferable to caregivers who us#riectly performed manual techniques for STS
assistance. Thus, equipment use has the poteantighlace manual lifting techniques, which would
help reduce the high incidence of caregiver wotlteel back pain and injuries resulting from manual
assist of STS.

In summary, the literature on commercial devicasghthat passive assists can facilitate STS, but
there are concerns of asymmetric loading and exeeksmding of the upper body. The powered
devices facilitate stable rising, but the levehesist force required to facilitate individual migihas
not been investigated, and conflicting reportspresent on the effectiveness of lift chairs in @dg
the knee loading as a person rises. These concmtingte the need to further study the
biomechanics of assisted STS to quantify the Ig¢atsed on joints and the stability and trajectdry o

the user.
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2.6 Research and development devices

Most powered STS assist devices current in researdlidevelopment are walkers with STS assist
functionality. Mederic et al. [16] developed ateiligent walking aid with STS assistance that is
provided by a two degree of freedom mechanism nezbioh an active mobile platform (Figure 2.5).
The mechanism controls a pair of handles that sipwll the user from a seated to a standing
position. The handle trajectory follows a natyrattern that was generated to adapt to the personal
feeling and strategy of STS transfer motion of easdr. In addition to maintaining a natural
trajectory of the user, the device provides arstigsiforce to maintain the stability of the usaséd

on a zero moment point calculation. Although thiker addresses the requirements of stability and
trajectory guidance in assisted STS, it does ndtemd the important assistance requirement of load
compensation, as there was no information in theystegarding joint load reductions during the
assisted STS motion. Conversely, a walker syst@gmSiI'S assist developed by Chuy et al. [17] did
focus on knee load reduction but was not able idegihe STS motion of the user or examine the
stability of the user during the rise.

Two STS assist systems that focused on all thiterierof stability, trajectory guidance, and load
sharing were developed by Chugo et al. One systemsists of a walker with a chest pad that
provides load assist [41]. This system is ablguiole the user in a trajectory close to a natural
physiotherapist assisted trajectory as well asaedoe knee load to a level that maintains user
strength. The force assistance is derived fromndral scheme that provides assistive load based on
the Zero Moment Point position of users as thay. rifhus, the system is also able to maintain the
stability of the user. The drawback of this sysisitinat the assist load is placed on the chetteof
user. This has the potential to inhibit breathicagyse discomfort, and harm users who have
conditions such as osteoporosis. The other sydsmloped by Chugo et al. consists of a bed that
moves up and down and provides force assistartte toser at the buttocks (Figure 2.5), and a two
degree of freedom support bar that stabilizes andeg the user through a natural trajectory [29].
control scheme was developed that combines positiatrol and force control to guide the rise
trajectory and share the load. Simulations weremeted using the control scheme and showed that
the system provides force assistance by reducmtptd on the knees while allowing subjects to use
their own physical strength. This system showetl ahseat based assist can prove beneficial fdr loa
assist and an arm mechanism can help provideisgadild trajectory guidance. The limitation ofghi

device is that it requires a special bed with aatnan the vertical plane.
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Figure 2.5: Left image: intelligent walking aid with STS assistanc¢l6]. Right image:
bed and bar systenj20].

Takahashi et al. [19] developed a STS assistarsterayconsisting of a moveable handrail that leads
the user to a standing position. Experiments werspleted on individuals with Parkinson’s disease
using three different handrail trajectories. Thalg concluded that a handrail trajectory thatasdul

on the shoulder trajectory of a normal healthyvidiial in the process of standing up can
successfully provide assistance as individuals nfimra a seated to a standing position. The
drawback of this system is that any assist forqgdieg by the system would be translated through one
shoulder of the user, thus making the handraikesystot very suitable for force assistance becafise o

large loads transferred through the shoulder.

In summary, a review of the literature on R&D dedgaceveals multiple modes of STS assistance.
Each assists aids with force compensation, stakitiz, and trajectory guidance to different extents
The seat based and chest assist systems are f§egeaal for load compensation while some of the
arm guidance mechanisms are beneficial for trajggoidance. A comparative evaluation of the
different modes of STS in research and developmemiell as those available commercially can help
guantify the best mode of assisting with STS.
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2.7 Rationale for proposed test bed

Research on STS as a functional task based exaraiger persons [33] and the importance of
physical exercise in functionally impaired peo@8a][as well as the load-sharing STS assistive
devices developed by Chuy et al. [17] and Chugd. ¢20] have identified the need of providing
load-sharing assistance to help maintain strermgiHbalance in older adults. Few existing assistive
devices incorporate load sharing. In additionhe&€S assistive device has strengths and
weaknesses, but a comparison of the different mofassisting users to a standing position to
determine the best mode was not found after a tigbroeview of the literature. Such a comparative
analysis would provide empirical data on the bestlenof assisting a user to a standing position.

Both of these problems can be solved by evaludtiagnain modes of STS assistance in a shared
load paradigm. This can be completed by develoaingssistive STS test bed with load-sharing
capabilities that will allow an investigation indifferent modes of STS assistance. Incorporating
load sharing in each mode of assistance will hélp the development of load-sharing assistance in
STS devices.

Evaluation with the test bed should examine how e&th mode of assist meets the needs of older
persons who experience difficult with standing.eTikerature concerning subject related factors tha
contribute to STS failure suggests that the mantrdautors to failure are weakness, instabilitygrfe

of falling, and poor coordination. Biomechanicatnts developed from the evaluation criteria of
knee extensor effort reduction, trajectory guidaacel stability can be used evaluate the ability of
each assist mode in the test bed to compensatteefee difficulties. Using the test bed to emplhca
determine the best mode of assisting a persondregated to standing position while incorporating
user strength in each mode will help give baselesign criteria for the development of new STS
assistive devices and will thus help provide agast with a challenging function experienced by a
significant population of older adults.

Before developing the test bed and evaluating thie Mmodes of STS assistance, it is necessary to
establish a valid method of evaluating the biomeuisaof STS. The next chapter (Chapter 3)
presents a validation experiment that was conductedtablish and validate an experimental
procedure and data analysis procedure to evaluateidmechanics of STS.
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Chapter 3 Validation Experiment

3.1 Experiment introduction

In the last chapters the motivation for a studgsdisted STS motion in older adults was presented,
leading to the proposal to develop a test bedudystiifferent modes of assisted STS. This chapter
develops a method of collecting data and evaluatiaghiomechanics of STS in the context of a
validation experiment with young healthy adultsfpeming unassisted STS. The chapter describes
the following details of the experiment: collectiohSTS data, evaluation of the data in terms it jo
torques and motions based on a rigid body biomeécalamodel and Newton-Euler analysis, and a
discussion of the validity of this experimental eggch based on results. The experimental procedure
and biomechanical model were developed similarigtter studies that analyzed the biomechanics of
STS [42] [43] [44]. Whereas most experiments anliftomechanics of STS used video or motion
analysis systems to obtain kinematic data [45kkiatic data in this experiment were obtained using
inertial orientation trackers attached to the shémilgh, and trunk of subjects. The outcomes f th
study will be used in the following chapter to dieyea STS simulation model. Furthermore, the
procedure and the method of analysis developedwilised in the STS experiments described in
Chapter 5 and Chapter 6.

3.2 Experimental procedure

3.2.1 Subjects
Three healthy male adults with a mean age of 2daBsy(SD, 2.4 years, range 18-23 years) took part

in the experiments. The average mass was 66.3Bd@(96 kg, range 54-75 kg) and the average
height was 175 cm (SD 6.5 cm, range 166-182 cm)

3.2.2 Setup and procedure

The equipment for the experiment consisted of tvexi6€ AMTI (Advanced Medical Technology
Incorporated) force platforms, three orientationsses (Xsens Motion Technologies) and a height
adjustable stool. The orientation sensors (5 x2%m size) were first zeroed to the world
coordinate frame and then attached to a standinjgswising tensor bandages. Sensors were
attached to the shank, thigh, and chest at the @fodadch segment. CoM location was determined
using approximate anthropometric coefficients basedegment lengths [46]. The subjects were

then seated on the stool, which rested on thesdhthe force platform. The seat height was
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adjusted so that the subject sat with thighs apprately parallel to the ground, and feet positioned
on the second force plate. Foot position was aimfdr all subjects and was symmetrical about the

longitudinal force plate axis. Figure 3.1 shows ¢guipment and experiment setup.

Bl Orientation Sensor

Head/Arms/Trunk

M3

- — — O Thigh

Height Adjustable

Chai : T
rl_ I _l?\ Y

] | Mi__ Foot |
Chair Force Foot Force
Plate Plate

Figure 3.1. Experiment setup. 0sis trunk angle, 0; is thigh angle,0uat is
head/arm/trunk angle. Body segment angles are maagd with respect to horizontal

plane.

Subjects sat with an erect trunk and arms foldedsacheir chest. Folding the arms across the chest
was a simplification included to prevent unmeastoedes from arm usage during the rise. This

simplification is consistent with experiment pratbi other STS studies [42] [43].

Subjects waited for a verbal cue before startiegSHS movement. After the verbal cue, the subject
rose at a self selected speed and, once standaigtaimed a still upright position until asked ® b
seated again. Subjects performed five trials iitkvforce plate and orientation sensor data were
acquired. Before the start of the trials the fqulzses were zeroed to correct for long-term @uiftl

the weight of the chair on the force plate. Toueasynchronization between force plate and

17



orientation sensor data collection, a countdowretimas programmed into the force plate data
collection program Graphical User Interface (GWiLabVIEW. When the start button on the
LabVIEW GUI was clicked, a five second count dowasvinitiated, and at the zero point, a green
indicator was lit and data collection started. ti#& same time the green indicator came on, the
experimenter clicked the start data collectiondrutin the orientation sensor data collection GUI so

that both programs would start data collectiorhatsame time.

3.2.3 Data collection

Anthropometric data were first collected from salge Subject weight was obtained from force plate
measurements and the subject height, shank leRgthdral condyles / medial malleolus), thigh
length (greater trochanter / femoral condyles), lagald/arms/torso length (greater trochanter/
glenohumeral joint) were measured. Body segmerfttes were found by palpation at joints to find
the point of rotation and measured using a meagtaipe and ruler which were used to an accuracy
of 0.5 cm (0.1 cm resolution each for tape andryul&€he anthropometric data were keyed into a

spreadsheet to calculate body segment mass, Ca#docand moments of inertia.

The force plate and orientation sensor data cadieetas initiated two seconds before the verbal ris
cue and lasted approximately five seconds for &@ah Reaction forces were collected from both
platforms at a frequency of 100 Hz and were dilyitidltered with a zero-delay, bi-directional,
fourth-order, low pass Butterworth filter at a aftfrequency of five Hz. This type of filter was
chosen to eliminate noise without any phase deldjtéring. The 6-axis AMTI force plates each
have a resolution of 0.1 N and are accurate wit#b6 of the maximum load (2% inaccuracy based

on crosstalk, 0.2% based on hysteresis, 0.2% lmsadn-linearity).

The orientation sensor measured three dimensimeglrl acceleration and angular velocity of the
motion. The sensor program automatically integrategular velocity to provide sensor orientation
data in the form of rotation matrices with rotatietative to the zeroed position of the orientation
sensor (sensor zeroed at start of trials). Trentation data provided by the sensor has an angular
resolution of 0.05° Root Mean Square (RMS) andreadyic accuracy of 2° RMS. Orientation sensor
data were also collected at a frequency of 100ndizfidtered in the same way as the force plate.data
The accelerometer data were gravity compensateddate the gravity force readings on the sensors.
All data filtering and gravity compensation caldidas were computed offline in Matlab after the

trials were completed.
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3.2.4 Data analysis

A four-link rigid body biomechanical model was createdétermine the joint torques during 1
STS motion as advocated Mak et al. [42] and Kuo [44] The model consisted of four rigid bo
linked segments representing the feet, lower Islgark), upper legs (thigh), and Head/Arms/Tr
(Figure 3.2).

Proximal Joint

T;

Head/ArmsTorso (segment 4)

O Thigh (segment 3)

Shank (segqment 2}
Distal Joint

Foot (segment 1)

Figure 3.2: The 4link rigid biomechanical model and a representativebody segmen
used in theinverse dynamics model. The body consists of 4 segnts connected b
three joints. Lgis the distance to the distal joint from theCoM and L is the distance to
the proximal joint from the CoM. T;; and F;; represent the joint torque and force
acting on the distal joint of the current body segrant (segmenti) from the proximal
joint of the previous body segment (segmeii-1). Gravity force (m;g) and acceleration
force (M;g) act at theCoM. T; and F; represent the joint torque and force acting on the

proximal joint of the current body segment

Symmetry across the mghgittal plane (plane dividing the body in halfgdndinally) was assumed
and therefore the model was created in a two dimmeakplane. Using the body segment kinem
data, force plate dynamic data, and subject antimeyfric data, the joint forces and torques v
calculated recursively using the New-Euler inverse dynamic analysis.
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¥ Forces =m;:a; i=1,..4 (3.1}

YMoments=La: i =1,..4 (3.2}
FE=F_y—m;g—ma (3.3)
T, =(LgxF—4)+ (L, xF) + Ty — L, (3.4)

The Newton-Euler analysis is based on computinglymamic equilibrium of body segments using
the Newton-Euler equations of translation and aangmlotion (Equations 3.1 and 3.2). Figure 3.2
shows a representative body segment of the biomézdianodel used in the study, with forces and
torques labeled. The joint forces and torques waleulated using Equations 3.3 and 3.4 starting
from the foot segment and working upwards. Théicedrground force and CoP underneath the foot
was determined from force plate data. The foreéepilirectly gave the magnitude of the vertical
ground force k;) and horizontal ground forc&,) and the CoP was determined using the moment
about the center of the force plaké,) and the vertical ground force (Figure 3.3). ddinis force

and CoP data, the joint forces and torque at thkkearere calculated through Equations 3.3 and 3.4.
Working upwards, the remainder of the joint foreesl torques were also calculated using Equations
3.3 and 3.4. A trajectory profile of the net jombments on each body segment for the duration of
STS were calculated and then normalized with rédpdmody mass times body height (Nm/(Kg*m)).

Peak values from these curves were extracted angared to literature peak values.

v = MxiFz

Figure 3.3: Foot center of pressure location.
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3.3 Results

3.3.1 Force-plate data

Figure 3.4 shows a time history of the verticattim forces of both chair force plate and foot#or
plate. At the start of the motion, the subjechkxhforward, resulting in a slight increase and
decrease in chair and foot forces, respectivelyis hcrease/decrease in force plate forces was use
to determine the time of the start of the motionc®momentum was generated through the lean
forward motion, the subject started rising from ¢hair, as indicated by the rapid drop in chaicéor
The time at which seat off occurred was determimefinding the time when chair contact force
reached zero. The end of the motion occurred wiechair vertical reaction stabilized to a steady
state value equaling the weight of the subjectis phint was determined as the time at which the

thigh segment first became perpendicular to themmpgigshown in Figure 3.5), that is at 90°.

Vertical Reaction Force

1000

T T
Seat Off [ End

Chair Force

""""" Foot Force

VR Feorce (N)

time (s)

Figure 3.4: Vertical reaction forces from chair face plate and foot force plate during a

representative STS trial.

3.3.2 Joint kinematics

A plot of angular displacements of body segmensagured from the horizontal plane) vs. time

during the STS movement is shown in Figure 3.%rward flexing of the torso occurred at the start

of the movement at an angle around 92°, extendiragtangle of 124° at seat off, and descending to
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81° after the end of the motion. Motion of thegthend shank began at seat-off, with the thigh

extending from 3° at seat off to 100° at the motod and the shank flexing forward from 103° at

seat off to a maximum angle of 118° and back to€8he end of the motion.
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Figure 3.5: Body segment rotation angles during agpresentative STS trial from a

40

20

single subject. Body segment angles are measuredrh the horizontal as shown in the

illustration on the right hand side of the figure.

3.3.3 Joint dynamics

Figure 3.6 shows a plot of normalized joint torgf@sa representative STS motion. The torque is

normalized with respect to the subject body masiiptiad by subject height, so that comparisons

can be made between subjects. Positive torquesatedhat the joint is being extended. At thetsta

of the motion there was dorsiflexion in the ankimi, with maximum dorsiflexion occurring at seat-

off.

This maximum ankle dorsiflexion was concutresith the peak hip and knee maximum

extension torques. From seat-off onwards the ankl® through a plantarflexion movement with

maximum plantarflexion torque occurring close te &md of the movement, and a steady state torque
at the Movement End higher than the initial torqiiée hip and knee extension torques decreased

from the maximum value at seat-off till they reatldeminimum steady state value at the STS

Movement End.
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Normalized Joint Torques During Sit to Stand Movement
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Figure 3.6: Normalized joint torques during a representative STS trial. Torques are
normalized to body-mass times height. Positive tques act to extend joints. Torques

are plotted with respect to the fraction of complebn of the STS movement.

3.3.4 Torque variability

Figure 3.7 shows a plot of joint torques from f&WS trials of a single subject to show intra-subjec
variability. The plot shows that joint torque &ejories are similar between trials for all threiafs.

The average peak joint torques and standard dewiatiross trials are summarized for each subject in
Table 3.1. Joint torques are averaged acrosdrals for subject 1 and five trials for subjecazd 3.
Figure 3.8 shows representative plots of the nammhljoint torques for each of the three subjexts t
show inter-subject variability. The average pemsktjtorques and standard deviation across the thre

subjects are summarized in Table 3.1.

23



Joint Torques From 4 Trials of a Single Subject During Sit to Stand Movement
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Figure 3.7: Joint torques during four STS trials d a single subject. Positive torques act
to extend joints. Torques are plotted with respecto the fraction of completion of the

STS movement.

Table 3.1: Average peak joint torques for three dojects.

Ankle Torque (Nm) | Knee Torque (Nm) Hip Torque (Nm)
Subjectl (n=4) 65.2 (4.8) 127.6 (7.7) 163.6 (11.8)
Subject2 (n=5) 32.0 (12.4) 110.2 (7.2) 133.6 (20.8)
Subject3 (n=5) 48.8 (8.4) 159.6 (16.2) 189.6 (21.0)

Values shown are means (standard deviations)
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Comparison of Normalized Joint Torques Between Thre e Subjects During Sit to Stand Movement
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Figure 3.8: Normalized joint torques during repreentative STS trials for each subject.
Torques are normalized to body-mass times heighfositive torques act to extend
joints. Torques are plotted with respect to the faction of completion of the STS

movement.

3.3.5 Discussion

The purpose of this study was to demonstrate iga¢xperimental procedure, biomechanical model,
and Newton-Euler analysis used in the validatigmeeixnent provide a reasonably accurate analysis
of the STS motion. The accuracy of the analysis vedidated through a comparison of the
maximum normalized joint torques calculated in #mglysis to the maximum normalized joint
torques calculated in a study of the STS biomedsanihealthy older adults [42], shown in Table
3.2. The peak ankle torque is 0.41 Nritikgf, which is lower than the 0.64 Nm kg™ reported in

the literature but within one standard deviatioD €50.14). The peak knee torque is 1.14 Nmrky

! which is very similar to the literature valuelof7 Nm kg'm™; and the peak hip torque is 1.39 Nm
kg™m™, which is high compared to the literature valu® &1 Nm kg'm™. This heightened hip peak
torque could be the result of exaggerated hip dleXiy the subjects in the present study. The geera
hip flexion of the three subjects in this study Wa&S while the average hip flexion of the six hieglt
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subjects in Mak et al. [42] was 30°. Since higtar is primarily used to counter the moment
resulting from the gravity load on the HAT segmehé, difference of 18° between peak hip flexion

in the present study and the comparison studgigraficant contributor to the heightened hip taqu
value. Another source for the discrepancy betwerjues obtained in this study and torques
obtained in the literature may be the age diffeesrin the subjects between the present study (mean

age 23 years, SD 2.4 years) and the literaturey $ti&] (mean age 69 years, SD 4 years).

Table 3.2: Comparison of normalized peak joint toques between inverse dynamics

analysis and literature values. Torque is normaliegd to body mass*body height.

Peak Torque Nm/(kg*m) Model Analysis (n = 3) Literature (n=6) [42]

Ankle 0.41 (0.09) 0.64 (0.14)
Knee 1.14 (0.11) 1.17 (0.27)
Hip 1.39 (0.09) 0.91 (0.17)

Values shown are means (standard deviations)

The shape of the joint torques graphs (Figurei8.8imilar to the shapes of the corresponding graph
in literature [42]. This shows that this studyyid®es an accurate method of obtaining a time hjstor
of joint torque variations relative to the stagasoff, and end phases of the STS motion. Intieddi
the graphs showing chair foot plate force (Figur® and body segment angles (Figure 3.5) have
similar shapes to the corresponding graphs iralitee [42]. This shows that the data acquisition i

this study is accurate.

The model used in this study assumed bilateral sstmynof joint torques and joint motions. The
validity of this bilateral symmetry assumption lpaeviously been investigated by Lundin [47]. The
study determined that there are joint moment asytni@seduring the STS task but concluded that
these differences, although statistically signiftzanay have small biomechanical significance. To
keep analyses relatively simple most studies, dintystudies by Mak et al. [42] and Schultz et al.

[21], assume bilateral symmetry in their analyseth® STS task.
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With regards to force plate accuracy, the acrobgestiaverage joint torques are the important force
plate related measures in this experiment andere¥periment described in Chapter 6. Table 3.2
shows that the standard deviation of the acrosgstfiverage peak ankle torque is 22% (0.14
Nm/(kg*m)/ 0.64 Nm/(kg*m)) of average peak ankleque reported in the literature study [42]. The
accuracy of the AMTI force plate is within 2.4%thé load on the plate (Secti&nror! Reference
source not found). Thus the accuracy of the force plate is shawet sufficient for this experiment
since the variability of the load on the plate ¢2.4f peak load) is much lower than the standard
deviation of the average peak ankle torque (22¢#eak ankle torque) in the literature study [42].
The force plate load variability can be directlyrqmared to the ankle torque variability since ankle
torque [Tankie) is directly proportional to the force plate 0@ orcepiatd (Tankie = Frorcepiatddankie Where

dankieis the distance from the foot CoP to the anklet)oin

With regard to orientation sensor accuracy, thenkichanical measure directly obtained from the
orientation sensor measurements is based on thenpek angle and this measure is used to evaluate
adherence of the STS rise to the MT strategy (disediin Sections 2.2 and 2.3 and applied in
Chapter 6). Scarborough et al. [25] distinguistiedMT strategy from the DVR and ETF strategies
by the peak trunk flexion: 51° (SD 3.8°) for the Mifategy rise, and 35° (SD 4.6°) and 64° (SD

5.4°) for the DVR and ETF strategies, respectivdBgcause there is at least a 13° mean difference
between the MT strategy and another rise stragegifference much larger than the 2° angular
dynamic accuracy range in the Xsens sensor, sansaracy should not cause an error in

determining the rise strategy based on the truiedidh angle. Thus the Xsens sensors are suffigient

accurate for measuring trunk flexion.

3.3.6 Conclusion

In conclusion, the completed study presents a ndedthanalyzing STS motion and has provided
results for reaction forces, joint angles, andtjoiloments during the STS movement. The
similarities between study and literature reacfmges and joint angle time history graph shapes
validated the accuracy of data collection. Alse shmilarity between the study and literature value
of normalized joint torques validated the accuraicthe model. The similarities in results between
this study and other studies that analyze the bibmar@cs of STS have validated the use of this
method for STS motion characterization and jointmaat calculations. In addition, the accuracies of
the force plate and the motion sensors have bemmrsto be sufficient for the purposes of this
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experiment and further experiments. Thereforeribthod of data collection and analysis used in this

study can be used in all subsequent experimentsvthaccur in the thesis research.

Based on this experiment, some recommendatiorfatiore STS studies using this approach are to:
use a more stable adjustable stool for chair cisesider asking subjects to rise using a rhythreat b

so that rise speeds will be consistent acrossti@ad use a method which enables faster and more
repeatable attachment/detachment of orientatioscseto the subjects than the tensor bandages used

in this experiment.

The next chapter presents a simulation study wiiemined different locations on the body to
provide STS assistance. This study was basedsonudated biomechanical model of a person rising
from a chair. The kinematic data obtained fromuhkdation experiment detailed in this chapter

were used as reference data for this simulated imode
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Chapter 4 Simulation Study

4.1 Simulation introduction

In the previous chapter a method of characteritiegoint motions and joint torques in unassisted
STS was established. The next stage in the thsito conduct a preliminary study on different
assist modes to see if there is an easily idebldigingle best mode of STS assist. A biomechhnica
model of a person performing STS was developedrnlation to test and analyze different modes of
assist. Results of this analysis helped directitfegn of the test bed by identifying the modes of
assist that merit further investigation. The vigfidf these modes of assist was discussed with
physiotherapists. Based on the simulation reguitsdiscussion with physiotherapists the locations

of assist to be provided by the test bed were tlec

4.2 Simulation model

The STS task was modeled using a modified thrdehtiverted pendulum model. The inverted
pendulum structure for modeling human sagittal @lkasks has been validated by Barin [48] and
used by Prinz et al. [49] in STS modeling. The slabnsists of three rigid body linked segments
representing the lower legs (shank), upper leggh#h and Head/Arms/Trunk (HAT). The HAT
segment of the model was modified such that theaion and upper arm are extended to allow for
assistance application at the forearm and upper ahme mass of the HAT segment was distributed
among the trunk, upper arm, and forearm. The misdglown in Figure 4.1. This simplified model
is an inherently unstable system that requiresiBl@tcontrol to maintain balance. Revolute joint
actuators were modeled at the ankle, knee, anghgangular position and velocity feedback was
used to implement closed loop balance control.
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Figure 4.1: Simulation model. 05 is trunk angle, 6, is thigh angle, Ouyar is
head/arm/trunk angle. Body segment angles are meagd with respect to the

horizontal plane. Gravity loads are labeled for eeh body segment.

4.3 Control of model

The control of the STS transfer was modeled usifegedforward and feedback controller that guided
the motion along a desired angular position andikangelocity trajectory. The simulated closed

loop system is shown in Figure 4.2.

(8.6)
- 8,8)
. PD controller Torque T Torque ( !
>, ; Plant
(Bref,dref) N C) (reflex gain) +® (J(filrr::t) a

Torque

Position Based

FeedForward Component

Figure 4.2: Control system of joints. (0, 9) represent the joint angle and joint angular
velocity (Bref, éref) represent the reference joint angle and joint angar velocity

obtained from a representative trial of the validaton study in the previous chapter.
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4.3.1 Feedforward component

The feedforward component of joint torque was ysedide the torque required to maintain each
body segment of the model in equilibrium accordim¢he current joint angle. The control law for

this component is shown in Equation 4.1.
T= D)8+ H(6,6)0 + G(6) (4.1)

In this equationD (8) represents the matrix defining the inertial comgaua of joint moments,

H(Q,é) represents the Coriolis component, &t@) represents the gravitational component of the
body segments. The predominant torque componehisrequation is due to the static gravity
component; (6), which is dependant solely on the current joirgles of the model. Also, it has

been shown that the dynamic component of the esquédi(6)6 + H(H, é)é) accounts for less than
10% of the torque required for standing [43]. Tthesinput to this controller was limited to the
current anglef() of the model. A time based prediction of thewdagvelocity and acceleratiofi,@)
using results from the validation study was usedHe angular velocity and acceleration components

of the control law equation.

4.3.2 Feedback component

Joint torques in human motion are produced inlparmuscle contractions and muscle viscoelastic
passive properties. Fitzpatrick et al. [50] hasmghthat joint stiffness is partially linked to fematk
reflex gain based on studying the effect of senfmggback on small perturbations during quiet
standing. This feedback reflex gain was used ideting human postural control by Bonnet et al.

[51], who modeled the reflex gain as a spring daggiystem at each joint.

Using this representation of reflex gain, a fee#ttfald controller was implemented in the model, with
the proportional and derivative gains represertiegstiffness and viscosity of the spring damping
system. Ankle stiffness and viscosity values vadrined from Loram et al. [52], knee stiffness and
viscosity were obtained from Zhang et al. [53] &ipstiffness and viscosity were obtained from
Cholewicki et al. [54]. All of these studies cheterized these parameters in the respective jaBits
function of joint position. This enabled a more@ate representation of joint stiffness than if a
single average stiffness value was used for each j@he inputs to the PD controller consistedhaf

current simulation joint angle and angular veloeity the reference angular position and angular
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velocity. The reference angle and angular veldc#tjectories were used to drive the mc
according to the kinematics orepresentativbuman unassisted STS trial obtained from

validation studyof the previous chapter

4.3.3 Simulation m odel with weakness

To test the different modeof assistance, weakness \simulated inthe model by saturating tl
maximum allowable applied knee torqtHughes et al. [15] showedHat knee extensor strength
limiting factor for STS in older adultand a study on failed STS Ryley et al [27] showed that the
maximum knee torque thainctionally impaire older adultsvere able to generate during a fai
STS attempt was 95 Nm. Tt, weakness was modeled by saturating the maximuniegpolrque tc
the knee joint of the model at 95 M

The weakened model wasabled to risdy an external assist applied to the model. Vat

locations of assistance were tested to determitheeiié was a particulbestmode. The assist modes,
i.e.,the locations to test STS assistance, were chasdlon a review of the mes of assist
employed by existing STS assistive devices as g&mlirChapter 2 anthrough ereview of manual
patient lifting techniques. The literature haswhdhat existing STS assistive devices predomiwg:
assist users at the buttodk€] [22] [37] and the arms [19] [16] [17] [18]A compilation of patier
handling techniques bollins [55] describing manual STS lifting techniques showedl tthere are
four different locations where assistance is apl to help patients with STS transfer: buttc, waist,
elbows, and upper arm®8ased on this informati¢, the buttocks, upper arm, and forearm v
chosen as the locations to apply assistance forsienulation Figure 4.3).

Upper ArnT ? e

Buttocks T
i
j
|"lll

Figure 4.3: Locations of applied assistanc on weakened model. Assistance is applit

at the buttocks, upper arm and elbow
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4.3.4 Control of weakened model

The previous control scheme of the model was mediifd allow for the testing of different modes of
STS assistance. A weakness and an assistance mempeere added to the control scheme as

shown in Figure 4.4.

P
. Assist Torque
{(8,8) Component
- 8,8)
. - PD controller Torque Torque ( '
S X | Plant
(Bref,oref) N ¢) (reflex gain) +® . (oint) e

Weakness
(Torque saturation)

Torque Position Based

FeedForward Component

Figure 4.4: Control system of joints for weakenednodel.

4.3.5 Weakness component

Weakness in the subject was modeled as torqueatiatuto the knee. The maximum torque
command to the knee joint was limited to 95 Nm.kl&rand hip torques were not saturated as they

typically are not limiting factors for elders whrperience difficulty with STS.

4.3.6 Assist component

The assist force was applied as an external loatlehody at the buttocks, elbow, or upper arm
(Figure 4.3), and was used to compensate for tlakmess imposed through knee torque saturation.
The inputs to this component were the current jaimgle and current knee torque command after
saturation. The assist component predicted thaiatad assist required to compensate for the knee
torque saturation and applied assistance to thegocordingly. The control law for this componen
is the same as control law for the feedforward radletr except the control equation was used to

compute the assist component in place of the lorgeié. Since the saturated knee torque was a
known input in the equation, the assist force wassttuted as an unknown into tfiep) matrix of
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the feedforward control law in place of the knegjte. Based on the current knee angle and current
saturated knee torque, the controller computecskest force required to compensate for the knee
torque saturation and calculated the equivalent jorque based on this assist force.

4.4 Simulation experiments and cost function

4.4.1 Simulation validation experiment

The first experiment in simulation involved the nbderforming unassisted STS transfer without
weakness imposed through knee torque saturatibis eékperiment was completed to validate the
simulation model by comparing the simulation bodgreent trajectories and joint torques to
reference body segment trajectories and joint &sabtained from a representative trial of the
validation study described in the previous chap@nce the model was validated as an accurate
representation of human body segment motions antt@ques, it was used to evaluate different

modes of STS assistance.

4.4.2 STS assist modes experiment

STS assistance was investigated by simulating &IrfSfer on a weakened model and applying
assistance force individually at the buttocks, ugpen, and elbow of the model. A cost function was
developed to determine which of the three assistas@rovided the best assistance. The cost
function consisted of three components: a stalilityyponent, an assistance component, and a joint

torque component.

4.4.3 Stability cost

The stability component evaluated the stability @farticular mode of assist by examining the Center
of Pressure (CoP) trajectory of the foot force migithe rise. Following the convention given in
Schultz et al. [21] where maximum stability duri@@S was characterized to be when the floor
reaction force is centered between the heels ay] tee deviation of the CoP from the foot center
was used as the measure of stability. The ankttiogeforce F,) and reaction momentA,) from

each simulated mode of STS assisted transfer vesietin Equations 4.2 and 4.3 to calculate the CoP

of the foot force. Figure 4.5 shows a diagramheffbot with the forces and moments included.

Froot = Fay 4.2)

L
Xeop = (Ma = Fay (3))/Froot 4.3)
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Figure 4.5: Diagram of foot with reaction force l@ations.

Assist modes were penalized in proportion to tis¢adice between the center of the foot and
maximum foot force center of pressure. Equatidnrdpresents the stability cost and
Figure 4.6 shows the cost function for stabilitakesation.

L
Cstability = Xcopmax/(?f) (4.4)

4.4.4 Assistance cost

The assistance component evaluated the amountr&afamal time put into assisting the model to a
standing position. The assist forégd;s), distance travelled by the assid}, @nd the assist time

(tassiy Were calculated for each mode of assisted ST®meed by the model and used as inputs to
the cost function. The force and distance wasipit to obtain the assist work. The maximum
assist work in all the simulations was less thab Mifh and the maximum assist time in all the
simulations was less than one second. Thus, Higt agork was normalized to a maximum work of
100 Nm and the assist time was normalized overxdaman assist time of one second. Cost function

penalties were incurred in proportion to how cltseassist work and the assist time was to the
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normalized values of work and time for a particuterde of assist. Equation 4.5 shows the assist

cost equation, and

Figure 4.6 shows the cost function for assistaweduation.

Cassist = 0.5(Fgssised)/100NM + 0.5¢4445¢ /15 (4.5)

4.4.5 Joint torque cost

The joint torque component evaluated the effecesach mode of assistance on the ankle and hip
joints. The inputs to this cost function were thaximum ankle and hip torques from each simulated
mode of STS assisted transfer. Assist modesékatted in an increase in maximum ankle and hip
torques [max_assiste from the maximum unassisted ankle and knee tofTig unassisigaWere

penalized. Cost function penalties were incurregroportion to how close the ankle and hip torques
in the assisted motion were to the maximum avaslatrique for the particular joinTax join). The
maximum values of joint torques were chosen acogrth the maximum available ankle and hip
joint torques in elderly adults [21]. If the as$sts maximum ankle and hip torques were less than th
unassisted maximum torques, no cost penalty wasriedt. Equation 4.6 shows the torque cost

equation and Figure 4.6 shows the cost functiofofat torque evaluation.

Ctorque (Tmax _assisted — Tmax _unassisted )/Tmax _joint (46)

Stability Assistance Joint Torque

Cost

C Heel Foot Toe No Max No Max Max Joint
Center Assist Assist Toraue Unassisted Toraue
Torque

Figure 4.6: Cost functions for stability, assistaoe, and torque evaluation.
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4.4.6 Total cost

The three components of the cost function were doatbaccording to Equation 4.7. Each
component of the cost function was given equal igmze and therefore weighted equally in the
equation. The effectiveness of a particular mddessist was determined by how close its cost
function value was to zero. A comparison of thstdonction results of each assist gave a

preliminary indication of the best mode of assist3TS assistance.

1 1 1
Ctotal = 5 Cstability + 5 Cassist + 5 Ctorque (4-7)

4.5 Results

Figure 4.7 and Figure 4.8 show the results of imellation validation experiment. In Figure 4.7eth
body segment angles during an unassisted simutat&dransfer were plotted together with the body
segment angles of the reference unassisted ST.SSiailarly, Figure 4.8 shows a plot of the
simulated joint torque trajectory during an unassisimulated STS transfer along with the joint
torques of the reference unassisted STS trial. réfegence values are representative of actual huma
body segment trajectories and joint torques obtiafrem the validation study described in the

previous chapter.
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Figure 4.7: Comparison of body segment angles beten simulation and

reference trajectories for an unassisted STS trial.
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Figure 4.8: Comparison of joint torque trajectories between simulation and

reference trajectories for an unassisted STS trial.

The body segment angle trajectory plot showsttiemotion of the simulated model closely
followed the reference motion for all joint segnweas indicated by the low Root Mean Squared Error
(RMSE) (Table 4.1), indicating that the PD coneplivas able to accurately output joint torque refle

gains to track the reference angle input to therober.

Table 4.1: Root Mean Squared Error of Body Segmerngle Trajectory.

Shank Thigh Trunk

RMSE 0.86 0.97 1.48

The joint torque trajectory plot shows that thegtes generated by the model had some deviation
from the reference joint torque trajectory as iatkd by the RMSE values (Table 4.2). Each of the
simulation torque curves is the sum of the feedéwdigravity compensation input and the PD reflex
input (discussed in Sections 4.3.1 and 4.3.2)orEiin the PD reflex input are due to the use of
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generalized PD gains based on average joint ssgfaed damping instead of subject specific joint
stiffness and damping. Errors in the feedforwas/ify compensation input are due to the use of a
time based prediction of the angular velocity aockéeration instead of actual model velocity and
acceleration in feedforward torque input computeioThe combination of these errors results in the

deviation of the simulation torque from the refe®itorque.

Table 4.2: Root Mean Squared Error of Joint TorqueTrajectory.

Ankle Knee Hip

RMSE 24.3 16.8 18.43

Although the RMSE values for joint torque trajegteras comparatively higher than the RMSE
values for the body segment angle trajectory, tbdahwas considered to be suitable to perform
further experiments investigating assisted STSe fElasoning behind this is twofold. First, thetcos
function only contains one component directly mditio the joint torques of the simulation; the othe
two components are primarily dependent on the jgfie of the simulation, which has been shown
to be accurate. Secondly, the purpose of thetads&I'S simulation experiments is to compare the
merits of the three modes of assist to each o#tiker than to an absolute standard, thus jointigorg
inaccuracies should not prevent a valid comparigdhe cost function results.

Figure 4.9 shows the results of the cost functiwelyssis that analyzed the effectiveness of theethre
modes of STS assistance. The overall resultseofadist function show that there is little differeni
the effectiveness of the three modes of STS assistalhe cost function values of stability were
similar for each mode of assist, indicating thathake modes of assisted transfer had similar
maximum center of pressure values about the fébe torque component of the buttocks assist was
higher than the upper arm and elbow assist. Thsdue to the fact that the buttocks assisted rise
resulted in a maximum ankle torque higher thamtl&imum ankle torques during the upper arm
and elbow assisted transfers. Conversely, thetdeste component of the buttocks assist cost was
lower than that of the other two assists sincesthew and upper arm assists required a greates forc

than the buttocks assist to raise the person tangisg position.
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Cost Function Results
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Figure 4.9: Cost function results for three modesf STS assisted transfer.

4.6 Discussion

4.6.1 Simulation results

The most important result of this study was the parison of the effectiveness of the three different
modes of assistance. The experiments investigdiffayent modes of STS assistance showed that
there is minimal difference in overall effectiveaas the three locations of assist based on the
similarities in the cost function results. Thiglicates that all three locations are viable fotHfer
investigation through a test bed that examinesi@sgie at these locations. Furthermore, the cost
function results for the upper arm and elbow assist very similar except for a slight difference i
the assistance cost. This suggests that it mawy logtion to combine these two assist modes into a

single mode of assist for the arms.

4.6.2 Expert opinion

4.6.2.1 Buttocks and waist assist

Advice from physiotherapists in the University aiftih Columbia Hospital (Joey Lijauco) and
Vancouver General Hospital (Joanna Lawrence, Hatdton, and Diane Cook) was obtained to
corroborate the results of the STS assistance ationl These experts advised that load assistance
for STS should be provided directly to the musthed are primarily used in the STS transfer, namely

the lower back and thigh muscles. Goulart [56]yael the electromyographic activity of muscles
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activated during STS transfer and showed that thiechas engaged in the execution of STS
movement are the quadriceps, hamstrings, and lupavaspinal (lower back) muscles. Force
applied to the buttocks will directly help reduagadriceps and thigh muscle requirements, thus it
was confirmed that the buttocks is a good locdkorassist. It was also suggested that the waist be
used as an assist location because assistaneevaaitt can help reduce the lower back muscle
requirements as well as quadriceps and thigh musglérements. In addition, the waist is used as

an assist location in commercially available patsanding assist devices [35].

4.6.2.2 Arm assist

The maximum load that can be applied at the shosiiddhumans is significantly lower than loads
that can be applied at the hip or knee [21]. Loaaring assistance applied at the arms is fully
transferred though the shoulders and can harmseldér frailty in the shoulders if excessive assist
forces are applied. Schultz et al. [21] also setggbthat inadequate shoulder strength can lim@ ST
ability in some frail people when rising with arest assistance. Thus, it was suggested by the
physiotherapist that that the arm assist be usathgty to guide the STS trajectory instead of

providing force assistance.

4.7 Conclusion

A simulation model was developed to perform a prglary investigation of different STS assist
modes to determine if there exists an easily ifiabte best mode of STS assistance. The results of
the cost function analysis of the assisted STSIsitions showed that there was no obvious best
mode of assist. Similarities in the cost functiesults for the upper arm and forearm assists have
validated the option of combining these assist radal® a single arm assist. Since the effectivenes
of both the buttocks and arm assists have beenrstmbe comparable, the test bed will be
developed to include both of these assist to fuithestigate their effectiveness in assisting idde
with STS. Discussions with physiotherapists topseiment the simulation study confirmed the
buttocks as a viable location for providing STSstasce. The functional purpose of the arm assist
has been modified to assist primarily with trajegtguidance rather than force assistance. In
addition, the waist has been added as a locatitest@ssistance in the Test Bed. The assistsnode

to be examined by the Test Bed are summarizeckifotlowing list.
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1. Seat assistAssist force will be applied at the buttocks ansistance will be used
primarily to help reduce the joint loads required $tanding.

2. Waist assist: Assist force will be applied at the waist and dasise will be used
primarily to help reduce the joint loads required $tanding.

3. Arm assist: Assistance at the upper arm and lower arm willdralined and the

assistance will be used primarily to guide the &&fgctory.

The next chapter (Chapter 5) presents the desiyreps and detailed design of test bed, including a
description of the seat, waist, and arm assist amsims developed in accordance with their

identification in this chapter as the locationptovide STS assistance.
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Chapter 5 Test Bed Design

5.1 Introduction

The literature review, consultation with clinicadperts, analysis and simulation presented ir
preceding chapters lad the idntification of the seat, waist, and arms as kejstessce locations t
be empirically evaluated inSTStest bed. Furthermore, based on the work repdamttte previous
chapters, the seat and waist assists were sefectedaluation in a force assance mode, while the
arm assist was selected for evaluation in a trajgguidance mode. The next step to achieving
thesis objective of providing an empirical quacttion of differenmodesof load-sharing STS was
to design and build a test beo provide assistance at these three locations.d&sign anc
development of the test bed involved four mainesaglustrated irfFigure 51. This chapter
describes the four test bed design stages: tloffispdon of functonal design requirement
experiments with a critical function prototype whquantify the force and trajectory specificas
listed in the functional design requirements; tesigh of the test bed; and the validation of

functional design requireamts based on pilot studies with the test |

Specify Functional Quantify design
Design requirements through

Requirements for experiments with a critical
Test Bed function prototype
est be

. Waist
Perform Pilot

Experiments with
test bed to verify
functional design
requirements are
met

Seat

Design and Build Test Bed
to meet functional design
requirements

Figure 5.1 Schematic of the test bed design process. Thesign process is initiated b

specifying target functional design requirements @p left corner of schematic)
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5.2 Test bed functional design requirements

Based on the research reported in the precedingensathe test bed must be able to provide

assistance with STS to older adult subjects as¢lag, waist, and arms. Assistance at the seat and

waist should primarily provide load-sharing kneggtee reduction, and assistance at the arms should

primarily provide trajectory guidance. These te=dl assistance requirements were translated into

four specific functional design requirements, prése as follows:

i.  Provide assistance at the waist and seat such tedr can rise from a normal chair
height (thighs parallel to the ground) to a stagdinsition, while ensuring that the user
provides a knee torque greater than 35% of the targee required to rise unassisted.

The knee torque range was chosen based on a siudyee torques during STS in
young and functionally impaired older adults [13he young healthy adults in this
study used 35% of their available knee strengtiistowhereas the functionally
impaired older adults used up to 97% of their aAd@ knee strength to rise.
Because functionally impaired older adults mayclese to 100% of available knee
strength to rise, the seat and waist assists shedictce the knee strength required to
rise. Additionally, to help maintain strength, tesists should also ensure that users
contribute at least the same amount of knee stndngise as a young healthy adult.
Therefore, to ensure load sharing between useassidit, it was decided that the
waist and seat assist should be designed suchdbet are required to contribute at
least 35% of the knee torque required for thenisewithout assistance (assuming
that when rising without assistance users emplogecto 100% of their available
knee strength).

ii. Provide an arm assist trajectory such that whedegliby the arm assist, users employ a
MT STS strategy characterized by a peak trunk diexif 51°.

As discussed in the literature review, Scarboroeigdi. [25] concluded that a MT
strategy is the safest and most preferred for S¥caudse of stability and success in
rising. The goal of the arm assist, thereforép iguide the trajectory of the arms
such that a MT strategy is employed. Scarborougth @lso classified the strategies
for STS according to the maximum trunk flexion &esfeid during the rise. The MT
strategy was associated with a mean peak truniofiexf 51° (SD 3.8°), the DVR
and ETF strategies were associated with mean peaak flexions of 35° (SD 4.6°)
and 64° (SD 5.4), respectively [25] (refer baclSextion 2.2).

iii.  Assist users to rise to a standing position witlsatime of two to four seconds.

This requirement is based on natural STS speeulsiém persons [57].

iv.  Accommodate users with a height range of 150 ct8f&%cm and mass up to 90 kg.
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- This requirement is based on the maximum rangeighits among men between
ages of 65 and €[58] and the 75% percentile masfsa 70 yr. old mal([59].

5.3 Critical function prototype experiment

5.3.1 Introduction

An experimental critical function prototype was diped to quaify the functional desig
requirements related to useeight and trajectory. The prototype provided n@mssistance at tl
seat, waist, and arm&xperiments with the prototype were completed d&weddllowing force an:
kinematic data were collecteo help determine the maximum required assist loathk loac
bearing seat and waist assists as well as thereshjuajectories for the trajectory guiding armist.
This information was used in the design of test &etdation and the design of thim guidance
assist mechanism. The two specific objectivesHercritical function prototype experime
(illustrated in Figure 5were to

a. Provide manual load bearing assistive forces asé¢la¢ and waist of subjects using
prototype and quantify the amount of force necessaassist a 90 kg person at the seat
waist.

b. Provide a force at the arms of subjects to diteetitajectory of subjects during the S
motion and quantify the trajectory through whick Hrms pa¢as subjects rise to a stand
position.

(I — . —» Waist Assist Force?

—> Seat Assist Force?
@ = Arm Guidance Trajectory?

Figure 5.2: Locations at which test bed must provide assistanc&efore developing the
test bed, the maximum assist force for waist and akassistance and the ajectory for

arm guidance assistance must be quantifie
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5.3.2 Experimental procedure

5.3.2.1 Test subjects

Three healthy male subjects between the ages ah@32 were used in the critical functi
prototype experiments. The average mass was {3xd 2 kg, range1-89 kg) and the averay
height was 1.75 m (SD 0.09 m, range 1.¢-1.85 m)

5.3.2.2 Test equipment

The prototype consisted of two components: a forresmitting cradle and a test fre (Figure 5.3).
The force transmittig cradle was used to manually assist subjectstaraling position at the se
waist, or arms. The cradle consisted of 3 segmarniifing structure, a s-axis AMTI (Advancec
Medical Technology Incorporated) load cell, andraarface support. 1perform manually assiste
rises, forces and torques were applied by the arpeter to the subject via the force transmit
cradle. The location of the load cell betweenliftieg structure (held by the experimenter) and
interface support (intéaced to the subject) allowed for measurement®fdihces and torque

applied to the subject during the assisted

Figure 5.3 Left image: force transmitting cradle. Richt Image: test frame with force

transmitting cradle attached and configured for sehassist
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The test frame was used to constrain the motigheoforce transmitting cradle to a one degre
freedom rotation for the waist and seat assistzet arms n the frame were attached to the fc
transmitting cradle and rotated about a pivot pomthe frame. The height of the lever arms
adjusted to provide either waist assistance orassastance. Subjects were seated onat
adjustable seat wiin the test frame. An AMTI-axis footforce plate was placed in the test fram
collect the ground reaction force data for each 8jf&riment.Figure 5.3shows a picture of the te
frame with the force traamitting cradle attached and configure provide assistance at the seat.
addition to the prototype apparatus and force ssnfaur orientation sensors (Xsens Mot
Technologies), were used in experiments. Thresosenwere attached to the sult’s shank, thigh
and trunk to collect kinematic data from the motidnhe subjects and one orientation sensor

attached to the force transmitting cradle to meathe rotation of the cradlFigure 5.4).

Trunk Sensc

Thigh Sensc

Shank Sens:

Figure 5.4 Left image: Orientation sensor locations on sulgct. Sensors attached t
shank, thigh and trunk (thigh and trunk sensors notvisible). Right Image: Orientation

sensor on force transmitting crade.
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5.3.2.3 Experimental setup and STS modes

The critical function prototype was built to progifbur modes of STS namely: unassisted, seat-
assisted, waist-assisted and arm-assisted STS Askesd experimenter supervised the motion of
each mode of assist, and the manual assistartirg{lifor each of the assisted STS modes was

provided by two experiment assistants.

Unassisted STS modeThe unassisted STS mode was configured by atig¢he force transmitting
cradle to the test frame lever arms. The subjest seated onto the interface support of the force
transmitting cradle and rose to a standing positiithout any manual assistance from the experiment

assistants (Figure 5.5).

Seat-assisted STS modeThe seat assisted STS mode was configured lohattathe force
transmitting cradle to the test frame lever arffke subject was seated on the interface suppdineof
force transmitting cradle and assistance was pealvidrough a normal force applied to the lifting
structure of the cradle by the experiment assistahhe lever arms rotated about the pivot point on
the test frame and moved the subject in a forwaddugpward motion to a standing position (Figure
5.5).

Waist-assisted STS modeThe waist-assisted STS mode was configured bglatig the force
transmitting cradle to the lever arms and raisirgléver arms to the top of the frame. The subject
was seated on the test frame seat, and strapsatteéched from the waist of the subject to thenlfti
structure of the force transmitting cradle. Assise was provided through a normal force applied to
the interface support of the cradle by the expemniragsistants. The resulting rotation of the lever
arm about the pivot point transmitted force throtlghwaist strap and assisted the subject to a

standing position (Figure 5.5).

Arm-assisted STS mode:The arm assist STS mode was configured by setitgubject on the
test frame seat and placing the interface suppahiedforce transmitting cradle under the subject’s
elbows. A forward and upward force was appliethtolifting structure of the cradle by the

experiment assistants and the subject was raisedtending position (Figure 5.5).
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Figure 5.5: Four modes of STS. Clockwise from tofeft corner: unassisted, seat-

assisted, arm-assisted and waist-assisted STS.

5.3.2.4 Set-up and procedure

At the beginning of the experimental procedure,ftiree plate and load cell were zeroed to correct

for drift. Also, orientation sensor measuremengseneferenced to a predefined world coordinate
frame by aligning the sensors with the world framed then zeroing the sensors. Subject

anthropometric data were then measured and recasleibscribed in Section 5.3.2.5 (see below).
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Next, the Xsens orientation sensors were attadhadstanding subject using adjustable straps, &igur
5.4. Sensors were attached to the shank, thighchest at the CoM of each segment. The CoM
location was determined using approximate anthregiomcoefficients based on segment lengths
[46]. A sensor was also attached to the forcestrating cradle, Figure 5.4. The subjects wera the
seated in the test frame with their feet positionadthe force plate. The position of the feet was
adjusted to be similar for all subjects by usingaden block attached to the force plate to lotate

heel position of each subject. Foot position wias aymmetrical about the longitudinal force plate

axis.
Table 5.1; STS trials and modes.
STS Mode
Unassisted Seat Assist Waist Assist | Arm Assist
Number of normal seat height trials 5 5 5 5
Number of lowered seat height trials - 2 2 -

Experiments were conducted using each of the fau® Bodes: unassisted, seat-assisted, waist-
assisted, and arm-assisted. Table 5.1 provides/anview of the total number of experiment trials

performed. A trial was defined as a single STSiomoperformed under the conditions for the

particular mode of STS rise (conditions for eactdenof STS were detailed in Section 5.3.2.3). For
the seat-assisted and waist-assisted STS mod#s,were conducted with chair height adjusted to a
normal seat height (subject thighs parallel to gheund) and a lowered seat height (normal seat
height lowered by three inches) to compare the atnoiuforce required to provide assistance at each

chair height.

Five unassisted reference STS trials were condwattélte start of the experiment. Each subject sat
with trunk erect and waited for a verbal cue frdme tead experimenter before starting the STS
movement. After the verbal cue, the subject stab@ self-selected speed and, once standing,

maintained a balanced upright position until askelle seated again.

For the seat and waist assistance modes, subjetisrmped seven assisted trials in which force
assistance was provided by the experiment assistarift the subject to a standing position. Five

trials were completed with the chair height adjdste a normal seat height, and two trials were
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completed at a lowered seat height. The subjdcividh trunk erect, and assistants stood on both
sides of the subject with their hands on the kiftstructure of the force transmitting cradle. Ugon
verbal cue from the experiment leader, the experimssistants raised the force transmitting cradle

to assist the subject to a standing position.

For the arm assist mode, each subject performeal tfials while a force was provided by the
experiment assistants at the arms of the subjatiteot their trajectory during the STS motion.vd-i
trials were completed at the normal seat heightubjefts sat with trunk erect and experiment
assistants stood on both sides of the subject thigir hands on the lifting structure of the force
transmitting cradle. Upon a verbal cue from theegxpent leader the experiment assistants guided
the force transmitting cradle and directed thestitajry of the subject to a standing position thioag

forward and upward motion.

5.3.2.5 Data collection and post processing

Anthropometric data were collected prior to expents (Table 5.2). Body segment lengths were
found by palpation at joints to find the point otation. The seat assist force location was medsur

prior to the seat-assisted rise, and the waisstag8sice location was measured prior to the waist-
assisted rise. The subject weight and shank letigitth length and head/arm/torso length were fed

into a spreadsheet to calculate body segment masskklocations, and moments of inertia.

Table 5.2: Measured anthropometric data.

Anthropometric Data Measurement

Weight vertical force on force plate

Height heel to crown of head

Shank Length femoral condyles / medial malleolus

Thigh Length greater trochanter / femoral condyles

Head/arms/torso length greater trochanter/ glenohumeral joint

seat assist force location center of force transmitting cradle/femoral condyles

waist assist force location greater trochanter/connection point of waist assist straps to waist

The force and orientation sensor data collection indiated two seconds before the verbal rise cue
and lasted approximately five seconds for each tizata collected from the force plate, load cells

and orientation sensors are listed in (Table 5Raction forces were collected from the forceeplat
51



and the six-axis force sensor at a frequency dis@nd were digitally filtered with a zero-phaseg, la
bi-directional, fourth-order, low pass Butterworfiiter with a cut-off frequency of five Hz.
Orientation sensor data were also collected aguincy of 50Hz and filtered in the same way as the
force plate data. The accelerometer data weratgreempensated using angular position data from
the orientation sensors to negate the gravity foeaglings on the sensors. All data filtering and

gravity compensation were computed offline in Matidter the trials were completed.

Table 5.3: Measured orientation sensor and forcplate data. The force plate, load cell
and orientation sensors each have their own coorditte frame, thus the subscripts x,y,z

represent the individual axes of these coordinatedmes.

Force plate measures 6-axis load cell measures Orientation Sensor Measurements
F, F, Linear Acceleration (ay, a, a,)

Fy F, Angular Velocity (wy, wy, w,)

F, F, Angular Position (6,, 6,, 6,)

M, M,

M‘/ MY

M, M,

5.3.2.6 Data analysis

The data were analyzed to determine the maximudsloequired to assist subjects at the seat and
waist and to determine the trajectory of the elbowesach of the four STS modes.

5.3.2.6.1Waist and seat force data averaging

For the waist-assisted and seat-assisted riseasfii@ance force was applied normal to the force
transmitting cradle. Thus, all of the assist foneges transmitted through the z-axis of the 6-ao@sl|
cell. The peak assist force was measured for efitte five normal seat height seat-assisted and
waist-assisted trials (E& Fz,) and the two lowered seat height seat-assistedvarst-assisted trials
(Fzy & Fz,). The average of these forces was calculateti@srsin Table 5.4.
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Table 5.4: Measured maximum assist forces for eaalf the waist-assisted and seat-
assisted trials.

Trial 1 | Trial 2 | Trial 3 Trial 4 | Trial 5 | Average
Max Assist FOrce normal seat-Assisted Trial Fzs, Fzs, Fzss Fzs, Fzss YFz,/5
Max Assist FOrce |owered seat-Assisted Trial Fzg, Fzy, 3Fzy/2
Max Assist FOrce normal waist-assisted Trial Fzy1 FZw, FZys FZya Fzys 3Fz,/5
Max Assist FOrce iowered waist-Assisted Trial Fzui Fzwi 2Fzy/2

5.3.2.6.2Waist and seat force data scaling

After averaging the maximum assist forces for ezfdhe four conditions shown in Table 5.4, the
average forces were then scaled according to Eguatl to represent the required assist load for a
subject with a 90 kg mass. This scaled force Wwas aiveraged between the three subjects and
multiplied by a design factor of 1.2 according fu&tion 5.2 to represent the maximum assist force

required by a 90 kg subject.

0 (5.1)

Fscatea = (Max Assist Force)(subject mass

Fscatedavg = (1.2)2F _scaled/3 (5.2)

5.3.2.6.3Elbow trajectory calculation

To calculate the elbow assist trajectory for eddhe assists, the kinematic data obtained from the
Xsens sensors for each set of experiments wasifouthe three-link simulation model developed in
Chapter 4. An inverse dynamics analysis was rigininulation so that the model was constrained to

follow the exact reference kinematics providedhm Xsens sensors, and the profile of the elbow
joint trajectory was recorded.

5.3.3 Results

5.3.3.1 Assist force results

The average maximum assist force of the five noseat and two lowered seat heights for the seat
and waist assist assists are shown in Table 5.9 ablé 5.6. The maximum of these two forces is
underlined for each subject and this maximum fiva® been scaled to represent the assistance force
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required by a 90 kg person (based on Equation T.h¢ average scaled force for each assist is also

shown (based on Equation 5.2).

Table 5.5: Maximum assist forces required for seahssisted STS.

Seat Assist: Max Assist Forces

Seat Assist Subject 1 Subject 2 Subject 3
Subject Mass (kg) 62 66 86
Normal Seat Height Maximum Force (N) 390 465 520
Lowered Seat Height Maximum Force (N) 415 420 325
Scaled Max Force (N) 600 636 545
Average Scaled Force (N) 715

Table 5.6: Maximum assist forces required for waisassisted STS.

Waist Assist: Max Assist Forces

Waist Assist Subject 1 Subject 2 Subject 3
Subject Mass (kg) 62 66 86
Normal Seat Height Maximum Force (N) 170 165 190
Lowered Seat Height Maximum Force (N) 235 250 280
Scaled Max Force (N) 340 342 293
Average Scaled Force (N) 390

5.3.3.2 Assist trajectory results

The elbow joint trajectory for the arm-assisted $W&S calculated for each subject. In addition,
elbow trajectories for the unassisted, seat-assiated waist-assisted rises were also calculated fo
each subject. Arm-assisted STS results were dribireed for Subjects 1 and 2. Subject 3 did not
complete the arm-assisted rise, due to reporteduiitort when rising with assistance. The elbow
trajectories of a representative subject perfornsiach of the four modes of STS are shown in Figure
5.6. Note that x-y plane used in the followingtplof arm trajectories (Figure 5.6, Figure 5.12,
Appendix A, and Appendix B) map to the y-z plan¢ha test bed coordinate frame described in test

bed experiments (Chapter 3 and Chapter 6).
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Figure 5.6: Trajectory of the elbow as the subjedtises to a standing position for each
assisted motion. The x-y coordinate frame origin afhe graph is located at the ankle of

the subject as shown on the human model diagram tbe right of the plot.

5.3.4 Discussion and outcomes

Tables 5.5 and 5.6 show that the average scaled fBse, representing the maximum assist force
that the test bed should provide, is 715 N forsisat assist and 390 N for the waist assist. These
values will be used to design the actuator thdtprdvide the seat and waist assistance.

Figure 5.6 shows four representative curves oethew trajectory during STS. The test bed arm
guidance mechanism should be able to follow thegeadtories to help guide the trajectory of the
subject during assisted STS. The ability to folkbw elbow trajectory of the seat-assisted and waist
assisted motion will increase the functional apitif the test bed to test a combination of the arm

assist with one of the other two assists in additttesting assists individually.
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5.4 Initial test bed design

Utilizing the information provided by the criticalnction prototype experiments discussed in the
previous section, a test bed was developed byna ¢éaindergraduate students as a senior design
project, with the author in the role of client repenting the sponsor, the CARIS Lab. The test bed
developed by the students consisted of a test frgithehree integrated subsystems providing the
seat, waist and arm assists. A diagram of thaiigdds shown in Figure 5.7. The students buét th
framework of the test bed, including each of thr@stisnechanisms and wrote a detailed design report
of their work [60]. Upon completion, the authoethevaluated, extensively tested, and substantially
revised the test bed to meet the safety, religbilgconfiguration, data collection and control
requirements for the proposed experiments. Thussereviews the main components of the test bed
as designed by the student team. The follow sextiover the additions and revisions made to the
test bed design.

Figure 5.7: Initial sit-to-stand test bed desigri60].

5.4.1 Test bed frame

The test bed frame was constructed using 4x4 cnbah@d cm slotted aluminum struts obtained from
Item® [61]. The test bed consists of a seat ptatfand three assist mechanisms to provide STS

assistance: a seat assist a waist assist, anthaasaist. Each of the individual assists wasch#d
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to the frame in the configuration shown in Figur@. 5The seat platform of the test bed had the dual
functionality of serving as the seat assist as agthe user support for the starting positiorhef t
other assists. The design included two motoradtuwation, the rear motor for actuation of the arm

assist and the front motor for actuation of the aad waist assist.

Seat Assist/ Sei

Waist Assist
Platform

Arm Assist

Rear Motor

Front Motor

=2

Figure 5.8: Side view of original test bed solutio[60].

5.4.2 Seat assist mechanism

The seat assist mechanism developed by the studeptesentative of chair-mounted lifting aids
[38], consists of a lever arm rotating about a p(fagure 5.9). A wooden seat is attached to omnkt e
of the lever arm and a cable is attached to thesifgend of the arm. The cable passes under a
pulley and is wound up by a motor onto a spooltuation of the motor pulls the cable, rotating the
lever arm about the pivot. This rotates the seatdrd, raising the user to a standing positiohe T
seat position is adjustable to allow for users imithe height range of 150 cm to 185 cm to be seate
Calculations were completed to ensure that the maxi seat force of 715 N can be applied by the
motor and the motor rotation speed allows the tesase to a standing position in the time range of
two to four seconds as specified in the functioseglirements. These calculations can be found in

the appendix of the student report [60], Appendix A
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Figure 5.9: Diagram of seat assist mechanisf60].

5.4.3 Waist assist mechanism

The waist assist mechanism developed by the stsideqiresentative of many institutional lifts [35],
also consists of a lever arm rotating about a giFdaure 5.10). A U-bar is attached to one enthef
lever arm and a cable is attached to the opposieethe arm. The cable is actuated by a motor,
and tension in the cable rotates the arm aboutitiid and raises the U-bar to a vertical positién.
padded medical transfer belt (Lancaster Medicab$e - not shown in diagram) is fastened about
the user’'s waist and attached to waist straps ateddo the U-bar. As the U-bar is raised to a
vertical position, the user is transferred froneated to standing position. Adjustability of thaist
strap length allows for users within the heightgeuwf 150 cm to 185 cm to be assisted. Calculstion
were completed to ensure both that the maximumtvi@ise of 390 N can be applied by the motor
and that the motor rotation speed allows the usgsé to a standing position in the time rangenaf
to four seconds as specified in the functional mequents. These calculations can be found in the
appendix of the student report [60], Appendix A.
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Figure 5.10: Diagram of waist assist mechanisf60].

5.4.4 Arm assist mechanism

The purpose of the arm assist is to guide thedi@je of the users as they rise. The arm assist
mechanism developed by the students, based otiassigvices in research and development that
provide assistance at the arms [16] [62], is coragax a 4-bar linkage and an arm cradle (Figure
5.11). The 4-bar linkage guides the arms of a hased on the trajectories of arm motion determined
in the critical function prototype; the arm crailghe interface between the user’'s arms and ther 4-
linkage.
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Figure 5.11: Diagram of arm assist mechanisif60].

5.4.4.1 Four-bar linkage

The 4-bar linkage was designed to guide the trajgaif the user through the STS motion. The
linkage lengths of the 4-bar linkage were selesteth that the trajectory provided by the 4-bar
linkage would match the elbow trajectories of eatthe four modes of STS carried out in the
prototype experiments (Figure 5.6). These linkaggths were determined by generating 4-bar
linkage trajectories in Matlab and matching th¢ettories to the trajectories obtained in the caiti
function prototype experiment. The linkage lengthd 4-bar linkage trajectory plots are in the

student design report [60], and can be viewed ipefydix A and Appendix B.

The linkages were designed to have adjustableHlsrtgtallow for the arm guidance mechanism to
follow the arm trajectories of any of the 4 modéS§®S rise. This enables the arm assist to be
combined with the seat and waist assist in addttigoroviding assistance by itself. Linkage R2 is
the driver linkage. As it rotates, the user igdgdiinto a standing position through a trajectory
determined by the linkage lengths. Figure 5.12vshihie 4-bar linkage trajectory and a table of the
corresponding link lengths to obtain an elbow trigjey similar to one of the reference unassisted
trajectories in the prototype experiment. The stiideport [60] contains trajectory plots and link
length tables for the 4-bar linkage trajectory rhatg each of the other three elbow trajectories

shown in Figure 5.12 (Appendix A and Appendix B).
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Figure 5.12: Trajectory of 4-bar linkage mechanism The plot on the left shows the 4-
bar linkage trajectory superimposed onto the referace unassisted trajectory of Figure
5.6. The figure on the top right shows the 4-bainkage with a drawing of the user to
show the point of contact between the linkage andhé¢ user. The table on the bottom
right shows the linkage lengths required to obtairthe 4-bar linkage trajectory shown in
the plot [60] .

5.4.4.2 Four-bar linkage adjustability

The arm assist mechanism linkages consist of alumisquare stock bearing blocks for the joints
inserted into lengths of rectangular aluminum tgbiioles in the tubing and square stock allow for
length adjustability, and locking pins secure thease stock to the tubing as shown in Figure 5.13.
The end linkages of the 4-bar mechanism can bestadjun height as shown in Figure 5.14 to suit

users in the height range of 150 cm to 185 cm.
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Figure 5.13: Length adjustable linkages and lockig pins.

Figure 5.14: Adjustability of the mounting positian of the linkage ends.

5.4.4.3 Arm cradles

The arm cradles are L-shaped plywood pieces dessigniaterface with the end of the 4-bar
mechanism and support the upper arm and foreatheafser as the 4-bar mechanism guides the user
into a standing position. The cradle is desigmecbtate freely about an aluminum shaft that cotinec
the cradle to the 4-bar mechanism on each side.
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Figure 5.15: Arm cradle right and left side assemlies [60].

5.5 Test bed final design

The undergraduate team designed and built thdéelstrame as well as the mechanisms to provide
waist, seat, and arm assistance. The final testbsign was further developed through several
additions and modifications. These include alestactuation system, a new adjustable arm cradle
mechanism, a modified arm guidance mechanism toajesetting, a test bed entry method, and force

measurement sensors.

5.5.1 Test bed actuation system

The actuation system of the final test bed was gbafrom the student design such that all three
assists are actuated by a single 90V permanenteh&gh geared motor instead of two motors. The
motor shaft is coupled to a shaft containing a Wwiaod a sprocket. The winch is used to transmit
torque to the seat and waist assists and the sgiriscldsed to transmit torque to the arm assigufEi
5.16).

Torque is transmitted to the seat and waist agsistigh a drive cable that is fixed to the wincld an
redirected by a rear-mounted pulley. A sling haagth latch serves as the connection point between

the drive cable and the assist cables that activateeat and waist assists. Similar hooks onritle e
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of the two assist cables allow either the seastsable or the waist assist cable to be conndoted
the drive cable by connecting the sling hooks tiogiet The assist cables are redirected by pulteys t
the seat and waist assist lever arms. When theoseatist assist is not in use, the corresponding
assist cable is disconnected from the drive cablgure 5.16 shows a cross-sectional view,

highlighting the actuating mechanisms of the test b

Waist Assis . 1 7
I
Motor/Winch/Sprocke Arm Assis
Waist Assist Cab
Follower Chaii
Sling Hook b ] TN
Connection ]
Drive Chair Poini Seat
Assist
Drive Cable¢ |
Seat Assist Cakb
v | =
E'-\ L= ._____;T:___: | 1 ;I L | ==1

Figure 5.16: Test bed diagram showing actuation nilkods. The red arrows show the

rotation points of each of the three assists.

Torque is transferred to the arm assist from thecket coupled to the motor shaft. A drive chain o
the motor sprocket transmits torque to a jack shafiugh a sprocket in the center of the jack shaft
As the shaft rotates, follower sprockets on thedafl right ends of the shaft transmit torque tghou
follower chains to sprockets connected to the tvi@arllinkage arm assist mechanisms. When the
arm assist is not in use, the drive chain is rerddr@m the motor sprocket by first loosening the
motor mounting plate from the frame of the test Aed pushing it forward to slacken the drive chain,
and then removing the chain from the sprocket. feigul7 shows a rear view of the test-bed with the

arm actuation system labeled.
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Figure 5.17: Rear view of test bed showing motorssembly and jack shaft system for
arm assistance.

5.5.2 Test bed modified arm cradle

The arm cradles on the test bed were modifiedduige added support and comfort to the user while
rising. Modifications made include the additioncohtoured elbow pads for comfort and adjustable
handles for the user to grip for support duringdhsisted motion. In addition, the critical functi
prototype experiment showed that rotation of the aradle when rising with arm assistance is less
than 90°, so a stopping mechanism consisting @i angle bracket attached to the cradle shaft was
added to limit the rotation of the arm cradle t6.9Bigure 5.18 shows a picture of the modified arm
cradle.
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Figure 5.18: Modified arm cradle.

5.5.3 Modified arm guidance mechanism trajectory

The arm assist mechanism linkages were designédalitninum square stock bearing blocks
inserted into lengths of rectangular aluminum tgbifoles in the tubing and square stock allow for
length adjustability, and pins secure the squareksb the tubing (Figure 5.13). Locking pins were
originally used instead of bolts for quick adjustinef the lengths of the links to change the
generated trajectories to suit users of differengthits. However, the locking pins resulted in
considerable lateral wobble between the squard stiod rectangular tubing, and had to be replaced
with tightly fastened screws to pinch the tubinghte square stock. This significantly increasex th
time to adjust the arm linkages and thus madeptactical to modify the 4-bar trajectory to suit
individual user heights. For this reason, thedigg lengths of the 4-bar linkage were set to peuaid
single representative trajectory.

Since the purpose of the arm assist mechanisngsitie users through a MT strategy rise, the arm
assist trajectory was set using the elbow trajgatbthe rise in the critical function experimehat
resulted in a peak trunk flexion closest to 51°jalwhs the peak trunk flexion characteristic of @ M
rise as determined by Scarborough et al. [25] ffsgectory functional requirements in Section 5.2).
Table 5.7 shows the average peak trunk flexioralidhe subjects in the critical function prototype
experiment. Note that the reference trial of Suleleas an average peak trunk flexion of 46°, which
is closest to the 51° trunk flexion characteristi@ MT rise. In addition, the height of Subjeds2

172 cm, which is similar to the 173 cm average leig males in the age range of 65-69 yrs [58].
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Table 5.7: Average peak trunk flexion during eachmode of STS trial in the critical
function prototype experiment (standard deviation).

Reference (5 trials) | Seat Assist (5 trials) Waist Assist (5 trials) Arm Assist (5 trials)
Mass Height Avg. Peak Trunk Avg. Peak Trunk Avg. Peak Trunk Avg. Peak Trunk
Subject | (kg) (cm) Flexion (deg) Flexion (deg) Flexion (deg) Flexion (deg)
S1 62 164 28 (2) 41 (4) 20 (4) 17 (4)
S2 66 172 46 (6) 37 (4) 15 (3) 27 (3)
S3 89 185 59 (1) 60 (3) 13(6)

Because of the close match in the peak trunk flegicthe unassisted rise of Subject 2 to the trunk
flexion of a MT rise and the match in the heighBSeobject 2 to the average height of an older male
adult (age range 65-69), a representative unagstitew trajectory from this subject was selected a
the trajectory for the 4-bar linkage to match. &ppendix of the student report [60]) includes arm
linkage length data corresponding to the unassatedirajectory of this subject (Appendix A). The
data used to set the arm linkage lengths are sio®igure 5.19.

4-bar linkage

o Linkage Length [m]
— R, 0.30
i R4 Rs 0.61
R4 0.45
. Rs 0.26
v X 0.52
Y 0.30

Figure 5.19: Test bed arm linkage lengths.

5.5.4 Test bed entry

The test bed has been designed to allow entraocedither side by disconnecting the end link of
one of the 4-bar linkages from the support barratrécting it to create an opening into the test be
(Figure 5.20). A grab bar in front of the test Ipedvides support during entry, and padding has bee
placed around sharp edges for user safety. Iriaddclear plastic chain guards between the 4-bar
linkages and the follower chains and circular desk&he linkage joints have been added to prevent
users from coming in contact with pinch points whte arm assist is in motion. The end link of the

4-bar linkage is reconnected to the support bamvthe test bed is in the arm assist mode.
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Figure 5.20: Test bed entry.

5.5.5 Test bed force measurement

Circular disl

Several load measuring devices have been implehérttethe STS test bed to enable both the

characterization of the forces applied by the dseing the STS rises and characterization of the

assist forces applied to the user during the &sBTS rises. The description of these load

measuring devices is provided in Table 5.8 and theations are shown in Figure 5.21.

Table 5.8: Description of load measuring devices itest bed.

Sensor

Location

Data Collected

Pressure Transducers L
S-type 300 |b load cell
(model PT4000-300Ib)

Underneath the seat

of the test bed

Vertical force applied by the user to the
seat of the test bed prior to seat-off

Advanced Medical Technolog
6-axis 1000 Ib force plate
(model OR6-7-1000-3985)

Underneath the feet|
of the user

Ground reaction forces and foot center o
pressure location

f

Pressure Transducers L
Two S-type 50Ib load cells
(model PT4000-50Ib)

On both of the waist
straps

Load applied by the waist assist to the

waist of the user
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waist strap loa
cell

Figure 5.21: Load cell configuration.

5.6 Test bed control overview

This section provides an overview of the componengaged in controlling the motion of the test
bed. Actuation for all three assist modes of &t bed is provided by a single motor. A test bed
control system was developed to actuate and cosdiaii of the assist modes. Figure 5.22 shows a
general diagram of the test bed control scheme fdllowing sections describe each component of

the control scheme in detail.
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Figure 5.22 General diagram of test bed control schem

5.6.1 PXI Test Bed Control Program and Windows Data Colle

ction Pr ogram

LabVIEW control programs in two computers are usedontrol the motion and mediate the ¢

collection for the test bed. The PXI Test Bed Galrffrogram is used to control the operation of

test bed and collect force sensor data, and thelaws Data Collection Program is used to col

and save data from the orientation sensors andmpedalculations to determine the real time k

torque of user as they rise in the test b

5.6.1.1 PXI Test Bed Control Program

A National Instruments (NI) PXI 86 Computer uses NI's retitne operating system to run the F
Test Bed Control Program. The Test Bed Control Rroggraphical user interface (GUI) enables
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experimenter to control the motion of the test ded visualize feedback from the limit switches,
motor encoder, and motion and force sensors. BseHBed Control Program also records the data
sent from the force plate and load cells via cdavahles to the NI PXI 6289 data acquisition card.
These data are then also transmitted from the Xt Bed Control Program to the Windows Data
Collection Program transmitted through a 100Bagg&kernet connection using LabVIEW shared
variables. LabVIEW shared variables are also tsédinsmit a knee torque control signal and
orientation sensor signals from the Windows DateCtion program back to the PXI Test Bed
Control Program. The use of the knee torque cbsigoals and orientation sensor signals in
controlling the motion of the motor is describedietail in Section 5.6.5. A detailed operation
manual for the PXI Test Bed Control Program cafolo@d in Appendix C.

5.6.1.2 Windows Data Collection Program

A Windows computer is used as the operating systeitihe Windows Data Collection Program.
The Windows Data Collection Program is used toodiyeecord and save the orientation sensor
readings, which quantify user kinematics and a$sises during the assisted STS transfer. The
Windows Data Collection Program also receives tlael Icell and force plate data from the PXI Test
Bed Control Program via a LabVIEW shared varialplé thus saves both the force and kinematic

data on the Windows computer.

In addition, the Windows Data Collection Programf@ens knee torque computations, discussed in
detail in Section 5.6.5, and outputs the resulthe$e computations to the PXI Test Bed Control
Program along with select orientation sensor measents. The use of these knee torque
computation signals and orientation sensor signatse PXI Test Bed Control Program is described
in detail in Section 5.6.5. The operation manuoaliie Windows Data Collection Program can be

found in Appendix C.

5.6.2 Motion controller

The control of motor motion is implemented usingl&XI-7344 motion card. The motion card and
devices connected to the motion card are configusath the NI Measurement and Automation
Explorer (MAX) software included with LabVIEW. Theard manages the motor actuation through
an output analog signal to the motor, and manage$the switches and encoder inputs from the test
bed. The NI UMI-7764 motion interface (Figure 5.23used to connect all wiring from the motion
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card to actuators and sensors, and to provideiaryxpower to sensors and switches. The UMI-7764
data sheet is included in the appendix of the siudsort [60].

UMI-7764 motion interface

ANALOG OUT +

ANALOG OUT - FORWARDLMIT| |
(FLOAT HIGH)

To Amplifier

To Limit Switches
REVERSE LIMIT

- (FLOAT HIGH)
PXI 7344 Motion Card
MOTION
COMMANDS MOTION
REQUEST
To Deadman and

To PXI Test Reset Switch

Bed Control
Program

Figure 5.23: NI UMI-7764 motion interface.

The control of motor actuation is managed integniallthe motion card. Figure 5.24 shows the
general control diagram for the test bed motormdischeme. A servo-tune feature in the MAX
software is used to automatically optimize Propoidi Integral Derivative (PID) control parameters
and identify system parameters such as inertidrantithn by oscillating the system through a range
of frequencies. The desired final motor angle keyg the experimenter into the LabVIEW GUI is
sent to the motion control card as the goal artigle, The trajectory generator module in the motion
control card accepts the goal angle and generdtageatory profile. Using this trajectory profile
continuously updated reference positth(t) is sent to the PID controller, which drives thetondo
the goal angle based on the difference betweenéfésence angle and the current motor arg)le (
(Figure 5.24). The PID controller output is congdrto an analog voltage by the motion card’s D/A
converter and sent to the PWM servo amplifier, Wwhicturn provides the current required to drive
the motor based on the voltage input into the &rmapli
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Figure 5.24 Motor position control diagram.

5.6.3 Amplifier and motor

The test bed is actuated usir %2 hp DC brushless servomatdihe motor is poweredrough a
AMC16A20AC servo amplifier, which includes a DC pawvsupply. The motor is PWM driven, wi
a maximum voltage of 90C. Commands are sent through to the amplifier fioenN| 7344
motion controller as +1:0V analog torque commands. Maximum andtinuous motor currents a
8A and 3.8A, respectivelyThe amplifier and motor datasheets are includederajpendix of the
student report [60].

5.6.4 Switches and encoder

5.6.4.1 Limit switches

For each modef assist, a pair of limit switches sets boundsheninitial and final positions of tt
assist. Forward limit switches set the maximuralfposition of each assist and backward |
switches set the minimum initial position of easkiat The limit switches are all configured ir
normally closed mode and wired to the motion cdrdand such that motor motion is inhibited i
limit switch isopened (floats higl (Figure 5.2% The control box, shown Figure 5.26, has two
selector switches to define which pair of limit &xkies is active based on the current assist mo
the test bed. When the test bed is in a parti@dsist mode, only the limit switches for t
particular mode are activeA twe-position seletor switch is used to activate or byf the arm assist
limit switch pair. A thregosition selector switch is used to activate eitherwaist or seat sist
limit switch pairs or bypass both of these limittelves. The separation of the arm assist sele
switch from the seat/waist selector switch enattlegest bed to operate the arm assist limit se#
simultaneously with either of the waist or the sesstists. If n activelimit switch isopened, the
Motion Control Card halts the motion of the motor and digplto the user on the PXI Test E
Control Program GUI that a limit switch has bwopened.
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5.6.4.2 Emergency stop switch

An emergency stop switch is wired directly to ahilit pin on the motor amplifier. When the
emergency stop switch is pressed, the inhibit pigrounded and the motor drive is disabled (Figure
5.25). The emergency stop switch is situated erctmtrol box along with the limit switch selector
switches (Figure 5.26). Another emergency stopcéwis located at the entrance of the test bed,
where it can be accessed by test bed users, andngcted in series with the emergency stop switch

on the control box.

AC (120V 19) RUNNING LIGHT
= u
AMPLIFIER (), o
INHIBIT
—ANALOG IN -
—anatog N+ (FLOATLOW) 1

MOTOR

PWM DUT 4 ifl\:l‘\\ TR
PWM OUT - >r/ SHAFT |
AT

FORWARD LIMIT SWITCHES

ARM
i
BYPASS
waist limit switch

UMI-7764 motion interface
Ao O FoRWARD LIMIT Jﬂ DUTTOLES
= |

arm limit switch

|

IWNALOG OUT -

(FLOAT HIGH) imit swi
T limit switch
REVERSE LIMIT UIF +
{FLOAT HIGH)| Rl BYPASS
MOTION G
COMMANDS MOTION

REQUEST

nr

REVERSE HMIT SWITCHES

ARM rm limit switch

BYPASS ’

=y

FORWARD| | REVERSE

Ll - =

"

- waist limit switch
ﬁ BOU'ITO KS |
WAIST LQ,\_/—.,:W_LLQLH]R limit switch
o -
BYPASS

|||—---

Figure 5.25: Electrical schematic showing e-stofimit switch and motion switch wiring.

Note that the references to “buttocks” in the scheiitic represent the seat assist.
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Figure 5.26: Control box. Note that the label “bitocks” on the three position selector
switch represents the seat assist.

5.6.4.3 Deadman and reset switches

A deadman switch and a reset switch operate theafdrand reverse motion of the test bed. The
deadman switch is held by the user and depressatdit@te motion of the test bed. If the switch is
released, the motor provides a holding torque timtaia the assist in the current position by settin
thed¢in the controller (Figure 5.24) to be the curremsipon of the motor. When the switch is
depressed again, tifig;goes back to the original final position angle leyeo the LabVIEW GUI

and the controller drives the motor to this finakpion. The deadman switch for the waist and seat
assist is held in the hand of the user, but foratine assist it is integrated as a button on tapef
handle of the arm cradle. When the assist modwitshed to arm assist, the deadman switch wiring
is disconnected from the waist/seat deadman switdhconnected to the arm assist deadman switch.
A bayonet connector is used at waist/seat and asmtaleadman switches to allow easy connect and
disconnect between switches.

A reset switch located beside the upper sprockéh@mnight side of the test bed is used to rotae t
motor in the reverse direction and reset the agsibte initial position. The reset switch opesate

the same way as the deadman switch in that therrisobmly actuated when the switch is depressed.
Figure 5.25 shows the circuit diagram for the deadaind reset switches and Figure 5.27 shows
pictures of the switches in the test bed.
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Button on hand| e Reset Switc

S Bayonet connect

Figure 5.27: From left to right: Seat/waist deadran switch, arm cradle deadman

switch, reset switch.

5.6.4.4 Encoder

The encoder used in the system is mounted to therrabaft and has 1800 counts per revolution.

The encoder is indexed to allow zeroing of the mptsition. The encoder reading is sent direaly t
the motion control card to enable closed loop pmsitontrol. The encoder datasheet can be found in
the appendix of the student report [60].

5.6.4.5 Assist mechanism and sensor measurements

The three assist mechanisms used to provide asststd the seat, waist, and arms have been
described in detail in Section 5.4. Torque apptigdhe motor enables motion of the assist
mechanism, which in turn provides the STS assistforce. As the user rises, the forces applied by
the assist mechanism to the user and the reactioesf applied by the user are measured by the test
bed load cells and force plates. All of the fonogasurement signals, as described in Section 5.5.5,
are collected by the PXI Test Bed Control Prograrhe kinematics of the user (angular position,
angular velocity, linear acceleration) are measbrethree orientation sensors (Xsens Motion
Technologies) that are attached to the user apsoximate center of mass of the shank, thigh, and
chest. A fourth orientation sensor is attachetthéobiceps of the user to measure arm kinematics
during arm-assisted STS rises. Kinematic measurenaee directly sent to the Windows Data

Collection Program.
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5.6.5 Torque r egulation control scheme

One of the functional requirements of the testibed provideload-sharingassistance such tr
during the seat and waiassiste rise, the useprovides at least 35% of the knee torque requi
rise without assistance. The motor control sygiescribed in Sectio5.6.2) was augmented by a
realtime knee torque monitor and a velocity limiteetacourage thuserto apply a knee torgt
above the 35% threshold during the assisted Figure 5.2&hows a diagram of the augmen
motor control scheme.

Trajectory O,ef(t) PID Controller v | Amplifier : | Motor
Generator + z in Motion Card
in Motion o |-
Card
N
L _VfaX_ _ Encoder
| 1
: Velocity |1
i | Limiter :
L__2___.
v T I
! Knee Torque |€l— Force Plate Input
1
AssistanceRatio : Monitor [€—— Orientation Sensor Input
1
L ———————— -’

Figure 5.28 Augmented motor control systen

5.6.5.1 Knee torque monitor

The knee torque monitor uses anthropometric meammes and inputs from the force plate and k
segment orientation sensors to compute «time estim#e of the knee torque as the user rises. |
torque is olined by recursively applying the New-Euler equations to a thr-link biomechanical
model (described in Ch 2), starting at the [43]. The force plate input€pP, Fy, F,i) are used to
calculate the ankle torque and forces accordiriggimations 5.3 and 5.4. The knee torqt
computed using Equation £

Tankie = _l:?-u_.‘oo:'gs_.‘oorj + [CGPFJ_.‘_'JJ - l:':!cr!.'«:;'s‘c:'.'fpj (3.3)
F_‘.'L'.‘."!.'{;'E = F_".'f_‘_'l Foonkie = F..?f_‘_'l — Myggord (5.4)
Tunee = (LaFe) + (LyF)+ T, — La. (5.5)
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In the experimental procedure, the user first ngiglsout assistance and the torque monitor computes
unassisted knee torque as a function of thigh aggieerating a reference curve for subsequent use.
As the user rises with assistance, the actual torgee is computed in real time at 50 Hz and
compared to the reference unassisted knee torghe abrresponding thigh angle. The monitor

computes a knee torque ratio according to Equ&tién

AssistanceRatio = (Tunassisted (9 knee)/Tassisted (9 knee)) 100% (5- 6)

The torque monitor computations take place in theddivs Data Collection Program and the output
of Equation 5.6 is sent to the velocity limitertire PXI Test Bed Control Program via a LabVIEW
shared variable. For a successful assisted msetttput of Equation 5.6 is a value above 35%,
indicating that the user is providing at least 3®the knee torque required for rising without

assistance.

5.6.5.2 Velocity limiter

The velocity limiter is part of the PXI Test Bedi@ml Program and is used to set the maximum
velocity at which the trajectory generator in thetion card runs the motor. This maximum velocity
is varied according to th&ssistanceRatimput received from the knee torque monitor. If
AssistanceRatis below 35% this indicates that the user is apglinsufficient knee torque and the
Vmaxoutput of the velocity limiter is lowered, slowinigwn the motor and assist mechanism and
providing a cue to users that they need to put raffoet into the rise. The velocity limiter outgut
(into the trajectory generator)Vamaxvelocity proportional to the maximum motor velgciccording

to the following logic.

Velocity Limiter Logic
1. If AssistanceRatio > 35%

Vmax = 100%(Maximum Motor Velocity)
2. If AssistanceRatio < 35% .

Vmax = (AssistanceRatio/35%) Maximum Motor Velocity
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TheAssistanceRativalue updates continuously at 50 Hz as the uses vigth assistance. According
to the velocity limiter logic, ifAssistanceRatis greater than 35% the motor runs at a constant
velocity equal to the maximum motor velocity, ahd is below 35% the motor velocity is ramped
down from the maximum motor velocity in proportimnthe current value @tssistanceRatiolf the
user provides additional torque to raise AlssistanceRatigalue above 35%, the motor velocity rises

back to the maximum motor velocity.

5.6.5.3 Initial non-load-sharing assistance phase

To ensure that the assist provides a reductiorak gnee torque, the torque regulation control
scheme was modified to have an initial phase irclvibbnstant assistance is provided by the assist
mechanism independent of the amount of knee taagpbed by the user. It has been determined
that the knee torque required to rise is maxinthkeeiat seat-off or shortly thereafter [63]. A
biomechanical analysis of STS in older adults shibthat the thigh extends by 15° prior to seat-off
[64]. Based on this, the initial phase for promgliconstant assistance was set to be during #te fir
15° of thigh rotation.

During an assisted rise, the thigh angle of the issgent to the PXI Test Bed Control Program from
the Windows Data Collection Program via a LabVIENdr®d variable. The PXI Test Bed Control
Program monitors this thigh angle and during thst fi5° of thigh rotation, the seat and waist assis
mechanisms provide constant assistance by rotdténgssist mechanism at a constant speed during
this time regardless of the amount of knee torqupdied by the user. As soon as the thigh hasedtat
by 15°, the control scheme switches such thatskstamechanism motion is controlled by the
velocity limiter described in the preceding sect{Section 5.6.5.2), i.e., the mechanism only
continues to move at 100% speed if the user previdee torque greater than 35% of the knee torque

required to rise without assistance. The modifiedtrol scheme is summarized as follows:

Logic for torque regulation control scheme withtiali non-load-sharing assistance phase
1. If thigh rotation < 15°

Vmax = 100%
2. If thigh rotation > 15°.

a. If AssistanceRatio > 35%
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Vmax = 1009Maximum Motor Velocity)
b. If AssistanceRat < 35% .

Vmax = (AssistanceRatio/35Maximum Motor Velocity
5.7 Data synchronization

5.7.1 Data collection overview

As described in Sectidn6.], two computers are used to collect data fromdketied during
experiments. The PXI Test Bed Control Programectdl force plate data at a frequency of 5(
and continuously writes the data into a LabVIEWrsHavariable at that rate. The Windowsta
Collection Program continuously reads the latgstiiinto the LabVIEW shared variable ¢
frequency of 50 Hz and saves it along with therdeton data, also collected at a frequency of &l
(Figure 5.29. The saved da from the Windows Data Collection Program, whichlude both force
plate and orientation sensor data, are then posepsed according to the procedure detailt
Section 6.2.4.

PXI ) subj i
Subject force signal
Test Bed

Control
Program

I I 4

LabVIEW
shared variable

Subject motion signal

A/D : Force : @
@ Converter Sensors ﬂ
Windows
Data P Orientation \
. K <,: !
Collection [¥ Sensors Subject
Program

Figure 5.29 Data collection diagram. In the diagram,At indicates the delay in
transmission of the force sensor data from the PXTest Bed Control Program to the

Windows Data Collection Program
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5.7.2 Synchronization problem and experiment

Because the force plate data are collected onXh€Bmputer and transferred at a frequency of 50
Hz via an Ethernet link to the computer collectihg Xsens data, there is a delay in force sengdar da
transfer from the PXI to the Windows computer 6thated agit in Figure 5.29). An experiment was
conducted to characterize the data transfer dglagying an orientation sensor to the back of éisé t
bed seat lever arm, rotating the lever arm andaingpit onto a load cell (Figure 5.30). This lever
arm drop experiment allowed for the characterizatibdelay by determining the instant in time at
which the lever arm hit the load cell. Load celtlarientation sensor data were simultaneously
collected on the PXI and Windows computers, respalgt A total of five lever arm drops were

completed and the delay was characterized in equdrienent.

Figure 5.30: Synchronization experiment. The lefpicture shows the raised lever arm

with orientation sensor attached (orientation sensocovered in tape). The right picture
shows the dropped orientation sensor resting on thead cell.

5.7.3 Synchronization results and analysis

The delay was characterized using the data fronexperiment saved on the Windows computer
(force sensor measurements transferred from PXpoten and orientation sensor measurements

captured directly on the Windows computer). Atitigtant the lever arm contacted the load cell, the
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load cell had a marked decrease (compression for¢keg force output and the orientation sensor
velocity peaked (Figure 5.31). A load cell contae was defined as the timestep after which the
load cell force reading decreased more than 2Nsingle timestep. An orientation sensor contact
time was defined as the timestep of peak sensationtspeed. The delay was characterized

according to Equation 5.7.

At = load cell contact time — orientaion sensor contact time (5.7)
T T T T
4 Drop 1 i 2 i 3 i 4 i 5 Load cell contact
| | | | | ume
i i i i
5 - | | | e - , .
- I I I | Orientation sensor conmact
Z i i i | time
5, 11 B ] &
i i i i
ﬁ 100 90§ | d 4 600
i i i i
g 1L Lt
= =| oad Cell Force (M)
= i | | |
I ' ' ' ' = Rotational Speed (rad/s)
g% | | | |
55 i i i i
= | | i i
= | | | |
B3 NI
= i i i i
: NI
-8B A i i i i
i i i i
! ! ! !
10 Timestep (50 Hz)

Figure 5.31: Graph showing five lever arm drops oto load cell (drop number indicated
on top of graph). The blue curve indicates the |ahcell force reading; the red curve
indicates the orientation sensor rotational speedeading. At the beginning of
experiment lever arm is resting on load cell (loadell force ~-2N, rotation speed =0
rad/s). The lever arm is then raised (load cell fee increases to ~+2, rotation speed of
orientation sensor has negative slope). The levarm is then dropped (rotation speed
of orientation sensor has positive slope until thkever arm hits the load cell). The lever
arm hits the load cell (rotation speed slope changend load cell force drops back down
to ~-2N, after oscillations). The process is reptal 4 times as shown on the graph.
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Table 5.9 shows that in two of the trials the delag less than one timestep (0 — 20 ms) and ie thre
of the trials the delay was between one and twedteps (i.e., 20 — 40 ms). From these resultast w
decided that the delay in the data collection wdndatorrected by shifting all of the force dataeshv

onto the Windows computer backward by one timessteplation to the orientation sensor data.

Table 5.9: Force delay characterization. The fores used to characterize the load cell
contact time and the rotation speeds used to chargize the orientation sensor contact
time are highlighted in bold. The timesteps corrggonding to these contact times are

also in bold.
Lever arm Rotation
drop Force speed
number | Timestep (N) (rad/s) At
163 2.15 0.94
1 164 2.15 1.19 0
165 -3.34 0.12
226 2.14 1.19
227 2.14 1.56
2 228 2.13 0.29 !
229 -8.03 -0.28
297 2.11 1.01
3 298 2.12 1.30 1
299 2.14 0.26
300 -6.32 -0.12
364 2.13 1.08
4 365 2.14 1.38 0
366 -4.99 0.01
437 2.15 1.12
5 438 2.16 1.29 1
439 2.13 0.34
440 -5.40 -0.29
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5.8 FMEA based on safety review
A Failure Modes and Effects Analysis (FMEA) was @beted on the final test bed (Appendix D).

Based on the FMEA a number of safety features added to the test bed. These features include

the following:

a) Padding on all the sharp corners of the test bddarhard surfaces that users may

potentially contact.

b) An additional emergency stop button located attfteance of the test bed that can be

accessed by users in the test bed.

c) A clear plastic chain guard to prevent the usenfomming in contact with the follower

chains used in the arm assist mechanism.

d) A test bed operational checklist to be completddreeconducting experiments with users to

verify that the test bed is in safe working corait{Appendix E).
5.9 Test bed functional design requirements validat  ion

5.9.1 Pilot test results

Pilot tests were conducted on 6 healthy young adaltletermine if the functional requirements were
achieved by the assist mechanisms. The data totleend analysis procedure was the same as that
described in Chapter 3. Subjects first perform€&8 8ses in the test bed without assistance using a
MT strategy, and then with assistance from eachethree modes of STS assistance. Table 5.10
shows the results of maximum trunk flexion and radiped knee torques for each of the four modes
of STS.

Table 5.10: Trunk flexion and knee torque result§rom pilot tests with six subjects.

Combined Normalized Results (N=6) Unassisted * | Arm Waist Seat

Max Trunk Flexion (deg) 43 (14) 33 (5) 12 (5) 26 (3)
Normalized Knee Max Torque

(Nm/(BM*BH)) 1.38(0.25) [ 1.19(0.21) | 1.13(0.27) | 1.19(0.26)
% unassisted peak knee torque n/a 86% 81% 86%
Rise time ° 1.9 (0.3) 3.2(0.5) 2.6 (0.4) 2.3(0.4)

®Five trials for each STS mode of rise, results regbas means (standard deviation)
®Rise time is defined from initiation of hip flexida full extension of thigh.
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5.9.2 Validation of design requirements
Four main functional design requirements wereeganding the design of the test bed. The
following paragraphs reiterate the functional desigguirements (outlined in Section 5.2) and

describe, based on the results of the pilot studidse requirements were achieved.
i.  Ensure that the user provides a knee torque grter35% of the unassisted torque

a. Results from the pilot tests (Table 5.10) show thatach of the assisted modes of
STS, the normalized maximum knee torque was gréader35% of the normalized
maximum knee torques of the unassisted STS. THeuRihctional design
requirement of ensuring that the user provideses ktarque greater than 35% of the

unassisted torque was met.
ii.  Guide the trajectory of the arm assist such thautter employs a MT STS strategy

a. Results from the pilot tests (Table 5.10) show thathe arm assist the average
maximum trunk flexion angle was 33°. This truréxibn angle did not match the
peak trunk flexion of the MT strategy (51°) as dised by Scarborough et al. [25];
rather, it matched the 35° peak trunk flexion armfiaracteristic of DVR strategy.

iii.  The test bed assist should be able to help therigsetio a standing position with a rise time

of two to four seconds.

a. Results from the pilot tests (Table 5.10) show thatll of the assisted STS rises,

the rise time was between two and four seconds.

iv.  The test bed should be able to assist users widtight range of 150 cm to 185 cm and mass

up to 90 kg.

a. The design calculations completed in appendix efstitudent report [60] (Appendix
A) sized the dimensions of the test bed as wahasnotor power such that users

with a height range between 150cm and 185cm and o@ato 90 kg can be tested.

Results from the pilot tests indicate that thestsaechanisms on the test bed achieved all of the
design requirements except for the requirementrdaggthe motion of the arm mechanism.
However, the arm-assisted STS rise resulted irvarage peak trunk flexion of 33°,which was closer

to the average unassisted peak trunk flexion otHds the waist assist (12° trunk flexion) and seat
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assist (26° trunk flexion). Because of this, isvagecided that the arm assist promoted sufficient
transfer of momentum to merit a further investigatof the assist without further modifying the
trajectory of the mechanism.

The test bed described in this chapter was develtipexperimentally evaluate the biomechanics of
different modes of assisted STS. This experimeantaluation is detailed in the next chapter (Chapte
6). Because the focus of this thesis is on biormeicial response in subjects induced by the difteren
assist modes, and not specifically on the biomechkaf older adults with STS weakness, healthy
older adults were recruited for experiments. Ujgemtification of the best assist based on the
biomechanics of healthy older adults, further eipents with older adults who have weakness with
STS can be performed to determine the effectiveoiess assist in the target population of older
adults who have difficulty with STS.
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Chapter 6 Test Bed Experiment

6.1 Introduction

As described in Chapter 5, the STS test bed waslaiged to characterize the biomechanical forces
and motions arising from STS assistance at thetwseat, and arms. In Chapter 2, three criteria,
based on STS weakness in older adults, were esiatllito evaluate the effectiveness of different
modes of STS assistance. These criteria, i.e.litgakihee extensor effort reduction, and MT steate
adherence, were used to define five questions ghrethich the test bed experiment detailed in this
chapter characterizes each mode of assigtWhich assist provides the greatest amount ofcstati
stability to the subject?b) Which assist provides the greatest amount of dymatability to the
subject? ¢) Which mode of assist results in the greatest fimuin knee extensor effort required to
rise while still sharing with the subject part bétknee load required to riséPWhich mode of assist
enables a subject to follow the clinically prefektdT STS strategy? are) Which mode of assist do
the subjects prefer to use? The answers to thesstigns will help determine the best mode/modes
of assist and provide guidance for the developragt deployment of institutional and consumer

load-sharing STS assistive devices.
6.2 Experiment procedure

6.2.1 Subjects

A total of 17 community dwelling healthy elderlytgects (above the age of 60) were recruited for
the study. Subjects were selected if they were tbitise unassisted from a chair and did not have
any of the following contraindications: known mukxskeletal or neuromuscular conditions that
would limit their ability to rise from a chair, teice disorders, osteoporosis, recent significgutyin
or treatment, recent hip or knee replacement, otirehabilitation care, or current fainting or dizz
spells [65]. Subject-reported level of mobilitgsestive device use, and difficulty with STS were
collected in a pre-experiment questionnaire (AppeR)l Informed consent was obtained from all
subjects and consent was obtained conditional @subject passing the above described selection
criteria. This research was approved by the Usitseof British Columbia Research Ethics Board
(UBC Clinical Research Ethics Board number H10-(B)56
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The gender, age, mass and height were collecteddin subject along with anthropometric data.
These data are listed in Table 6.1 for all 17 stibje Data for Subject 3 were recorded but not used
because of an equipment error in the data colleatioring trials (described further in Section
6.2.4.4). Anthropometric data included measuremeftotal foot length (heel /2toe), foot length
(lateral malleolus / head metatarsal 1), shanigten(femoral condyles / medial malleolus), thigh
length (greater trochanter / femoral condyles), dfeans/torso length (greater trochanter/
glenohumeral joint), upper arm length (glenohumgoigdt / elbow axis), and forearm length (elbow
axis / ulnar styloid). Body segment lengths weyenfd by palpation at joints to find the point of
rotation. The test bed seat height was pre-adjusie80% of the knee height, measured as the
distance to the floor from the left medial tibidhieau [25].

Table 6.1: Summary of data from 17 healthy older dult subjects.

No. Gender Age Mass Height Total Shank Thigh Trunk Upper Fore- Seat

[kg] [cm] Foot [cm] [em] [ecm] Arm arm  Height
[cm] [em] [em] [cm]

1 M 65 65.1 165 25 30 40 50 24 24 35.5
2 M 76 78.4 179 26.5 40 50 42 25 27 43
3! F 78 55.6 166 235 37 45 37 28 25 40
4 M 65 84.3 174 24 37 47 43 29 25 39.5
5 M 73 64 177 24 40 47 43 25 26 41
5 M 73 72.6 161 21 37 43 40 27 25 38
7 M 84 70.5 169 23 38 49 42 26 24 38.5
8 M 77 75.3 184 29 43 49 48 31 27 43
9 M 70 70.9 173 255 37 50 43 24 26 39.5
10 M 69 63.8 175 235 38 47 49 28 28 38.8
11 M 70 66.5 176 25 40 47 51 28 26 40.3
12 M 80 77 176 27 39 49 46 27 24 41.5
13 F 69 57.4 176 26 38 49 43 26 25 39.5
14 F 66 55.3 165 225 36 43 40 20 24 37.8
15 F 68 73.6 169 24 38 48 42 23 25 39.3
16 F 63 70.7 162 22 37 49 39 25 24 37
17 F 69 76.3 174 245 41 46 52 26 26 41
Mean 71 70.1 172 245 38.1 471 446 259 254 39.6

SD 5.79 7.74 6.43 201 2.82 284 418 258 1.26 2.04

Data for Subject 3 are reported here, but not dsedo an error in data collection during STS sriélata from Subject 3 are not included
in the reported Mean and SD at the bottom of thieta
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6.2.2 Experimental design

6.2.2.1 Test bed assists

As detailed in Chapter 5, a STS test bed has beitirfdy the purpose of the STS experiments
(Figure 6.1). The Test Bed consists of a seatgsfatand three dynamic assist mechanisms to
provide STS assistance: a seat assist, a waist,as®il an arm assist. The primary function of the
arm assist is to provide stability and trajectonjdgnce as the subject rises rather than proviiieg
torque assistance. The primary function of thestvand seat assists is to reduce the knee torque
required to rise. The waist and seat assist mésinarare governed by a two-part control scheme
that enables reduction of peak knee torque andegisourages subjects to rise using their own
available strength. All of the assist mechanismiomstare triggered by the subject through a
deadman switch. Depression of the switch allowsanmf the assist, and if the switch is released,

the motion will stop.

A grab bar in front of the test bed (Figure 6.1)sed as an additional assist to represent assistan
from commercial static grab bar assists [35] and seference for comparison with the three dynamic

assists.

Bar assis =l Waist assic

Arm assis

;\

R Seat assist
DRS¢ Seat platform

Figure 6.1: Sit-to-stand test bed.
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6.2.2.2 Test bed data collection

A single-axis load cell and a six-axis force plateasure the forces applied by the subject durinf ea
STSrise. A Pressure Transducers Ltd. S-type I30éad cell (model PT4000-300Ib) located
underneath the seat of the test bed measuresrtieedpplied by the subject while seated. An
Advanced Medical Technology 6-axis 1000 Ib forcat@lmodel OR6-7-1000-5571) underneath the
feet of the subject measures the ground reactime$cand locates the center of pressure of the
vertical foot force. A pair of Pressure Transdadad. S-type 50 Ib load cells (model PT4000-501b)
directly measure the load applied by the waistsassithe waist of the subject.

Kinematic data are collected using Xsens TechnologyMotion Sensors (Model MTx-49A53G25).
The sensors measure three-dimensional linear aatieleand angular velocity of the body segment
motions. The collection of the force and kinemadata during STS experiments enables the
characterization of the biomechanical loads andanstarising from each STS rise.

6.2.2.3 Key biomechanical metrics

Experiments with the test bed involve subjects grening both unassisted STS and assisted STS
using the four assists (which are referred to asiasiodes or modes of assist hereafter) desciibed
Section 6.2.2.1. Each mode of assist will be dtar&zed through the five questions stated in the
Introduction (Section 6.1).

Two separate hypotheses will be evaluated to anthedirst four questions (a-d):
1. Each mode of assist offers a statistically sigaificimprovement from the unassisted STS.

2. One mode of assist is statistically better thawfalhe other modes of assist.

These hypotheses will be evaluated using seveydbikenechanical metrics (listed below) obtained

from STS biomechanics literature.

CoM Displacement: The displacement of the subject center of mas#jCelative to the ankle at
seat-off will be used as the measure of statidlgiabA smaller absolute displacement indicatestt

the subject is in a position of greater staticititgly31].

CoP Displacement: According to Schultz et al. [21], dynamic (postiistability is maximized when
the foot CoP is centred between heel and toess fHeumeasure for dynamic stability will be
determined by the location of the foot CoP at séfvith respect to the center of the foot.
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Peak Knee Torque: To determine the knee extensor effort requiretsiny peak knee torque during
each of the modes of STS will be compared, witheloknee torques indicating less knee extensor

effort required to rise [15].

Peak Knee Torque Ratio: The peak knee torque will also be used to veyifitial engagement of
subject knee strength (i.e., load sharing withabsist mechanism) by verifying that the peak knee
torque during each assisted rise is greater thém@&3he peak knee torque during the unassisted ris

The justification for this metric is detailed inien 5.2.

Peak Trunk Flexion: Finally, to determine adherence to the MT stratéte peak trunk flexion for
each of the assisted STS will be compared to th& pank flexion of the unassisted MT strategy
STS [25]. A statistically significant differencetiveen the assisted peak trunk flexion and unasisist

peak trunk flexion would indicate a strategy diéfier from the MT strategy.

To answer the fifth questio®)( subjects will complete a post-experiment questiire (Table 6.2,
Appendix G) reporting sense of stability, strengsled, and rise strategy and confidence for athef t
STSrises. The questionnaire contains 6 questiistex] in Table 6.2, and for each assist subjects
will be asked to choose from a four-point Likeralgcwith a score of four indicating that they agree
with the question and a score of one indicating titvey disagree with the question and two and three
indicating that they somewhat disagree or agrepedtively. The scores reported by subjects in the
post-experiment questionnaire will be grouped fmheassist mode and combined for all subjects.
This will provide an overall qualitative sense abgects’ reactions to each mode of assisted STS.
The assisted STS mode/s that receives the highestge combined questionnaire score with a
statistical difference from the next highest sasilebe considered as the assist mode most preferre

by subjects.

Table 6.2: Post-experiment questionnaire.

| felt stable when using this as:

| was able to rise with this assusing thesame motio as used during the unassisted

| was confident that | would not fall while risinging this assi

| was able to rise smoothly with this as

| felt comfortable in terms of forces placed on bogy while rising usinghis assis

o O M| W N| =

| was able to rise with this assist usless effor than the effort required to rise unassis
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6.2.2.4 Experiments

Experiments with the test bed include a total oé filifferent modes of STS. In the unassisted mode,
subjects sit on the test bed seat and then rigestanding position without any assistance. In the
assisted modes, subjects sit on the test bed sgdlhen rise to a standing position using eachef t
four modes of assistance provided by the test feat,(waist, bar, and arm). A set of five triada(
defined as a single STS rise) are recorded for gate of STS and used in the data analysis. This
number of trials is consistent with studies thatlgred both unassisted STS [42] and assisted STS
[31]. During each trial, the seat force, grounacten forces, and subject kinematics are recorded
using the test bed data collection equipment desdrin Section 6.2.2.2.

For all subjects, trials involving the unassistendm of STS are conducted first, followed by ther fou
assisted modes of STS. The unassisted STS mpdefismed first because data collected from this
mode are used for the load-sharing control schdrtteeseat-assisted and waist-assisted modes (see
Section 5.6.5.1). However, a modified randomiziedldesign is used to counterbalance the four
assisted modes of STS. The modification to thdwamzed block design is the placement of the arm
assist as either the first or last assisted ST, this modification allowing for faster switchitignes

between assist modes.

6.2.3 Protocol

At the commencement of the experimental procedanientation sensors (5 x 3.5 x 2 cm size) are
attached to a seated subject using straps. Seasprtached to the shank, thigh, and chest at the
approximate center of mass (CoM) of each segmefihe CoM location is determined using
approximate anthropometric coefficients based ogmsait lengths [46]. Figure 6.2 shows the

equipment and experiment setup.

The seat height is pre-adjusted to 80% of the stibjknee height using wooden blocks placed on top
of the force plate to raise the floor height of test bed. Before the start of the trials, thedgplate

is zeroed to correct for long-term drift and theigi® of the wood on the force plate. Subjects are
asked to sit sock-footed on a thin cushion (8 cmithwk 3 cm height cross section) on the test bed
seat. The cushion is used to isolate the forcéiezbpy the subject to the seat by leaving thehig
unsupported. The subjects are requested to Itlvaiteischial tuberosities by palpation and sit such
that the ischial tuberosities are centred on trshicm. A piece of medical tape is attached to tirght

in the plane of the ischial tuberosities so thatghbjects can easily align their ischial tuberesito
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the center of the cushion in subsequent trials.ot Position is set such that the feet are placed
parallel, fully on the force plate, shoulder-widthbart. Each shank is positioned approximatelygt 1

flexion with respect to the vertical plane to apqmmate normal foot placement [11].

Bl Orientation Sensor

Head/Arms Trunk

M3

Cushion
Test Bed Seat ~_ S

Chair load .:eu_\Flzﬁ—l

Figure 6.2: Experiment setup. 6sis trunk angle, é, is thigh angle,faris
head/arm/trunk angle. Body segment angles are maagd with respect to horizontal
plane.

Subjects are first requested to sit down and miaitieir trunk and head in an upright position.eyh
are then asked to look straight ahead and rise twect position in five different manners: (akfiv
times with arms crossed across the stomach udi§ 8TS strategy as described in Hughes et al.
[66] and demonstrated by the experimenter, (b)tfimes using the grab rail assist, (c) five timathw
the arm assist mechanism, (d) five times with thestassist mechanism, and (e) five times with the

seat assist mechanism (Figure 6.3 and Figure 6.4).

In case (@), subjects are asked to cross theiriarfrent of their stomach to prevent unmeasured
forces from arm usage during the movement, anddkked to rise at a self-selected speed. In case

(b), subjects are asked to rise at a self-selesgiedd and provide the required knee torque to stand
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by themselves, holding the grab rail for the daratf the rise to increase the stability of theipot
(similar to the STS grab rail normal assist expernitrdescribed in Bahrami [31]). Subject positi®n i
normalized such that when seated with upright lzackarms at full extension, subjects are able to
hold onto the grab bar. In case (c), subjectasked to provide the required knee torque to sk a
use the assist mechanism to guide their trajeetethey rise to a standing position. Subjects are
requested to hold onto the assist mechanism faduregtion of the motion without putting their
weight on the mechanism. In cases (d) and (e)esisbare asked to allow the force from the assist
guide them to a standing position. Subjects ae iaformed of the control scheme of the waist and
seat assist, which slows the assist mechanismeyfdib not contribute sufficient effort, and are
requested to use more of their own strength if fireythat the assist mechanism is slowing down.
Subijects are instructed on the operation of themlea switch and motion of the assists and then
given the opportunity to perform two to three piaetrials for all the mechanically assisted moaoles
rise (cases (c), (d), and (e)). If a subject btk difficulty rising as instructed after the piee trials,
additional practice trials are conducted until $libject reports confidence with the assist mechanis
The full experiment script is included in Appenéixand the experiment checklist is included in

Appendix .

For all trials, subjects are given the cue ‘reaptyahead’ and subjects commence rising upon the
instruction “go ahead”. They remain standing dkas possible until data acquisition is completed
at which point they are asked to be seated againSTS rise is considered successful if the feet
remain still during the rise and if subjects maimtzontact with the assists during the assistagbris
Upon completion of each set of assisted STS tsallsjects complete the post-experiment

guestionnaire for that set of trials.
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Figure 6.3: Still frame animation of three modes bSTS. From top to bottom:
unassisted, bar assist, arm assist. Each mode afShas four still frames, representing
approximately (from left to right): start of trunk flexion, start of thigh extension,

maximum ankle dorsiflexion, and end of thigh exterisn.
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Figure 6.4: Still frame animation of two modes oSTS. Top animation: waist assist.

Bottom animation: seat assist. Each mode of STS &i$our still frames, representing
approximately (from left to right): start of trunk flexion, start of thigh extension,

maximum ankle dorsiflexion, and end of thigh exterisn.

6.2.3.1 Data collection procedure

The force and kinematic data collection is initthten the ‘ready’ cue, one second before the ‘ge’ cu
and lasts ten seconds for each trial. Reactionaasist forces are collected from the force plat: a
load cells at a frequency of 50 Hz and are digitéiltered with a zero-delay, bidirectional, fourth
order, low pass, Butterworth filter at a cut-ofduency of five Hz [42]. Three-dimensional angular
orientations and angular velocities as well asdireccelerations are obtained from the Xsens sgnsor
Xsens sensor data are collected at a frequendy biz5and filtered in the same way as the forceeplat
data.
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Force plate data are collected on a National Insnts PXI Computer and transferred via an
Ethernet link to the computer collecting the Xsdata. Data transfer delay is calculated as destrib
in Section 5.7.3 and the force plate data is titméesl to synchronize force plate and Xsens data.
The accelerometer data are gravity compensateddlmsthe estimated orientation of each sensor, to
negate the gravity force readings on the sensdkfl. data filtering, time shifting, and gravity

compensation are computed offline in Matlab attertrials are completed.
6.2.4 Data analysis

6.2.4.1 Model

A four-link rigid body biomechanical model, advoedtin Mak et al. [42] and Kuo [44], was created
to describe the kinematics and dynamics of the uppey and lower extremities during the STS
motion. The model consists of four rigid body koksegments representing the feet, lower legs
(shank), upper legs (thigh), and Head/Arms/Trungyfe 6.5). Using generalized anthropometric
coefficients [46] the approximate body segment m®s€oM locations, and moments of inertia were

calculated.
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Head/Arms/Trunk (segment 4 .
Proximal

Joint

O Thigh (segment3)

Shank (segmen 2)

% Distal w
\ Fiy

Foot (segmen 1) Joint

Figure 6.5: The 4-link rigid biomechanical model ad a representative body segment
used in the inverse dynamics model. The body corts of 4 segments connected by
three joints. Lqis the distance to the distal joint from the CoM ad L, is the distance to
the proximal joint from the CoM. T;; and F;_; represent the joint torque and force
acting on the distal joint of the current body segrant (segmeni) from the proximal
joint of the previous body segment (segmeiitl). Gravity force (m,g) and acceleration
force (ma) act at the CoM. T; and F; represent the joint torque and force acting on the

proximal joint of the current body segment.

Symmetry across the sagittal plane was assumegddBd]therefore the model was created in a two
dimensional plane. Using the body segment kinentitia, force plate dynamic data, and subject
anthropometric data, the joint forces and torquesewvealculated recursively using Newton-Euler

inverse dynamics analysis.

Y Forces;,=m;a; i=1,..4 (6.1
Y Moments; = La;, i =1,..4 (6.2)
Tankie = _l:?”_.‘oorgsfoorj + [CGPsz_uj — (RontaeFyrp) (6.3)
Fyankie = Fyrp Frankie = Fzpp = Mpooe g (6.4)
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Fi =Fi_1 —mig —mq; (6.5)
Ti = (Ld X Fi—l) + (Lp X Fl) + Ti—l - Iiai (66)

This analysis computes the dynamic equilibriumadysegments using the Newton-Euler equations
of translation and angular motion (Equations 6.d &). Figure 6.5 shows a representative segment
of the biomechanical model used in the study witieds and torques labeled. The force plate inputs
(CoP, Fys, F.p) are used to calculate the ankle torque and facesrding to Equations 6.3 and 6.4.
Working upwards, the remainder of the joint foreesl torques are calculated using Equations 6.5
and 6.6. Linear accelerations of each segmeralaegned directly from orientation sensors, and the
angular acceleration is obtained by applying there¢difference formula to differentiate the argul
velocity measurements obtained from the orientagmmsors. The sensor program automatically
integrates angular velocity to provide sensor daiton data in the form of roll-pitch-yaw anglegtwi

rotations relative to the inertial frame of the sem Sensor drift is assumed to be negligible.

In all assist modes, except for the seat assit,reaction forceHse,) is calculated using the seat load
cell force and the horizontal ground reaction foréée seat reaction force is assumed to be applied
to the ischial tuberosities. For calculation g torque prior to seat-off, the seat reaction ferce
(Fsea) and distance from the thigh CoM to ischial tulséies () are included in the biomechanical
model (Equations 6.7 and 6.8). For the seat a$isestotation of the seat provides a seat force to
subjects as they rise to a standing position. 8fbeg, for seat-assisted STS, the seat reactioe fer
determined using a whole body equilibrium equa{lbguation 6.9), in whicyy.ay andaz,qy are

obtained from Equations 6.10 and 6.11, respectively

Frip = Frnee — Mtnignd — MtnighQenigh + Fseat (6.7)
Thip = (Lg X Fynee ) + (Lp X Fhip) + Tinee = lthigh@tnign + FseatLt (6.8)
Fyseat = Fyfp + MpodayAbody Frsear = _szp + Mpoayd + MpodyAZpody (6.9)
AYpody = MfootAYfootT MshankAYshank tMthighQYthigh tMHATAYHAT (6.10)

MgootT MshankTMthightMHAT

_ MygootAZfootT Mshank3ZshankTMthighQZthighTMHAT AZHAT (6 11)

AZpoay =
Y Mfoott MshanktMehightMHAT
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6.2.4.2 Extended model

For the bar-assisted and arm-assisted motiong-lih& biomechanical model is extended to a 6-link
model by separating the head/arms/trunk segmemBisegments consisting of the head/trunk, upper

arm, and forearm.

6.2.4.3 Treatment of data

Using the kinematic and kinetic data from the fqutae, load cells, and orientation sensors imthe
link biomechanical model, several biomechanicabpeaters are then calculated. The body segment
angles with respect to the horizontal plane arerdehed directly from orientation sensor
measurements of the joint angles. The maximunktfiexion is determined as the difference
between the initial trunk angle reading and thekpgrank angle reading.

Because it was found to be difficult to attachtitumk sensor exactly parallel with the torso, afisetf

is introduced into the trunk sensor reading to cemsate for the discrepancy between the true trunk
angle and the reading from the trunk angle senBoring the last two seconds of data collection,
while the subject is in an erect standing posittbe,average trunk sensor reading is computed and
offset such that the sensor reads a value of appabdely 90° during this phase of quiet standing.

The horizontal projection of the whole body cemtemass is determined from segmental masses and
their estimated approximate CoM locations [46].otF@enter of pressure location is calculated from
force plate data and referenced to the foot postiothe force plate. The CoM and CoP locations
are measured at the time at which the subject losetmct with the test bed. For the unassisted, ba
and arm-assisted trials, this is the instant atiwtie subject loses contact with the seat, refdoas
the seat-off time and determined as the point &ttwthe seat load cell force reaches zero. For the
waist-assisted and seat-assisted trials this igtent at which the subject loses contact with th
assist mechanism, referred to as the assist-erdatim defined as the time at which the assist force
a related force reaches a specified value. Fowdist assist this occurs when the waist assisk loa
cell force is within 5 N of the final value achievafter the subject is fully standing (approximgate!
N). For the seat assist, this occurs when theefplate vertical ground reaction force reaches 100%
of body weight [67].

The hip, knee, and ankle torques are determineduisé 4-link biomechanical model. The
movement time is also measured (defined as thevaltbetween the start of motion and the end of

motion). The start of motion is defined as th&iation of trunk flexion (the time at which trunk
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angular velocity exceeds 0.1 rad/s [65]), and tieeaf motion is defined as the time at which thigh

extension ceases (the time at which thigh extersmgular velocity reduces below 0.1 rad/s).

The peak knee torque is obtained from the kneeitongeasurements for all of the STS modes. The
peak knee torque ratio is calculated for all ofaksisted STS modes according to Equation 6.12,

whereT, assistedS the assisted peak knee torque BndassistedS the unassisted peak knee torque.

Peak Knee Torque Ratio = Ty_gssistea/Tk—unassisted (6.12)

To enable comparison of the data across subjéetsalculated data are normalized according to the
following procedure. Knee torque is normalizediy product of body segment height and mass,
and foot CoP and body horizontal CoM are normalizgtbtal foot length. The duration of the
motion, i.e., the movement time, is given a norgaivalue of 1.0 [31]. Subjects perform five wial
using the five modes of STS, and the average valugt®e biomechanical metrics are computed for
each set of five trials. For the post-experimardggionnaire, the scores reported by subjectdlifor a

six questions are grouped for each assist mode@nbined for the 16 subjects.

To determine statistical differences, a repeatedsores ANOVA is conducted on the data obtained
for each of biomechanical metrics, excluding thekdenee torque ratio. The peak knee torque ratio
is excluded from the ANOVA because the purposdisfietric is only to verify load sharing by
ensuring that the average assisted knee torqueaseg than 35% of the average unassisted knee
torque. After each ANOVA, post-hocBonferroni test is conducted to determine if theme
significant differences between individual assistes for each biomechanical metric and for the
combined questionnaire scores. There are a tbil statistical tests; thus the significance lasel
set atx = 0.05/44 = 0.001 for both the quantitative andliative data.

For the peak knee torque ratio, a one sample tstesinducted to determine if the peak knee torque
ratio for each mode of assisted STS has a valuéfisantly greater than 35%. This t-test is
performed by first computing the ratio margin acliog to Equation 6.13, and then testing the null
hypothesis that the ratio margin is equal to zéfdhe calculated ratio margin is greater tharozer
and the null hypothesis is proved false, then #ekknee torque ratio has a value significantly

greater than 35%. T-tests are also conductedigh#dicance level o = 0.001.
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Ratio Margin = (Peak Knee Torque Ratio)100% — 35% (6.13)

Because the post-experiment questionnaire contadfisal data, a non-parametric repeated measures
analysis is conducted (the Friedman test) to deterihthere are statistical differences between
assists in the results of the post-experiment guestire. This analysis is followed ppst-hoc
Wilcoxon Signed-Rank tests to individually charaizke the statistical differences in scores between

each of the assist modes.

6.2.4.4 Data anomalies

For one of the subjects, an error occurred in #ta dollection due to the force plate amplifiemigei
accidently turned off during the experiment. Afltbe data for this subject were discarded because
the analysis of the biomechanical metrics could beicompleted for all assists due to the missing
force plate data. For the balance of this thehis,phrase “all subjects” refers to all subjects fo

whom a complete set of data was acquired.

For another subject in one of the seat-assistals$ tthe seat force sensor became loose, resuiting
an error in the seat force sensor reading; thusah af four trials instead of five trials were dskr

the calculation of the average seat-assist bionméchlametrics for this subject.

Finally, one of the subjects only had four validistassisted trials. The fifth trial was discarded
because the subject rose faster than the assistamiem and did not use the assist to aid with the
STS. Thus, for this subject a total of 4 trialsevased instead of five trials for the calculatarthe

average waist-assisted biomechanical metrics.

6.3 Results

The data were analysed to obtain results for eatiredive questions described in Section 6.1 and
guantified in Section 6.2.2.3. Analyses were penfed for each of the results to determine stasiktic
differences from the unassisted mode and statistifarences from each of the other assisted STS
modes. Table 6.3 presents a summary of the results
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Table 6.3: Summary of results from key biomechangl metrics and post-experiment
guestionnaire from all subjects for the five modesf STS (standard deviation). For

each metric the statistically best result(s) are ghlighted in bold. All of the results are
highlighted for the peak knee torque ratio becauseach assisted mode of STS had a

peak knee torque ratio significantly greater than 3% of the unassisted peak knee

torque.
Unassisted Bar Arm Waist Seat
CoM - Xank [%Length Foot] -0.43 -0.52 -0.53 0.05 -0.25
(0.11) (0.17) (0.18) (0.12) (0.12)
CoP - Xfootcenter [%Length Foot] -0.34 -0.31 -0.36 -0.13 -0.11
(0.07) (0.06) (0.08) (0.15) (0.11)
Peak Knee Torque [%Body Mass * Body Height) 1.39 1.25 1.31 1.07 1.13
(0.22) (0.16) (0.20) (0.22) (0.22)
Peak Knee Torque Ratio [% unassisted peak knee torque] n/a 90 94 77 81
(8.6) (11.1) (14.1) (12.7)
Peak Trunk Flexion (degrees) 37.25 22.18 24.49 8.83 19.30
(6.65) (5.60) (7.79) (3.97) (5.42)
Mean Post-Experiment Questionnaire Score n/a 3.7 34 34 3.9

(0.5) (0.9) (0.9) (0.3)

6.3.1 Static stability

A significant difference was detected between th¥@isplacement at seat-off for the unassisted

and seat-assisted STS (p < 0.001), and for thesisted and waist-assisted STS (p < 0.001). No
significance was detected between the unassistbdramassisted STS (p = 0.009) and the unassisted
and bar-assisted STS (p = 0.009).

A significant difference was noted between the aadtwaist (p < 0.001), the seat and bar (p < 9.001
and the seat and arm (p < 0.001) assisted STS fisesldition, a significant difference was degelct
between the waist and bar (p < 0.001) and waisiamd(p < 0.001) assisted STS rises. The full
results of the CoM displacement from the ankleeat-®ff for each subject and the results of the CoM
displacement ANOVA are included in Appendix J.
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Figure 6.6 shows the average values of the CoMatisment at seat-off for each of the five modes
of STS. Figure 6.7 shows the trajectory of thezwmtal projection of the CoM for a representative
subject performing each of the five modes of SD8ferences in the CoM displacement at
Movement Start and Movement End in Figure 6.7 aestd variance in the initial and final position
of the subject between modes of STS.
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Figure 6.6: Average distance of the horizontal priection of the total CoM from the
ankle at seat-off. Error bars indicate standard deiation. Note that for the seat-assisted
and waist-assisted STS rises, seat-off is the pomitwhich the user loses contact with the
assist mechanism. CoM displacement is normalized subject foot length. The
horizontal lines connect pairs of STS modes for wbh there is a significant difference.
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Figure 6.7: Trajectory of the horizontal projection of the total body CoM of a

representative subject for five modes of STS. Theertical lines indicate the times at

which the CoM displacement from the ankle is meased for each assist. For

unassisted, arm, and bar assisted STS rises, the@aisplacement is measured at seat-

off time. For the seat and waist assist, the CoMisplacement is measured at the assist-

end time.

6.3.2 Dynamic stability results

A significant difference was detected between th® cation at seat-off for the unassisted and seat
assisted STH(< 0.001) and the unassisted and waist-assisted[5¥8.001). No significance was

detected between the unassisted and arm-assisg&¢ S10.043) and the unassisted and bar-assisted

STS p = 0.124).

No significant difference was noted between thé-aesisted and waist-assisted SpS 0.669) but
there was a significant difference between the @edtbar § < 0.001) and seat and arm< 0.001),
as well as the waist and bar< 0.001) and waist and armp € 0.001) assisted STS rises. The full
results of the CoP displacement from the foot gesttseat-off for each subject and the resulttief t

CoP displacement ANOVA are included in Appendix K.
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Figure 6.8 shows the average values of the CoRadisment at seat-off for each of the five modes of
STS. Figure 6.9 shows the trajectory of the harialbprojection of the CoP for a representative
subject performing each of the five modes of SD8ferences in the CoP displacement at Movement
Start and Movement End in Figure 6.9 are due t@mmae in the initial and final position of the

subject between modes of STS.
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Figure 6.8: Average displacement of the foot CoRdm the foot center at seat-off.
Error bars indicate standard deviation. Note thatfor the seat-assisted and waist-
assisted STS rises, seat-off is the point at whithe subject loses contact with the assist
mechanism. Distance is normalized to subject fotgngth. The horizontal lines connect

pairs of STS modes for which there is a significardifference.
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Figure 6.9: Trajectory of the foot CoP of a represntative subject for five modes of STS.
The vertical lines indicate the key points at whiclthe CoP displacement from the foot
center is measured for each assist. For unassisteatm, and bar assisted STS rises, the
CoP displacement is measured at seat-off time. Féne seat and waist assist, the CoP
displacement is measured at the assist-end time.

6.3.3 Knee extensor effort results

A significant difference was detected between #ekgknee torque for the unassisted and seat-
assisted STH(< 0.001) and between the unassisted and waisted83 S p < 0.001). No
significance was detected between the unassistedramassisted ST € 0.141) and between the
unassisted and bar-assisted SpS (0.001).

No significant difference was detected betweerstra-assisted and waist-assisted STS nses (
0.095), but the waist-assisted STS was signifigatifferent from the arm-assisted ST5<0.001).
The full results of the peak knee torque for eadsjext and the results of the peak knee torque

ANOVA are included in Appendix L.
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Figure 6.10 shows the average values of the pead torques for each of the five modes of STS.
Figure 6.11 shows the trajectory of the knee tofqua representative subject during each of the fi
modes of STS. In Figure 6.11, the knee torqué®brm and bar assist at the Movement End is 50
N. This is greater than the knee torques for theranodes of STS, which reduce to approximately
0 N at the Movement End. These dissimilaritiekrine torques are due to differences in the foot
CoP of the subject at the Movement End time fosehmodes of STS, which in turn affects the ankle
and knee torque at the Movement End time accondifiguations 6.3 and 6.6. This CoP difference
may be the result of a difference in the end pasitif the subject for these modes of STS. The
experiment protocol required that the subject’sdsaremain in contact with the assist mechanism for
the duration of the bar-assisted and arm-assisi&driSes whereas for the other modes of STS, the

protocol required that the arms be crossed achesstbmach for the duration of the rise.
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Figure 6.10: Average peak knee torque for each tifie five modes of STS. Error bars
indicate standard deviation. Torques are normalizé to (body mass x body height). The

horizontal lines connect pairs of STS modes for wbh there is a significant difference.
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Figure 6.11: Knee torque trajectories of a represgative subject for five modes of STS.

In accordance with the criterion that the assisthraaism should share the knee load required to rise
with the subject, all of the assist mechanismsea@ the peak knee torque ratio requirement. The
average peak knee torques generated in all foilveodissisted STS rises were greater than 35% of
average peak knee torque for the unassisted rigeré6.12) with the waist assist providing the
lowest torque ratio, at 77% of the peak unassiste@ torque, and the arm assist providing the
highest torque ratio, at 94% of the peak unassigted torque. The full results of the peak knee

torque ratio for each subject and the results @pisak knee torque t-tests are included in Appendix
M.
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Figure 6.12: Ratio of average peak knee torque efach of the assisted rises to the

average peak torque of the unassisted rise. Errdyars indicate standard deviation.

6.3.4 Momentum transfer strategy adherence results

Significant differences in peak trunk flexion weletected between the unassisted STS and all of the
assisted STS rises at identical significance lefets0.001).

No significant difference was detected betweerp#uek trunk flexion for the bar, arm and seat
assisted rises, but significant differences digtexetween the waist and barg0.001), waist and
arm (p < 0.001), and waist and seat assisted STS fise®(001). The full results of the peak trunk
flexion measure for each subject and the resultseopeak trunk flexion ANOVA are included in

Appendix N.

Figure 6.13 shows the average values of the paak ftexion for each of the five modes of STS.
Figure 6.14 shows the trajectory of the trunk atfigiea representative subject performing each ef th

five modes of STS.
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Figure 6.14: Trunk angle trajectories of a represstative subject for five modes of STS.
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6.3.5 Questionnaire results

6.3.5.1 Pre-experiment questionnaire results

The pre-experiment questionnaire results indidzdérone of the subjects used assistive devices to
help them with STS, and none of the subjects hifidwlty rising out of a chair. Two subjects
reported having difficulty with mobility; one sulgjghad cartilage out of his right knee and the othe
subject reported having stiffness, arthritis angoeiweakness. The full results of the pre-

experiment questionnaire are included in Appendix O

6.3.5.2 Post-experiment questionnaire results

Significant differences in the scores for the pogteriment questionnaire were detected between the
seat and waisp(< 0.001) and between the seat and gr®m .001) assisted STS rises. Significant
differences were also detected between the bawarsd < 0.001) and between bar and apw(

0.001) assisted STS rises. No difference was tetdetween the bar-assisted and seat-assisted STS
rises p = 0.005). Figure 6.15 shows the average scoresafth assist in the post-experiment
questionnaire. The full results of the post-experit questionnaire and the combined post-

experiment questionnaire ANOVA are included in Apghie P.
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Figure 6.15: Average scores for each assist in tpest-experiment questionnaire. Error
bars indicate standard deviation. Note that maximm mean score is 4.0. The horizontal

lines connect pairs of STS modes for which there &significant difference.
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6.4 Discussion

6.4.1 Static stability discussion

Both the waist and seat assists provided signifistaiic stability improvements relative to the
unassisted STS. The static stability results fertthr and arm assists did not reveal any statfistica
differences from the unassisted STS. The stalulgy as measured by the CoM for waist-assisted
STS was also significantly better than the seas&ssSTS; thus, the waist assist is the most
statically stable mode. Figure 6.7 shows thatfbof the assists, the total body CoM is
monotonically increasing. Because the assist-emel for the waist-assisted and seat-assisted STS
rises occurred closer to the end of the motion tharseat-off time of the bar and arm assist, thistw

and seat assists provide greater static stalility the other assists.

On average the thigh angle at the end of assishéoseat assist was 30.3° (SD 6.6°) and for thstwa
assist was 76.9° (SD 8.5°) with respect to thezZootel. During a STS rise, the thigh angle incesas
to approximately 90° at the end of the rise, tlurdtie waist assist, the thigh angle at assistveasl
very close to the angle of a fully standing subjégased on this analysis and the statistical
comparison with the other assists, of the asssted, the waist assist was determined to protigle t
best static stability during STS.

Although the static stability result for the basias was not significantly different from the uniatsd
rise, the bar-assisted rise did have a larger Cisplatement from the ankle position at seat-offitha
the CoM displacement of the unassisted rise. iBhisnsistent with Bahrami et al. [31], who showed
that when rising with bar support, subjects didtnpto transfer their body CoM from the chair ket
support base of the feet before leaving the chesylting in a larger CoM displacement from the
ankle at seat-off during the bar-assisted rise @agpto the unassisted rise.

6.4.2 Dynamic stability discussion

Both the waist and seat assists provided signifidgnamic stability improvements over the
unassisted STS. The dynamic stability resultsHferbar and arm assists did not reveal any statisti
difference from the unassisted STS. Also, there mastatistical difference between the waist and
seat assists with regards to the dynamic staloilégsures. Thus, of the assists tested, the walst a
seat assists are considered to be equally thedyoamically stable modes of assisted STS.
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6.4.3 Knee extensor effort discussion

Both the waist and the seat assist provided afgignt reduction in the knee torque required te ris
compared to the unassisted STS. The bar and aistsadid not significantly reduce the knee torque
from the unassisted STS. This is in accordande thé STS experimental protocol, which requested
that subjects use the bar and arm assists for geedand stability but not to reduce knee torque
(Section 6.2.3), and to use the waist and seaitagsireduce the knee torque required to riserelrh
was no statistical difference between the waistswad assists in terms of torque reduction, theis th
waist and seat assists are equally effective weispect to reducing the knee extensor effort reduire

to rise.

In addition to assisting with STS knee extensarréffeduction, the seat-assisted and waist-assisted
STS rises share the knee load with subjects asm®vitbm the peak knee torque ratios, which were
significantly greater than the threshold of 35%h&f unassisted peak knee torque: 77% for the waist

assist and 81% for the seat assist.

The knee torque reduction by the seat assist isistent with Wretenberg et al. [22], who reported a
significant mean peak knee torque reduction, wisdngua spring loaded flap seat, from 73 Nm to 41
Nm (p <0.001). Thisis equivalent to a peak knee torquEb8o of the unassisted peak knee torque.
In the present study, the peak knee torque whamgnsgith the seat assist was only reduced to 81% of

the unassisted peak knee torque.

6.4.4 Momentum transfer strategy adherence discussi  on

According to the criterion for MT Strategy adherenior an assisted STS to follow the MT strategy,
the peak trunk flexion of the assisted STS musbeatignificantly different from the peak trunk
flexion of the unassisted STS. All of the assistd@d rise modes generated significantly lower peak
trunk flexion angles compared to the unassisted SIS no assist was able to adequately replicate
the MT strategy as characterized by this meastine low trunk flexion peak angles suggest that all
of the assisted STS rises promote a dominant aérige [25]. The waist assist had a peak trunk
flexion angle that was significantly lower thanttfar all of the other assisted risgs<0.001). This
indicates that the waist assist provided the leasiunt of momentum transfer with subjects flexing

their trunk very little during the STS motion.

The arm assist mechanism was designed to promdie sirategy. Subjects expressed difficulty in

learning and following the motion of the mechanesmal were unable to rise with a MT strategy using
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this assist. In addition, the use of a singlestrtgjry for subjects of different heights and body
segment lengths resulted in a wide variance ofanetgenerated by the assist as indicated by the
standard deviation of the peak trunk angle (7sRhich was larger than the standard deviation of the
peak trunk angle of all of the other assisted 33&sr(refer back to Table 6.3).

The peak trunk flexion in the seat-assisted rise &% less than the peak trunk flexion in the
unassisted rise. This smaller peak trunk flexiothe seat-assisted rise is consistent with Baghdor
al. [37], who found that the ejector mechanism ltedin a peak trunk flexion 6.1° less than thekpea
trunk flexion when rising without an ejector mectlsam However, Bashford et al. did not present

statistical results and the results were averagedasmall sample size (five subjects).

6.4.5 Hypothesis discussion

The comparisons of each assisted STS mode withrthgsisted STS and with the other assisted STS
modes were completed to answer the questions statbd Introduction (Section 6.1) by evaluating
the two hypotheses stated in Section 6.2.2.3.

With respect to the first hypothesis (each modassfst offers a statistically significant improvere
from the unassisted STS), results show that theasudrbar assists did not offer significant
improvements from the unassisted STS. Howevesdhéand waist assists did offer significant
improvements with respect to static and dynamibiltpand knee extensor effort reduction.

With respect to the second hypothesis (one modssiét is statistically better than all of the othe
modes of assist), results showed that the waistagas significantly better than all the otheristss
in terms of the static stability metric. In terofsdynamic stability and knee extensor effort
reduction, the waist and seat assists were egoeldtgr than the arm and bar assists.

6.4.6 Post-experiment questionnaire discussion

The seat and bar assists both received scores posi-experiment questionnaire that were
significantly higher than the scores received ffigr waist and arm assists (refer back to Figure)6.15
No significant difference was detected betweergtestionnaire scores for the seat and bar assists,
thus both of these assists were the modes of ed$83tS most preferred by the subjects of the modes

tested.

Subjects recorded comments for some of the asgidtse post-experiment questionnaire. A general
summary of the subject comments is listed beloW ¢kt of comments is included in Appendix Q):
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- Bar assist: assist helped with stability but did not helphwigducing the effort to rise.

- Arm assist: assist was not natural or smooth and required effoet than rising without

assistance.

- Waist assist:effort was reduced but the assist was not veryosimor natural in the force and

motion it provided.

- Seat Assistassist reduced the effort required to rise arahedtl for a smooth rising motion.

6.5 Summary

Experiments with the STS test bed examined fiviediht modes of STS in terms of key
biomechanical metrics and subject feedback on eemxte of assist. Summary plots for subjects
performing each mode of STS are included in AppeRdand Appendix S. Results from the
experiment show that the waist and seat assistgyothde improvements in the static and dynamic
stability of subjects from the unassisted STS #&iatlthe waist assist provides the greatest amdunt o
static stability improvement. Both the seat anistassist reduce the knee extensor effort requored
rise from the unassisted STS rise while engagibgests’ available strength. None of the assigs ar

able to adequately reproduce the unassisted MTsBatRgy.

Thus, with respect to the key biomechanical metfcstatic stability, dynamic stability, knee
extensor strength reduction and load sharing, afidstvategy adherence, the waist and seat assists

offer improvements in all areas, except for prompt MT strategy.

The results of the post-experiment questionnaiosvghat the most preferred STS assists reported by
subjects are the seat and bar assist, with signific lower preference being given to the waist and

arm assists.

Although the results from the static and dynamébiity and knee extensor effort biomechanical
metrics are very similar for the seat and waisisésghere were statistically significant diffeces
between these assists with respect to MT stratdlggrance and subject qualitative feedback. Results
show that the waist assist promoted very little mantum transfer as seen by the peak trunk flexion
during the waist-assisted rise, which was signifiselower than the peak trunk flexion during all

other assisted rises. In addition, questionnaisealts show that subject preference was giveneto th
seat assist over the waist assist. These resigiteest that, of the modes tested, the seat assiwt i

best mode of STS assist.
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Chapter 7 Conclusions and Recommendations

7.1 Conclusions

The objective of this work was to provide an engaifiquantification of different modes of load-
sharing sit to stand (STS) to determine the bestedsoof assisted STS. This empirical quantificatio
will increase knowledge into the biomechanics éfedent modes of assisted STS and help direct the
design of new and improved STS assistive devices.

The review of the literature, presented in Chapierharacterized STS in older adults and identified
the target areas of STS assistance required by pdisons, namely: maintaining stability while
rising, reducing the knee extensor effort requitedse, and providing guidance with a momentum
transfer STS strategy. In addition, Chapter 2 igpe= the importance of assistive devices that
incorporate users’ available strength by shariegettfiort required to rise and identified that thisra
lack of such load-sharing devices. Finally, thaptkr described the existing STS assistive devices
available commercially and in research and devet@pirand identified the need for a biomechanical
and qualitative comparison of the different modeSTS assistance to determine which is the most
appropriate for older adults with STS difficulties.

Based on the issues related to STS assistive deidentified in the literature review, the guiding
research question that led to the developmenteofetst bed was: What is the best mode of assisting
a person with STS in the context of a device thatiges load-sharing STS assistance? The load-
sharing capability was included in the guiding eesh question to help advance the development of
load-sharing assistive STS devices, a need alsifidd in the literature review.

A STS test bed with load-sharing capabilities thated multiple assist locations was developed to
study the assistive STS process. Through simulatmrk and discussions with physiotherapists, the
key STS assist locations for the test bed weretglethe arms, waist, and seat. The arms were
identified as a location to provide trajectory quide and stability assistance, and the waist aatd se
were identified as locations at which to providadesharing force assistance.

The test bed was built with three mechanical assistl one static assist. The mechanical assists
consisted of an arm assist, seat assist, and agsist, and the static assist consisted of a kbstag\
critical function prototype experiment was condddie help quantify the force and trajectory design
requirements for the test bed mechanical asd®sults from the experiment defined the force

requirements for the waist and seat assists amdedethe trajectory for the arm assist mechanism.
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The test bed assist mechanisms were designed dntblachieve these requirements. In addition,
the assists were designed such that they wereseagiegive of existing STS devices. This enables th
results of test bed analysis to be transferrabéxisting STS devices. The seat assist was designe
similar to chair mounted lifting aids, the waissigs designed similar to institutional waist-assist

lifts, and the arm assist designed similar to aned devices in research and development. The bar
assist was added to compare the mechanically ed$€3tS modes with a static mode of assist similar
to commercially available grab bar type assistdoa-sharing control scheme was designed to slow
down the assist mechanism if the user was not aqgpsufficient knee torque during the assisted STS
motion. To implement this control scheme, anthropwic, force plate, and motion sensor measures
were used to calculate a real time estimate o$tibgect’s knee torque, and this estimate was used t

control the speed of the waist and seat assist anésrhs.

To determine the best STS assist mode, a STS exgrrivas developed to answer two main
experimental questions: does each mode of as$diS8dorovide a statistically significant
improvement from the unassisted rise? Furthernvanegsh mode of assist provides a statistically
significant improvement from all the other assist&s#gperiments were then completed with 17 healthy
older adult subjects (6 female and 11 male) peifegrfive modes of STS: one unassisted momentum
transfer mode and four assisted modes. Kinematdanetic measures were gathered during the
STS rises using force plate and orientation sems@asurements. These measures were used as
inputs to a rigid-link biomechanical model of eatibject performing STS, and biomechanical
metrics were extracted from this model. In additi@ questionnaire was completed by each subject

reporting perceived stability, effort, and motianidance of each assisted STS.

Biomechanical metrics were selected to evaluatk gamle of STS assist based on the three key
areas of assistance required by older adults destnn Section 2.3: stability, knee extensor effort
reduction, and adherence to the momentum traristestrategy. These metrics, obtained from the
literature (Section 6.2.2.3), include measuringftdat CoM and total body CoP at seat-off to evatuat
static and dynamic stability respectively, measykinee torque to evaluate knee extensor effort
reduction and load-sharing, and measuring peak ftarion angle to measure adherence to the
momentum transfer strategy. The biomechanicaliosetvere extracted from the model developed in
Section 6.2.4.1 and used in statistical tests terdene which, if any, assists offered improvements
from the unassisted STS. Both the biomechanicéiiecseand the questionnaire results were used in

statistical tests to determine which assists offémgrovements from all other assists.
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Results from the statistical analysis on the bidmeaal metrics showed that with regard to the firs
experimental question (Which assists offer improeets from the unassisted rise?), none of the
biomechanical metrics recorded for the arm andabaists showed statistically significant
improvements from the corresponding metrics reabfdethe unassisted rise. However the static
and dynamic stability metrics and the knee exteaffort reduction metric for the waist and seat
assists did show significant improvement from tbeesponding metrics for the unassisted STS rise.
With respect to the momentum transfer strategyimedll of the assisted STS modes had peak trunk
flexion angles significantly lower than the peakkk flexion for the unassisted STS. This indicated
that none of the assists provided guidance acaptdia momentum transfer STS strategy; instead,
they all promoted a dominant vertical rise ST Steta

With respect to the second experimental questidni¢h assist is better than all of the other
assists?), the waist assist was significantly béten all of the other assists in terms of thécsta
stability metric. For the dynamic stability metand the knee extensor effort reduction metric, the
waist and seat assists were significantly betin thoth the arm and bar assists, but no significant
difference was detected between the waist andassats. Thus, in terms of static stability, treastv
assist is the best assist, and in terms of dynataltility and knee extensor effort reduction, bibid
waist and seat assist are equally the best asS§#itistical analysis of the questionnaire ingidahat
the seat and bar assists received significantlydrigcores than the arm and waist assists but no
significant difference was detected between theasd bar assists. Thus with respect to overall

subject feedback, the seat and bar are the asgisédly preferred by subjects.

Reflecting back to the guiding research questiohgWs the best mode of assisting a person with
STS in the context of a device that provides |daakisg STS assistance?), results from statistical
analysis of the biomechanical metrics show a siityl®etween the seat and waist assist. However,
the seat assist provides a greater amount of ftexilon angle than the waist assist and thus hagmo
potential to train an individual to rise using amentum transfer strategy (although neither the seat
nor the waist assist promoted a true momentumfeasategy in the experiments). Also, the seat
assist received a more favourable rating than tistwssist with respect to subject qualitative
feedback. For these reason, of the modes tebident assist has been selected as the best mode o

assisting a person with STS in the context of acdethat provides load-sharing STS assistance.
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The waist assist provides assistive force up tgtiet that the subject is very close to a fully
standing position. For this reason, it is the nst&tically stable assist. Thus, the waist assist

recommended for a clinical setting in which patigaifiety and stability are of high importance.

The goal of having subjects provide part of theektoeque required to rise during the waist-assisted
and seat-assisted STS was achieved for both thet awvad seat assists. The load-sharing criterion
entailed that, during assisted rises, subjects proside a peak assisted knee torque greater $f#n 3
of the peak knee torque required to rise withosistance (Section 6.2.2.3). Both the waist antl sea
assists had peak knee torques considerably higherd5% of the unassisted knee torque with the
waist-assisted STS rise resulting in a peak knegigoof 77% of the peak unassisted knee torque and

the seat-assisted rise resulting in a peak knegéanf 81% of the peak unassisted knee torque.

7.2 Recommendations

7.2.1 Test bed design recommendations

7.2.1.1 Load sharing

The load-sharing control scheme was designed Whintent of encouraging subjects to engage their
own knee extensor effort by slowing down the agsesthanism in the case of insufficient
contribution of knee torque during the STS riseawdver, the load-sharing control scheme did not
encourage subjects to engage their own knee extefied, because even when subjects relied fully
on the assist mechanism during the entire asgistedf the rise, the mechanism provided assistance
at a constant speed. The reason for the minirfedtedf load sharing was the conservative nature of
the control scheme. The control scheme providedtent speed assistance (no load sharing) for the
first 15° of thigh rotation; for the remainder betSTS, lowered speed assistance was providedby th
assist mechanism only if subjects applied less 8%8a of the knee torque required to rise without
assistance. Experiments with varying thresholdbigh angles, different from the 15° used in the
present study, should be completed to determinbektthigh angle at which to initiate the load-
sharing control scheme. In addition, changindalaed sharing percentage to a higher value from the
35% used in this study would require subjects rmere knee extensor effort in the STS rise. Thus,
there are two aspects of the control scheme tmabeanodified to determine how best to promote

load sharing for both the waist and seat assists.
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Different methods of determining subject knee esterffort should also be investigated. Munroe et
al. [39] examined knee muscle activation through@&#signals when rising using a seat base assist.
A comparison of the knee torque approach usedsrthiesis should be made with the EMG based
approach to see which is best for determining stillgeee extensor activation.

7.2.1.2 Arm guidance mechanism

The arm guidance mechanism was designed with taatiof guiding the trajectory of subjects
through a momentum transfer STS rise. Howeveultefom the experiment showed that the
mechanism did not promote a momentum transfeassariginally desired. Because the final design
of the mechanism was not reconfigurable to prodifferent rise trajectories, subjects with varying
heights had to conform to a single rise trajectbat did not feel natural for many of them. A
recommendation for the arm assist mechanism isviestigate different STS rise trajectories to
determine if others might better promote a momentamsfer STS strategy. In addition, a reworking
of the arm assist mechanism is recommended to &loeasier reconfiguration to suit subjects of

different heights and to be able to customize thetaajectory for each subject.
7.2.2 Recommendations for further research

7.2.2.1 Experiments with older adults who have STS difficulties

The experiment described in Chapter 6 was perfonmtdhealthy older adults. Since the target
population for which to provide STS assistancddgioadults who have difficulty with STS, further
experiments should be performed with older aduhie Wave functional limitations pertaining to STS.
Because the seat assist has been identified deshenode of assist based on subject biomechanics
and preference, experiments should focus on tleetaféness of this mode of assistance in
specifically compensating for the difficulties wiiT S experienced by experiment participants. The
experiments could be conducted using the proceghateanalysis methods of the experiment detailed
in Chapter 6.

7.2.2.2 Commercial STS assistive device

Results from the experimental analysis in Chaptéetérmined that the seat assist is the best nfode o
assisting people with STS. If further experimanith older adults who have difficulties with STS
confirm these results, then the natural next stepis research is to focus on the development and

commercialization of a new load-sharing seat-bassiktive STS device.
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This future avenue of research should commenceusstigating how the load-sharing control
scheme of the test bed can be incorporated intabssed assistive device. This investigatiotdcou
be pursued by first performing background resemmitk on existing seat based assistive devices and
conducting an experimental study on the differgpes of seat based devices to evaluate them in
terms of the biomechanical metrics defined in Céaptof this thesis. This would help identify the
limitations of existing devices and drive the desigquirements of a new seat based assistive device
Furthermore, an investigation into generalizingltez-sharing control scheme would have to be
completed so that load sharing can be maintainétbui the need for a force plate and motion
sensors as required in the current control schagsing this generalized load-sharing control scheme
and the identified weaknesses in existing seatbassistive STS devices, an improved load-sharing

seat based assistive device could be developed.

7.2.2.3 Rehabilitation applications

In addition to assessing the biomechanics of &bkBTS, the test bed has the potential to be sed a
an apparatus for restoring STS functionality ireolddults who have difficulty rising out of a chair
Because the load-sharing settings can be variedegt bed has potential to be used in the
rehabilitation of patients relearning to use thegr muscles for STS. Repetitions of assistance wit
the seat and waist mechanisms while gradually iedube amount of assist force provided can help
train people with STS and strengthen their leg hegsat a level of difficulty according to their
strength and ability. In addition, if the arm assnechanism is refined to promote a momentum
transfer strategy, then repeated rises in this ar@sin can help people learn to coordinate their
motion to rise using a momentum transfer stratelfye assessment of stability, knee extensor
strength used and adherence to the momentum traissfestrategy through data collected from the
test bed can be used to track the progress of itizatadn.

Therefore, a future avenue for research using & t8st bed is to determine how the test bed can be
used as a tool to help with STS rehabilitationisThvestigation could be pursued by first perfargni
background research work that investigates howhittadion efforts are currently used to mitigate
the subject-related contributing factors to ST&ufaidescribed in Chapter 2 of this thesis. Thd ne
step would be to identify how the test bed couldibed to provide the same results as obtained from
current STS rehabilitation efforts. This idenfion could take place by demonstrating the
capabilities of the test bed to rehabilitation eiqesuch as the ones who generously contributsd th
time in consulting on the development of the test &nd the assist motions, and asking them to
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generate ideas in which the test bed could nowWwitpSTS rehabilitation. Finally, after identifg
how the test bed can be used as a tool to helpS¥ithrehabilitation, experiments with the test bed
should be performed in a rehabilitation context seglilts should be analyzed to determine the
effectiveness of the test bed in helping with S&lsabilitation.
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Appendix A: Appendix from Student Report — Design Calculations

Arm Guidance Simulations

Samples of reference curves matched by the 44eade mechanism. Curves matched by adjusting
the linkage lengths to suit short, medium anddatijects.

Subject Elbow Position Trajectories - Minimum Height
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Figure A.1: Subject elbow position trajectories -minimum height.
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Subject Elbow Position Trajectories - Medium Height
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Figure A.2: Subject elbow position trajectories -medium height.
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Figure A.3: Subject elbow position trajectories -maximum height.
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X

Figure A.4: 4-bar linkage mechanism and linkage naing references.

Table A.1: Linkage adjustment range correspondindo the trajectory graphs.

Test Subjec X Y R1 R2 R3 R4 Rp 0 (rad
0.52C  0.74( 0.€ 0.2 0.5z 0.4t 0.4f 0.611

Minimum height | 0.54¢ 0.71¢ 0.€ 2 0.5¢ 0.4% 0.4t 0.611
0.58(  0.59¢ 0.€ 2 0.5t 0.4t 0.4f 0.611

0.497  0.89¢ 0.€ 2 0.61 0.4¢ 0.4¢ 0.611

Medium height | 0.491  0.84« 0.€ 2 0.61 0.4t 0.4f 0.611
0.46(  0.89¢ 0.€ 2 0.5¢ 0.4 0.4f 0.69¢

Maximum Heigh | 0.68¢ 0.67: 0.7 0.3¢ 0.62 0.t 0.4 0.78¢
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Linkage Housing Force Calculations (arm guidance nmehanism linkages —

outer aluminum tubing)

Bending:
ayield = 275MPa
H, =15 =0.0381m
B, =0.75" =0.01905m
Thickness = 1/8" = 0.003175m
H, H,
H; =1.25" =0.03175m
B: =0.5" =0.0127m
- 1 3 3 -7 4
1= E(BZH2 — ByH;*) = 6.4711-107"m
M.
| B Myax = 120Nm
¢ = 0.01905m
Mc
Opend = T

120Nm - 0.01905m
Opend = 64711 - 10-"m* = 3.53MPa

Opend <K Oyield \/

Torsion:
Tshear = 26GPa

Tapplica = 183N - 0.30m = 55Nm

Tmax = 24Amt * Tshear
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Tonax = 2 - (0.0381 — 0.003175)(0.01905 — 0.003175) - 0.003175 - 26 - 10°
Tonax = 91537Nm

Tmax > Tapplied \/
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Linkage Extension Block Force Calculations (Arm guilance mechanism linkages

—aluminum square stock bearing blocks)

Bending:
O-yield = 275MPCI.
H, =1.25" =0.03175m

B, =057 =0.0127m

1
By = EBlHl3 =3.3873- 107 %m*

Mpar = 120Nm

¢ =0.01588m
_ Mc
Opend = I

120Nm - 0.01588m
Obend = 33873 oo o0-24MPa

Opend K Oyjeld ol
Torsion:
Tshear = 26GPa

Tapplied = 55Nm

Tapplied ( 1.8
T = 3+ )
max H1 Bl 2 Hl / Bl

55 1.8
= 3 )
tmax (0.03175)(0.0127%) ( + 0.03175/0.0127

2 Note that in the final test bed the aluminum squstock bearing blocks were replaced with steehsgstock

bearing blocks
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Tmax = 39.95MPa

Tshear > Timax \/

Stress Concentration:

D =0.25"=0.00635m

Ki=25

Faxial = 400N

Across-seciio= Hi B = 0.0004032 rh

Faxial _ 400N

=K — =25
Oaxial t Across—section 0.0004032 m2

Ourial = 2.48MPa

Oaxial K ineld\/
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Arm Guidance - Motor Requirements

The torque and power requirements for the arm gugielanechanism were calculated with a quasi-
static force analysis, which assumes that the exa@n of the device is near zero.

(XZB; YZB)

Figure A.5: 4-bar linkage force application.

From the mock-up experiments, the maximum useefrg and k were determined:

ny MAX — 130 N
Fv,max = 130 N

From the kinematic analysis of the mechanism, ugiagsSimMechanics model, the maximum
dimensions were determined foy, L, L, B, Xzg, Y2s. Through geometry and trigonometry, the
positions and coordinates of each linkage in thehaeism (X, Y1, Xz, Y2, Xp, Yp, 02) were

calculated relative to the Linkage 1 andlg,

A free body diagram was drawn for each linkage, afatce balance analysis was performed.
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Figure A.6: Linkage free body diagrams.

There are 9 unknown forces or torques, and 9 ezpgtif motion:

Linkage 1:
T = [Fix-sin@,) + Fiy-cosf,)]-L,
kg =0
XF:=0
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Linkage 2:
tan@y) = Ry / Fxx
R =0
R, =0
Linkage 3:
XMp3=0
XF3 =0
XFy3=0

Through linear algebra, the driving torque, T, #melforces at each pivot were calculated, as

functions ofo;. The maximum torque was determined:
Twax =120 Nm
The maximum pivot forces were used to specify threpriate bearings for each pivot.
The Linkage 1 angular velocity as a function oflang(6,), was determined from the kinematic
analysis of the mechanism. By multiplying the aagwelocity and the torque at each angle, the

power requirement at each angle was determined:

P®1) = TO1) x o(61)
PMAX =90W
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Waist Assist Arm Calculations

®
Xassis [(\% Xdrive
< » ¢—»

Fdrive

Fassist

Fdrive ’ Vcable

Q

Figure A.7: Waist assist free body diagram.

Xassist = 0.45m

Force Analysis

I:drive = Tmotor - RWin(:h_spool
RWin(:h_spool = 2.0~3.0cm
Tmotor = 123Nm max
—Faive = 4100N The motor would pull the cable to provadéeast4100N of force

— Xarive Can be as short as 0.043m; but we want it sligiothger, approx 0.10m.

Velocity Analysis

Orequied = 50°/3s = 0.291 rad/s
Omotor = 8.7rpm = 0.911 rad/snax
V cable = 0.911rad/s * 0.02m = 0.1822m/s
0 = 0.1822m/s + ¥ive
— Let )(drive: 0.10 m
) = 1.822rad/s

Therefore the system would be able to fulfill its geed and force requirements by
utilizing a driving lever arm of approximately 10cm.
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Buttocks® Assist Mechanism

L1 i I—2

Mreq . 1 Fmotor

Fuser

Tmotor’

() YO
I winor*

O

Figure A.8: Buttocks assist free body diagram.

From mock-up experiment:
Power RequiredP¢q= 245X 4
Fuser,maxz 715 N

L,=0.45m

P=FXLiXw =245 XL, wyeq = = = 0.343 rad/s
Motor:

Max. Torque: Trotor = 1087 in-Ib =123 Nm

Speed (90V)@moror = 8.7 RPM = 0.911 rad/s

Winch Radius (Fully Wound)yinch = 0.044 m

_ Tmotor _ 123 _ 2795.5 N
Twinen  0.044 '

Fmotor

ZM =0:Fm0t07‘ XLZ :Fuser ><Ll

% Note that the buttocks assist in the student tépdhe same assist as the seat assist in thie.thes
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Fuser

X R —
Fmotor 1 27955

L, = x 0.45 = 0.115m

Check if angular velocity is sufficient:

w X L2 = Wmotor X Twinch

WmotorXTwinch __ 0.911x0.044

w = L = = 03497rad/s > wreq N
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Appendix B: Student Report Excerpt — Arm Linkage A djustability
and Buttocks (Seat) and Waist Assist Descriptions

Trajectory guidance is provided by two sets of dilmkages, as shown in Figure B.1.

Figure B.1: Mechanical model of the 4-bar linkageystem

R4

R2

/ X

Figure B.2: Linkage layout and reference names
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The user’s arms are connected to the linkage ttrowg arm cradles at the top of link R5. The arm
guidance mechanism is driven through a roller clhaith sprocket transmission on one side. The two
sets of linkages are coupled at two points: adlggkR4 and at the cradle.

As linkage R2 is driven by the motor and rotated, user follows a trajectory path that is dependent
on the orientation and the lengths of each ofitile@fes. By adjusting the length and orientation of
the 4-bar linkage mechanism, the trajectory pathbeamodified to closely coincide with the desired
user elbow trajectory (refer to Appendix F — Usarial).

The arm guidance linkages have maximum and miniemgths as highlighted in the following

Table. The arm linkage mechanism was designed lmsadsimMechanics model of the 4-bar

linkage (refer to Appendix A — Calculations).

Table B.1: Maximum and minimum linkage lengths.

Linkage/Positio Maximum [cm Minimum [cm] Increment [c
R2 40 30 2
R3 6C 50 2
R4 46 40 2
RE 2C 18 2
Origin Heigh 74 35 n/e
X 67 n/e n/e
Y 75 15 n/e

In the following figures (B.3 to B.7), the dottedds illustrate some of the achievable trajectories
with the 4-bar linkage. The linkage trajectoriessely match the desired trajectories, based on the
mock-up tests, with a maximum offset of 1 to 2 cm.
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Reference vs. Achieved Elbow Position Trajectories
1.2
1.1}

1+

Y Position (m)
©c o
(o] [{e]

o
N
:

o
o
:

o
al
T

-0.2 0 0.2 0.4
X Position (m)

Figure B.3: Reference trajectories vs. achievedar linkage trajectories.

The linkage mechanism can be adjusted to very lgloseet the 4 types of STS motion: arm-guided,
buttocks-assisted, waist-assisted, and no-as$igt.iFillustrated in Figures B.4 to B.7. The ddtte
line is the trajectory followed by the linkage manfsm by setting it up to the corresponding

orientation and lengths.

—— A
192k Buttoc ks
waist | LT
Reference
11k
il Li nkage Length
[ m
09k
R, 0.30
08 Rs 0.52
a7k R4 0. 45
Rs 0. 26
06|
X 0.52
oer Y 0.30
0.4 L
-0.8 -04 0.3 0.z 0.1 ] 01 0z 03 04

Figure B.4: Achieved trajectory for arm guidance.
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——Am
19k Buttocks
Waist
y Reference fﬂﬂ Li nkage Length
[
r R, 0. 30
a9l Rs 0.55
R, 0.45
ELS Rs 0. 26
07l X 0.58
Y 0.16
a6t
o5t
04 ' ' ' - : ' ' - '
05 04 03 02 01 o 01 02 03 04
Figure B.5: Achieved trajectory for waist assist.
1.1
1 L
0.9} Li nkage Lengt h
[m
0.8 R, 0. 30
Rs 0. 53
071 Re 0. 45
Arm Rs 0. 26
0.6 Buttocks
Waist X 0.58
Reference Y 0. 16
0.5 A
0.2 01 0.1 0.2 0.3 0.4

Figure B.6: Achieved trajectory for buttocks guidace.
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1.3

—Am
1k Buttocks Li nkage Length
Yaist E
Reference [ FI”]
111 . ;
R, 0. 30
1 Rs 0. 56
Ry 0. 45
09
Rs 0. 26
ELS X 0.55
Y 0. 25
07k
061
02
D4 1 1 1 1 1 1 1 1 1
-0.58 0.4 0.3 -0.2 -0.1 0 0.1 0.z 0.3 0.4

Figure B.7: Achieved trajectory for general sit-testand motion.

In the four setups shown, the linkage lengths arg glose to each other; most of the variationsrare
the orientation and positioning of the overall @eviwhich will determine how low or forward-

leaning the STS motion will be.

Note that the linkage trajectories, shown by thehdd lines in the above figures, are oval-shaped.
The reference trajectories are sufficient for sedijects taller than the mock-up test subjects, by
having the user follow full length of the “oval jeatory” to get more movement range. The alternate
option for accommodating taller test subjects imtwease each of the linkage lengths by one

increment.
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The linkages were fabricated from rectangular atwmi tubing. Aluminum rod is used as end pieces
for each link, with either a clevis or a bushingtlee pivot. The end pieces can slide in or ouhef
rectangular tubing to allow for length adjustmen®icm (approx 3/4”) increments. Two locking pins

are used to secure the end pieces rigidly at thieedelengths.
Buttocks and Waist Assist Mechanism

Moment Transfer Lever-Arm

In the original design, there are two lever armissfach of the waist and buttocks assist mechanisms,
one on both sides of the user. The design was iiespbbased on consultation with the client and

supervisor. The final design uses only one lever far each of the buttocks and waist assist

I

mechanisms, as shown in Figure B.8 below:

1 i)

Figure B.8: Revised implementation for buttocks asist.

For the buttocks assist, the pivot of the lever ernight beneath the knee of the user, so that the
assistive motion is very close to the user’s krtation. The range of motion is from 0° to
approximately 60°. At 60°, the user is expectelddaalose to a fully standing position and no longer
requiring assist force at the buttocks.
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The assist arm, on which the subject is seatetham long. The lever arm, on the transmission side,
is 15cm long, based on motor and transmission lelons. The lengths of the lever arm and assist

arm are fully adjustable.

Figure B.9: Revised implementation for waist assis

For the waist assist, the assist arms splits fleemtiddle and to both sides, helping lift the test
subject by connecting a lifting chain from the asarm to the user’s waist as seen in Figure Blg&
user is secured with a padded transfer belt withbsmn both sides, on which the chain can be

connected. The chain is connected to the transléahd the assist arms using Karabiners.

The assist arm is fabricated from %2" x 1¥4” 6061alininum, which was calculated to withstand
the required moment with minimum deflection (refeAppendix A — Calculations). The range of
rotation is from 0° to approximately 50°. Rotatiogyond this angle may cause excessive horizontal

force assist to act on the user.
The assist arms, connected to the user, are 45gnWiile the lever arm, on the transmission sile,

10cm long. These dimensions are based on motaramsimission calculations (refer to Appendix A

— Calculations). The assist arm is spaced 60cnt apaccommodate larger test subjects.
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Motor and Transmission

The waist and buttocks assist share the same mtbtransmission setup, to enable independent

testing with each mechanism.

A 90V PMDC gear motor is secured rigidly on a lati at the front of the test bed, and coupled
directly onto a shaft with a cold-rolled steel wirgpool welded onto it. A" diameter steel cable is
wound onto the winch spool. The free end of théechhs a hook, to enable connection to the
transmission side of the lever arm for either thtdzks or waist assist. A pulley block is used to
alter the direction of the winch cable, as weltfesactuation force, from the horizontal to theticaf
direction. This pulley can be shifted forward arahkward to switch between buttocks and waist
assist setups (refer to Appendix F — User Manual).

Figure B.10: Winch cable and lever arm.
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Figure B.11: Transmission - motor and winch setup.

This configuration enables a maximum of 390 N t@pplied to the user during the buttocks assist

and 715 N during waist assist.

Range of Adjustment

The following table highlights the range of adjustinfor setting the pivot for waist and buttocks

assist mechanisms to accommodate different useesitum the final constructed prototype:

Table B.2: Adjustment range for waist and buttockscomponent — final.

Component Maximum Required Max Minimum Height | Required Min
Height [m] [em] [m] [em]
Buttocks assist
50 47 25 25
pivot
Waist assist pivot 123 125 75 80
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Appendix C: Test Bed Operation Manual
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Overview

This document details the operation of the testus#ag the Windows and PXI LabVIEW programs
as well as the mechanical configuration of thelbest The PXI program is used to control the
operation of the test bed, and the Windows progsamsed to collect data from the motion sensors
and perform calculations to determine the real timee torque of subjects as they stand up in 8te te
bed.

Windows Program

A Windows computer is used as the operating systeitine data collection program. The data
collection programKile Name: XsensRecordDec10OPXITransfgris used to record and save the
motion sensor readings, which quantify subject kiatics and assist forces during the assisted STS
transfer. The data collection program also perfokmee torque computations that are used to control
the motion of the test bed according to the loadialg computations. A companion document called
the Sit to Stand LabVIEW Program Document proviglesn depth description of the operation of the
Windows program. This document provides a gerardine of the program.

Subject # St facs (o] ShankLength ] Arkle Heioht [n] oo height (] Rise Knechrgle  AMednge R
St 3.61409 o )m 4 ' T —
] T

Foot Length (anke ankisto
L
Grab Orientation Grabi Mass Grab Initial HAT Angle AT Andle 2t Krios Angie Poto FAWE

el i
Trial Start
-

i
¥

o (B
98,0593 I

b 0
539539 40822

knee Torque _Poro 1AW

# of Calbration Trials
o

+# of Calibration Trisls Required
g

) Dicad

- =50
539600 540623

) Restart

Assisted Knea Torqus: Tank Average

fo.20075; Masimum Knee
Io.20075 4 e
082 e

Unassisted Knee Torque 0ss 1710068
i 1 aver
: e Knee Angle

i 023 _—
Assisted | Linassisted = [7a.00
I &

o

Figure C.1: Windows program.
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PXI Program

A National Instruments PXI 8196 Computer is usethasoperating system for the test bed control
program. The test bed control progrdfild Name: Sit to Stand Feb Ygraphical user interface

(GUI) enables the experimenter to control the motibthe test bed and visualize feedback from the
limit switches, motor encoder, and motion and faersors. At the commencement of an assisted
STS transfer the experimenter presses the stadrboh the GUI. The experimenter then selects the
mode of assist, either buttocks, waist or arm madd,sets the encoder count position goals for the
corresponding assist. These position goals ar tosgetermine the start and end position of eéch o
the test bed assist modes. Once the subjecttedsaad comfortable in the test bed, the experierent
selects the run buttons on the GUI. Motion oftdst bed is then activated by the subject via a
deadman switch, which enables the motor to run vdegmessed. The motor activates motion of the
test bed and an encoder reads in the current mogtithe motor. Once the encoder count hits the
end position goal, the motion of the motor ceadesit switches provide a hard limit on the stamta
endpoint of the assisted motion and a reset swiséts the assist back to the initial position when
depressed. Switches are discussed in greatel idettae following section titled Test Bed
Configuration. The GUI displays the currently aetswitch to the experimenter and the current
position of the motor based on the encoder cownt the motor encoder. The test bed control
program also record the data from the force platel@ad cells via a digital to analog converter (NI
PXI1 6289) which connects the BNC cables from thredglate and load cells to the National

Instruments computer.

INITALIZATIONCALIBRATION HANUAL OVERRIOES AND il Rang?
A DEBRGING R GRIATION

ACTIVE SENSORS

Tniialize reseT (@) Auosets;
Am goal 3286
| E . Uiaist goal 3100
START g
| 9| @ |
lower bound (1007%)
Forwsrdint (@) i
il IS WaStAngle o end b
CALIERATE CURRENT Sle Datasaing | e . aileees o Kres Angle
@ i e " Upper Region Penaly Velock

i Postion oo
corore o J

484
FIND REY LIMIT

Wi Region/ Remp End Ve ocit

o0

Oorrjon CALTION - 1055 e
AT MOVES MOTOR MANUALLY BY JOG AMT s

Buttocks Assist ]
OoFFfoN o 1023 WILL WORK EVEN WHEN RUN 15 OFF!

— Famp Start slocky
) Current Fechack Reading lo Forward il b
10000

FIND FORW LIMIT

7500

Currentinesingls
o

CALTION - OVERRIDES
vty RESET  DEA-MAN i
Hhzoo ussoc e
b J ! 1

J J iitiskresngle
GREEN - K -
GREEN - OK

Figure C.2: PXI program.
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Test Bed Operation

This section goes through the steps involved ifopging experiments and collecting data from the
test bed. The Windows program will be referredgdhe Windows GUI and the PXI program will be
referred to as the PXI GUI.

Data Entry

The first step is to input subject anthropometrigasures into the Windows GUI.

Subject Number: This is the number of the subject and will copmsd to the subject number in the
filename of the saved subject data. Subject Basaved on MNM computer, C:\Documents and

Settings\caris\Desktop\XsensRecordData\

Anthropometric Measures: These measures (shank length, ankle height)dogth, ankle to heel)
are inputs into an equation which calculates thétime knee torque of the subject. Details of the
equation can be found in Sit to Stand LabVIEW PacgDocument.

Heel Position w.r.t. Force Plate Center:This measure is the distance between the hedhand
center of the force plate. It is also used touate the knee torque of the subject

Wood Height: This is the height of the wooded plank placedhenforce plate. The wood is used to

adjust for users of different heights.

Pause Time Before Rising:When Start Calibration trial or Start Assistaiicil is clicked, the data
collection program will start collecting data andittthis amount of seconds before the green Rise
LED lights up.

Trial Duration: This is the length of time for which data will bellected during trials. Default is
10 seconds.

Subject #  Subject Mass [kg] Shank Length [m]  Ankle Height [m] wood height: [m]

o1 3.61409 o o Ao
Fook Length (ankle ankle ko Heel Paosition w.r.EPause time
to metatarsal) [m] heel [m] FP Center [m]  before rising [s]  Trial Duration [s]

i v B e o [ o [

Figure C.3: Data entry.
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Calibration Trials

The next step is to perform the calibration trialhese trials are performed without assistance and
are used to calculate the unassisted knee torgauhgcts performing STS. The following steps are

performed in obtaining calibration trials:

1. Enterin the number of calibration trials.

Before attaching the sensors onto the subjectefitae sensors in a known orientation and

click the Grab Orientation button.

Ask the subject to stand on the force plate arak ¢hie Grab Mass button.

Click Get New Calibration Function.

Click Start Calibration Trial and ask the subjecstand after the rise button lights up.

If the stand is satisfactory click save, otherwiliek discard, the # of calibration trials will

only increment if the save button has been clicked.

7. Once # of Calibration trials equals # of Calibratifrials Required, the calibration function
will be calculated. Details of the calibration &tion can be found in Sit to Stand LabVIEW
Program Document.

8. The restart button allows for calibration triald® restarted.

9. The Load Previous calibration Function will loa@ hrevious calibration function if it exists
in the folder C:\Documents and Settings\caris\D@siksensRecordData\Previous
Calibration Function.csv. More information of tlgsin the Sit to Stand LabVIEW Program
Document.

n

o gk w

The two graphs in the Windows GUI give a readinthefcurrent knee angle of the subject and the
current knee torque of the subject. A readindhefknee and ankle angle as well as the verticaéfor
plate force is also provided as well as the curséaie of the state machine (more information en th
states provided in the Sit to Stand LabVIEW ProgEmsument).
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Figure C.4: Calibration trials.

Assistance Trials

Assistance trials are started by clicking the SAadistance Trial Button on the Windows GUI.
Select the Assistance Mode for which assistandebeiprovided. The following steps are to be

followed when performing assistance trials:

1. Choose Assistance Mode on the Windows GUI (eitherdrm, buttocks, or waist)
2. Make sure the test bed is physically set up forstilected assistance mode (see Test bed
Configuration section)
3. Make sure that the PXI GUI is set correctly (moetads in next section)
a. PXI program is turned on (click the start buttorihiea PXI program)
b. The proper assist mode is selected (arm assistt aggist, or buttocks assist)
c. Run button is toggled such that the toggle switzints upwards
d. Test mode button is off (i.e. green light off)
4. Click Start Assistance trial and ask subject te vigth assistance
5. |If trial is satisfactory, click save otherwise &lidiscard. The trial will increment only if the
save button is clicked.
6. Once the desired number of trials is reached, stlemext desired Assistance Mode and
repeat steps 1-5.

The GUI also gives information on the Load Shaofhthe Test Bed. (Load sharing described in
detail in the Sit to Stand LabVIEW Program Docuneiithe Bar Graph shows the real time knee

torque ratio, i.e. a visual display of the readiighe Assisted/Unassisted Box. The Assisted Knee
158



Torque box is a real time reading of the knee tenghile the person is rising with assistance, The
Unassisted Knee Torque box is a real time readitigeocalculated knee torque of the subject
corresponding to the current knee angle if theexthyere rising without assistance. This value is
obtained from the calibration function, and is diésxd in detail in the Sit to Stand LabVIEW
Program Document.

Figure C.6: Assistance trial PXI setting.
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Detailed Description of PXI GUI

As described already, the PXI GUI is the contrtdiface for the operation of the motion of the test
bed. The PXI GUI enables the experimenter to cbtitie motion of the test bed and visualize
feedback from the limit switches, motor encoded amtion and force sensors. The test bed control
program also records the data from the force platkload cells via a digital to analog converter (N
PXI1 6289), which transmits signals from the fortste and load cells BNC cables to the National
Instruments computer.

Initiation of the control program begins with pregsthe start button. The program has two main
operating states, the run “on” state and the rdfi &ate.

Run “Off” State

1. This state is active when the run toggle switabfigpointing down). This state is used to set
the software position limits of the test bed fae three assists, and also to select which assist
mode is active.

2. Selecting the assist mode (Figure C.7) will acévéie corresponding manual position limits.
The Find Rev and Find Forw limit buttons will ruretmotor backwards and forwards
respectively until the limit switch is hit. Whelmet limit switch is hit the Manual Position
Limit will automatically reset to the current enesaount.

*** Warning****. when the Find Rev and Find Forw limit buttons faitehe motor will not

stop running until the limit switch has been Hiteep one hand close to the emergency stop

button when running the Find Rev and Find Forwtlibuittons.

3. The Manual Position limits are the soft limits dtieh the motor will halt when the encoder
reaches the limit. These limits can be set foheddhe 3 modes of assist. The active
manual position limit is set by selecting the @ssisde, see previous bullet point (point 2)

4. The current encoder count is displayed on the Gidlthe time history of the encoder count
is also shown on the graph with y axis labeled ‘‘@st Rotation of the motor will
increment or decrement the value of this count either the physical limit switch is hit or
the manual position limit is reached. More infatian on the physical limit switches is
provided in the Test Bed Configuration section.

5. The time history of the motor current feedback negds displayed on the graph with y axis
labeled Milliamps.
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6. A set of LEDs indicate which of 4 possible senssisurrently being activated. Details on
each of the 4 sensors, which correspond to switichié® test bed are provided in the Test

Bed Configuration section.

7. The Jog forward and Jog backward buttons enablemof the motor incrementally either
forward or backward when the program is in the“afff state. The amount the motor jogs
can be changed. The default jog amount is 10 sount

INITIALIZATION CALIBRATION

Initialize
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Figure C.7: PXI GUI details.
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When the test bed is being activated by the subjetite PXI GUI must be in the Run “on” State

This state is active when the run switch is todgla (pointing up). When the run state is on,tést

bed will run when either the deadman or reset $witpressed. More information on the deadman

and reset switch provided in the section on Test Benfiguration.
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8. When the test bed is in Test Mode (i.e. Test Magtoh has been clicked and green light is
on), the test bed will run without having to clistart assistance trial on the windows GUI. If
the test bed is not in test mode, it may only rinemwthe start assistance trial has been clicked
on the windows GUI.

9. The override switches allow the PXI GUI to run thetor either of forwards or backwards
by toggling the reset or deadman switch.

Real Time Load Sharing/Speed Settings

A detailed description of the real time load shgfispeed settings is given in the Sit to Stand
LabVIEW Program Documentation. A brief overviewtbé functionality is provided in this

section.

10. Initial Ramp: When this button is on, the initialocity of the motor will ramp up from the
ramp start velocity to the mid region/ramp end gitjoat the beginning of the motion of the
test bed. The duration of the ramp is accordintpéodelta angle value inputted. This delta
angle corresponds to the change in thigh angles/ficch the ramp function will be activated.
E.g. if delta angle is 15, this means that the tionowill ramp up until the thigh/knee angle
changes by 15°.

11. The upper and lower bound are the bounds for the $haring function to be activated.
When the knee torque ratio (described in detaifin5 of thesis and in the Sit to Stand
windows documentation) is below the lower bound, rtiotor speed will ramp down to the
lower region penalty velocity. When the torquea& between the lower and upper bound,
the motor speed will rotate at the mid region/ raangd velocity, and when the torque ratio is
above the upper bound, the motor speed will ramiw tipe upper region penalty velocity.

12. These are the three potential velocities at whiehnhotor will run depending on if the torque
ratio is below the lower bound, between the lowat apper bound, or above the upper
bound. The velocity is a percentage of the maximuwtor velocity (more details of this in
the Sit to Stand LabVIEW Document) and thus caedieas number between 0 and 100%.

13. The arm assist mechanism does not incorporatesloaiing and thus runs only at a single
speed as set in the arm assist speed block.
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Test Bed Configuration

Test Bed Entry

The test bed has been designed to allow entraogedither side by disconnecting the end link of

one of the 4-bar linkages from the support barratrécting it to create an opening into the test be
(Figure C.8).

Retracted End Linkay

Figure C.8: Leftimage: End linkage connected. htimage: End linkage retracted.
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Setting up For Arm Assist

Follower Chan

e ——

.'_ Jack Sha
Sprocket
Spacer Bar

- Drive Chalr

—_— -"'—_..__._._.__ —
A
-

“
i l

1

2 Motor |

— wr ﬂJ ]

Mounting Plate

Figure C.9: Rear view of test bed showing labeled arm assist iteanism components.

1. Make sure aist and buttock 2 Make sure waist ass
assist sling hooks are disconnect@| mechanism is locked
'-'w

‘E—dk. 7" _ &;ﬁga

7: Waist assis |;
| sllng hool

Figure C.10: Leftimage: Rear view of test bed showing disconnted waist and
buttocks assist sling hooks. Center image: Froniew of test bed showing locked waist
assist. Right image: Close-up of waist assist king cable.
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3. Connect end linkage usi
two nuts attached to %2” bolt

Figure C.11: Leftimage: Side view of test bed. Right imageTop view close-up of end

linkage connection point.

. < !’A 5. Remove spacer b'

.=f e -

SR 1)
~ e

4. Loosen motor mountinclate using
a #6 hex key and a #13 metric wrenc

Figure C.12: Leftimage: rear view of test bed. Rht image: Close-up of right side of

motor mounting plate with connection bolt highlighted.

165



4 P - wu B = 8

/ . Pull back motor mountin
N ) - Attach drive chail Plate and reinsert spacer bars|
as shown o

Figure C.13: Leftimage: Side view of test bed shwving motor and jack shaft sprockets

and looseneddrive chain. Right image: Side view of test beshowing motor and jack
shaft sprockets and tightenedirive chain.

10. Make sure the red line on the sl
is lined up with the red line on the bar

e > l! £
<l -

|

= /

b

9. Attach arm cradles usia
3/16” hex key. Tighten set screw

Figure C.14: Leftimage: Close-up of arm cradle tiachment point. Right image: Rear
view of test bed showing attached arm cradles.
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11. make sure there is at least a 2~
between the end of the arm cradle and
the seat frame. If necessary re-adjus
following steps 9& 10 in Figure 14

Handle

¥
\ W

A3 = 1
“ . 12. Adjust position o
. % | handle, using 13. Connect arm assist deadn
thumbscrew, to suit switch using bayonet connector
subject’s forearm length

Figure C.15: Leftimage: Right arm cradle in restposition. Center image: Close-up of
right arm cradle handle highlighting the adjustablethumbscrew. Right image: Close-
up of right arm cradle highlighting deadman switchconnection point.

Figure C.16: Subject seated in test bed ready farm assisted rise.
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Setting up For Buttocks Assist

1. Disconnect arm ass
deadman switch using

bayonet connector I \
3. Remove arm cradl \\\

¥ | ; -
=il —

e ‘_I ———

2. Connec
’ buttocks/waist
assist deadman
switch using
bayonet connector

Figure C.17: Leftimage: Arm assist deadman switch. Center imge: Buttocks/waist
assist deadman switch. Rightimage: Rear view tfst bed with arm cradles removed.

7. Make sure waist ass
mechanism is locked

, I

| 4. Make sure waist ass [
sling hook is disconnected

5. Make surt :
drive chain is |ems
disconnected
from both
motor and

i

mounting plate is tightened. (Follow steps 4 ta 8 i
“setting up for arm assist” section but detachalriv
chain from sprockets instead of attaching drivarohaj

Figure C.18: Leftimage: Rear view of test bed showing disconnted waist assist sling
hook and disconnected drive chain. Right image: ment view of test bed showing locked

waist assist.
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9. Attach buttocks assi 10. Adjust position o

sling hook (marked with seat if necessary using #
+ black tape) to drive cable Hex key on the three sea|

carabiner. attachment screws

- -
2N

Buttocks |
assist sling

8. Make sure drive cab

is spooled in winch Drive cable

carabiner

Figure C.19: Leftimage: Rear view of test bed highlighting butocks assist cable
attachment point. Center image: Close up of butttks assist cable sling hook
attachment point. Right image: Top view of test bd showing seat adjustability.

Figure C.20: Subject seated in test bed ready fdwttocks assisted rise.
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Setting up For Waist Assist

1. Comjlete steps 1 to
in “setting up for
buttocks assist” section

2. Make sure drive cab

is spooled in winch

3. Detach buttocks ass )

sling hook and attach wais \ - :
assist sling hook (marked || 4- Unlock waist assit
with white tape) to drive mechanism

cable carabiner. ‘ T\

= B 'v:"'::
J , l Waist assis |||
7 sling hook

Drive cable
carabiner

Figure C.21: Leftimage: Rear view of test bed highlighting wait assist cable

attachment point. Center image: Close up of waisdssist cable sling hook attachment

point. Right image: Front view of test bed showig locked waist assist.

Lower waist assis
lever arm

| Attach waist
assist belt

: ighten waist assist strap so the
| is taut when subiject is seated

Figure C.22: Leftimage: Side view of test bed showing loweredaist assist lever arm.

Center image: Image of subject attaching waist aist belt. Right image: image of

subject tightening waist assist strap.
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Figure C.23: Subject seated in test bed ready favaist assisted rise.

Switches

Figure C.24 shows the test bed control box. Thisib used to activate the limit switches for each
mode of assist. The three position selector swielsed to activate either the buttocks or waisish
limit switches or to turn both switches off, ané tiwo position selector switch is used to activhée
arm assist limit switches. An emergency stop loutto the control box is used to halt motion of the
test bed. An emergency stop button is also locatéide entrance of the test bed and is withintreac
of the test bed user.

Figure C.24: Test bed control box. Use to activatthe limit switches for the particular

mode of rise.
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The limit switches are used to constrain the bagmand end of the motion of the assist
mechanisms. Figure C.25 shows the locations df ehthe test bed limit switches.

\‘\‘"\.\\\. 4

(e

Figure C.25: Leftimage: Side view of test bed slwing arm assist limit switches.
Center image: Front view of test bed seat showinlguttocks assist limit switches. Right
image: Front view of test bed waist assist levera showing waist assist limit switches.

In all images the limit switch locations are idenfied by the red circles.

The deadman switch, shown in Figure C.26, is usedtivate forward motion of the test bed. A
buttocks/waist deadman switch is used to activattom of the buttocks and waist assists and an arm
cradle deadman switch is used to activate motidhefirm assist. A reset switch is used to reverse

the motion of the assists.

Samm  Bayonet connect

Figure C.26: Leftimage: Buttocks/waist deadmanwgitch. Center image: Arm cradle
deadman switch. The deadman switches are used t@we the assists forward. Right
image: Reset switch. The reset switch is usednwve the assists backwards and is

located on the right hand side of the test bed.
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Checklists:

A detailed Failure Modes and Effects Analysis (FMEas been included in Appendix D of the
Thesis (Biomechanical Analysis of Sit to Stand)deailed safety check of the test bed should be
completed using the safety checklist on this FMEfobe commencing operation of the test bed.

This checklist should be regularly consulted.
An experimental safety checklist has been includebpendix E of the Thesis (Biomechanical
Analysis of Sit to Stand). Before commencing ekpents the operation condition of the test bed

should be verified using this checkilist.

Finally, an experiment checklist has been includefippendix J of the Thesis. This checklist should
be followed when operating each of the assist meshws.
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Appendix D: Failure Modes and Effects Analysis
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Waist assist

Part Name Function Failure Mode Cause Effect on User Prevention Action Safety Checklist
connection cut excess strap to prevent
Waist assist between belt tangle
transfer and transfer getting hooked up into minimize snag points on strap and arm Look at arm assist snag points Do a manual lift of the waist assist
straps bars tangle the arm assist cannot rise further assist and fix bar to ensure strap won't snag
Perform a manual check on the
switch is knocked out of Ensure limit switch hits the waist assist rigididy of the limit switch
place bar in a place where it can hit Manually ensure that both limit
Switch is lower than the consistantly switches are being hit
rest bar Ensure that limit switches are not
switch is not hit | limit switch bar gets bent Ensure the rest bar is not so high that bent
Switch is not hitting the the limit switch is not depressed when Ensure that the limit switch is
Forward limit waist assist bar in a the bar is hit. depressed when the rest bar is hit
switch has to consistant location
Stops the carry the User may get Ensure the rest bar is higher than the Ensure the waist assist hits the rest
Waist assist motion of the weight of the The rest bar on the left pulled further than limit switch and ensure that the waist Ensure that the limit switches bar and doesn't put all it's weight
limit switches waist assist bar bar side is too low intended assist bar is resting on it are rigidly placed on the limit switch
Waist assist pivot point for pivot is unable obstruction in the ensure all bolts are tightened Visual obstruction check in rotation
rotation point | waist assist to rotate rotation workspace cannot pull user up visual check to make sure area is clear Visual obstruction check workspace
connection
Waist assist points
rope Pulls up the becomes visually ensure that the red u-bolt
connection waist assist disconnected bolt unwinds cannot pull user up ensure bolt is tightened all the way visual check is not becoming loose
Add structural support and do a
supports the Add structural support visual check on the support visually ensure that crossbar is
Waist assist waist assist frame gets user is not pulled Visually ensure that crossbar is level bars to make sure they're level level and the vertical frame bars
frame motion bent excessive force on frame up correctly and the vertical frame bars are level ensure bolts are tight are level
Holds the waist
assist up and improper
Waist assist out of the way connection of waist assist falls on
locking when itisnotin | locking Operator forgetting to user and injures always lock waist assist bar when not in Ensure waist assist is locked out of
mechanism use mechanism lock mechanism them use checklist check the way when not in use
redirects the
motion of the
waist assist to visual check to make sure rope is on
Waist assist horizontal rope comes off improper attachment of not pulled up pulley Visual check to make sure rope is
pulley plane the pulley pulley properly Ensure bolts are tight Ensure bolts are tight on pulley
Perform a visual check of the rope
and connections to make sure
rope or Use 3/16" rope there are no visual failure points
Waist assist Pull up the carabiner swage fit the rope connection ensure that the carabiner is
cable waist assist bar breaks excessive load User falls down use swage fitings and rated carabiners use rated carabiners screwed tight
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Buttocks Assist

Part Name

Function

Failure Mode

Cause

Effect on User

Prevention

Action

Safety Checklist

Buttocks assist
seat

support the user

seat slides forward
in attachment
groove

excessive shear
load

user falls down

ensure connection
bolts are tight

tighten bolts

ensure seat bolts are fastened tightly

Buttocks assist

pull the buttocks

carabiner becomes

carabiner bolt

ensure carabiner bolt

rope connection assist seat up loose not tightened user falls down is connected tightly tighten bolts ensure carabiner is fastened well
twisting loads may add capturing mechanism to
cause structural prevent rope from falling off

Buttocks assist redirects motion of cable slides off cable not failure resulting in ensure cable stays on the side visual check to make sure rope is on

pulley

buttocks assist cable

pulley

wound properly

the user falling

pulley

ensure bolts are tight

pulley

Buttocks assist
initial position

keep the chair at a
horizontal position

seat falls backwards

lack of
cantilever
support

user falls backwards

ensure the seat is
supported properly in
the zero position

add a cantilever support

Buttocks assist
rotation point

pivot point for waist
assist

pivot is unable to
rotate

obstruction in
the rotation
workspace

cannot pull user up

visual check to make
sure area is clear

ensure all bolts are tightened
Visual obstruction check

Visual obstruction check in rotation
workspace

Add structural
support
Visually ensure that

Add structural support and do a

supports the crossbar is level and visual check on the support
Buttocks assist buttocks assist excessive force user is not pulled up the vertical frame bars to make sure they're level visually ensure that crossbar is level and
frame motion frame gets bent on frame correctly bars are level ensure bolts are tightened the vertical frame bars are level
switch is

Buttocks assist
limit switches

Stops the motion of
the waist assist bar

switch is not hit

knocked out of
place

limit switch bar
gets bent
Switch is not
hitting the
buttocks assist
in a consistant
location

User may get pulled
further than
intended

Ensure limit switch
hits the waist assist
bar in a place where it
can hit consistantly

Ensure the limit
switch is rigidly
mounted and that
there will not be any
rotational motion of
the switch

Ensure that the limit switches
are rigidly placed

Perform a manual check on the rigididy
of the limit switch

Manually ensure that both limit switches
are being hit

Ensure that limit switches are not bent
Ensure that the limit switch is depressed
before any hard limits are hit

Buttocks assist
cable

Pull up the waist
assist bar

rope or carabiner
breaks

excessive load

User falls down

use swage fitings and
rated carabiners

Use 3/16" rope
swage fit the rope connection
use rated carabiners

Perform a visual check of the rope and
connections to make sure there are no
visual failure points

ensure that the carabiner is screwed
tight
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Arm Assist

Part Name

Function

Failure Mode

Cause

Effect on User

Prevention

Action

Safety Checklist

Arm assist 4-bar
mechanism

Support arms

clash preventing motion

bolt head clash

clash with seat vertical
supports

clash with sprocket vertical
bars

user cannot move
forward

add space where
necessary

perform a manual
rotation of the 4-bar
mechanism to ensure
no clash

manually rotate
mechansim to ensure
no clash

bars become loose

link connecting bolts not
tight

user falls

ensure bolts are
tightened

tighten bolts

ensure bolts are
tightened on 4 bar
linkage

Arm assist support bars

support the motion of 4
bar linkage

bars bend

excessive force on frame

user motion changes

add brackets for
stability

add brackets for
stability ensure all bolts
are tightened

visual check to ensure
bars are straight

Arm assist sprockets
and chain

rotate chain for arm
assist

sprockets are prevented
from rotation

clash with side bars
tangling of wires from limit
switches

interference in rotational
workspace

user cannot move
forward

ensure the workspace is
clear and that the
sprocket has clearance
from the vertical
support bars

perform a manual
rotation of the 4-bar
mechanism to ensure
no clash

perform a visual check
and ensure there is
nothing that will
intefere with chain and
sprocket, ensure that
limit switch cables are
all out of the way

Chain slip

chain is not properly
tensioned

user falls

ensure chain is tight

pull shaft plate back
and tighten bolts so
that chain is tight
tighten set screws on all
sprockets

check that shaft plate
bolts are tightened and
pull chain. If chain can
be easily pulled one
inch it is tight

Arm assist sprocket
mount

supports the arm assist
as it moves up

if the bearings are not
aligned the sprocket will
clash with the side
support bar

improper alignment

user cannot move
forward

ensure bearings are
aligned

tighten bearing bolts
and check for alignment

make sure bearing bolts
are tight and aligned
Also ensure left and
right side are at same
height
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Driving Mechanism

Part Name

Function

Failure Mode

Cause

Effect on User

Prevention

Action

Safety Checklist

Set screw couple from motor

couples motor to
driving
mechanism

keyway failure

excessive load

user falls or doesn’t
move

ensure coupling set
screw is tight and that
motor is bolted to plate
properly

ensure motor is bolted
to plate tightly

ensure coupling set
screw is tight

ensure motor is bolted
to plate tightly

ensure coupling set
screw is tight

Drive Pulley

rotates buttocks
and waist assist

rope slip from pulley

pulley is not centered

user will not be lifted

ensure that pulley is
centered

align pulley and tighten
set screw

ensure pulley is
centered and ensure set
screw is tight

Drive sprocket

rotates arm assist

chain slip

motor plate and shaft plate
are not spaced far enough
misalignment between two
sprockets

user will not be lifted

use spacer bars
align sprockets

ensure spacer bars are
in place

and sprockets are
aligned and tightend
with set screw

ensure spacer bars are
in place and all plates
are tightly mounted
onto frame

Waist assist inteface pulley

redirects waist
assist pulley
motion

rope slip from pulley

rope is not tensioned
underneath pulley
pulley is not centered

user will not be lifted
properly

use a bar underneath to
capture the rope

make sure pulley screws
are tight and make sure
spacer bar is in place

ensure spacer bar is in
place and do a visual
inspection while the
rope is tensioned
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Electrical

Part Name Function Failure Mode Cause Effect on User Prevention Action Safety Checklist
check all electrical visual inspection of
loose electrical connection tighten connections connections contact connections
check labview GUI to
see that switches lights
check all electrical are turning on as the
wires are not plugged in visual check connections switch is hit
tighten mechanical
contacts and make sure
there is no chance for ensure that limit switch
loose mechanical connection tighten screws rotation is on tight
contact a consistant
prevents surface, e.g. plate manual rotate assists
overrotation of may potentially exceed ensure good contact surface instead of small and ensure that limit
Limit switches mechanism Switch does not work poor mechanical contact motion limit surface screw surface switches are being hit

Emergency stop

stops motor drive

switch does not work

connection to inhibit
loosened

motor will not stop

check to ensure inhibit
isin and that
connection is tight

use stranded wire for E-
stop and ensure tight
connection

push e-stop and ensure
red light comes on in
the amp

Reset switch

resets assist to
initial position

switch does not work

loose electrical connection

motor will not reset

ensure good electrical
connections

ensure good electrical
connections

do trial run with reset
switch

Deadman switch

Go switch

switch does not work

loose electrical connection

user cannot control
motor motion

ensure good electrical
connections

ensure good electrical
connections

do trial run with
deadman switch
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User failure

location

failure

action

safety checklist

Task

Testbed workspace

user hits the waist assist bar

waist assist locking mechanism

ensure waist assist bar is locked in the
vertical position at all times that the
waist assist is not in use

make locking mechanism

user trips up on floor

ensure floor level using boards which are at even
heights

cut 1/2" boards size of force plate

Entry into testbed

user falls as they get into testbed

grab bar for testbed entry

mount grab bar

User hits sharp corner from arm assist bar
or bolts

cover angles using pipe insulation and cover bolt
ends
cap ends of structural framing

cover all sharp corners

Sitting on chair

user falls as they try to sit into testbed
chair

grab bar to hold as user sits down

design grab bar location and mount

Deadman switch

switch gets caught as user rises

make sure cable is in a space that is free from
tangle with assist motion

check the deadman switch cable so
that it doesn't clash before the user
operates it

buttocks assist

user falls forward from buttocks assist

add a board in front of assist with padding so that
the user doesn't fall through testbed
testbed entry handle can also be grabbed

install board and add foam padding to plywood
board

user falls sidewas from buttocks assist
and grabs arm assist linkage

Ensure arm assist mechanism is locked

Cover sharp edges of arm assist mechanism
Make sure that the side grab bars are accessible
cover chain on the inside

cover edges of arm mechanism
design locking mechanism for arm assist

Use wood to cover the inside of the chain to prevent
access

user falls backwards from buttocks assist

install a back board to the assist so that the user
doesn't fall into the driving chain

design a back board behind the user

User gets pinched by the rotation of the
buttocks assist

cover pinch points

cover pinch points

User gets caught in the buttocks assist
rope

rope cover

rope cover

User gets caught in the buttocks assist
limit switch

move the limit switches away so that they don’t
contact the user

move the limit switches away so that they don’t
contact the user

Rope gets caught in arm assist

Waist assist mechanism minimize snag points
Falling failures are same as buttocks assist
user falls while arm assist is moving and

Arm assist gets hand caught in a pinch point cover all pinch points
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10.

11.

12.

13.

14.

15.

16

17

Appendix E: Test Bed Safety Checklist

Ensure E-stop is on

Visual check of drive pulley to make sure the catttached to the pulley is fastened and not
frayed in any way.

Visual check of pulley cable travel range to make=ghat there is nothing in the way that will
shag

Visual check to ensure that buttocks cable is itepu

Visual check of waist assist cable and buttockistsable fastening points
Visual check of limit switches

Ensure that switches are activated when the assiches end of motion
Ensure that switches are working by looking at LEBY and seeing that light comes on
Ensure that the switch is physically not loose

Ensure that the cables to the switch are not loose

Check the E-stop switches

Ensure buttocks and waist assist and arm assiseflbars are all level
Ensure the buttocks assist seat is tightly attathé¢te rail

Ensure that the load cells remain calibrated ptgper

Ensure that the arm assist rotation chains aré tigh

Ensure that the upper sprockets are not interfavitigthe side walls

Ensure that starting position of buttocks seat ieeo degrees and that limit switch is depressed

Ensure that starting position of waist assist da@save complete weight on the limit switch
but on the rest bar

Make sure load cells are turned on

Run the find reverse limit and find forward limwisch in labview for each assist to set the assist

start and finish encoder counts

Complete one trial run including reset for all #ssists
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Appendix F: Pre-experiment Questionnaire

Sit to Stand Test Bed Pre-Experiment Questionnaire

Please answer the following questions. You are noe¢quired to answer any questions
you do not feel comfortable answering.

1.

2.

3.

How old are you?

Male [ ]

What is your gender? .1 []

Have you been diagnosed with any known musculotiede neuromuscular conditions
which limit your mobility? Yes[]

No []

Do you have difficulty rising unassisted from ai«:‘r?laYesD
No

4a. If so, can you identify these difficulties? E.gpint pain, stiffness, arthritis,
muscle weakness etc.

Do you use an assistive device to help you witingisrom a chair or bed?Yes[]

No []

5a. If so, what device?
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Appendix G: Post-Experiment Questionnaire

Please answer the following questions about the exqiment.
The comment sections are optional.

1. | felt stable while rising using this assist

Disagree = Somewhat Somewhat Agree Comments
Disagree Agree
Grab Bar 1 2 3 4
Assist
Seat 1 2 3 4
Assist
Waist 1 2 3 4
Assist
Arm 1 2 3 4
Assist

2. | was confident that | would not fall while rising using this assist

Disagree Somewhat Somewhat Agree Comments
Disagree Agree
Grab Bar 1 2 3 4
Assist
Seat 1 2 3 4
Assist
Waist 1 2 3 4
Assist
Arm 1 2 3 4
Assist

3. lwas able to rise with this assist using the same motion as used during the unassisted rise

Disagree Somewhat Somewhat Agree Comments
Disagree Agree
Grab Bar 1 2 3 4
Assist
Seat 1 2 3 4
Assist
Waist 1 2 3 4
Assist
Arm 1 2 3 4
Assist




4. | was able to rise smoothly with this assist

Disagree Somewhat Somewhat Agree Comments
Disagree Agree
Grab Bar 1 2 3 4
Assist
Seat 1 2 3 4
Assist
Waist 1 2 3 4
Assist
Arm 1 2 3 4
Assist

5. |felt comfortable in terms of forces placed on my body while rising using this assist

Disagree Somewhat Somewhat Agree Comments
Disagree Agree
Grab Bar 1 2 3 4
Assist
Seat 1 2 3 4
Assist
Waist 1 2 3 4
Assist
Arm 1 2 3 4
Assist

6. | was able to rise with this assist using less effort than the effort required to rise unassisted

Disagree Somewhat Somewhat Agree Comments
Disagree Agree
Grab Bar 1 2 3 4
Assist
Seat 1 2 3 4
Assist
Waist 1 2 3 4
Assist
Arm 1 2 3 4
Assist
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Appendix H: Experiment Script

Safety Protocol Instructions:

We are doing four different types of assists wHialill describe to you. There is an E-stop switch
which you can push at any time during the assistetion, but you will be in control of the motion of
the test bed with a push button switch.

We have a grab bar to help you get in and outetdkt bed and also to assist you sitting downu Yo
can also use the side rails when you sit back down.

We will have to switch to different assists. Wheado so, please keep your hands on your lap, or in
front of you.

Experiment Instructions:

Initial Instructions:

We want you to have your feet shoulder width apgmatk straight at the beginning, looking forward
at the X target with your hands crossed on your Mfinen | ask you to rise, please stand to an erect
position and remain standing as still as possihté Lindicate that you can sit back down.

We want you to have your heel against the padsy/andseat lined up with the tape for each rise.
We are going to do a three phase standing procedMhen | say ready you say yes. When | say go
you stand. When | say you may be seated pleas@ien you sit you can use the bar or sides to
help you sit back down.

We will be doing 5-7 trials of each assist

Unassisted STS:

Make sure when you rise your heels are back andsent is lined up.

Sit with your hands crossed on your lap

| will demonstrate an MT strategy which consista@ontinuous transition of forward to upward
motion.

Stand up to aerect positionand remain standing still until | indicate you nstydown.

Bar STS:

Start with your hands on your lap, lean forward grab the assist bar and use it to stabilize you as
you rise. Don't use the grab bar to pull you wgst o stabilize you.

Seat Assist:
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First you need to learn the motion of the seasas§lush the deadman switch, lean forward and as
you lean forward the assist will help you riseede allow the force of the assist to guide your
motion. The assist will stop helping you abouf &y up at which point you should continue to rise
until you are standing still

When you push the switch the assist will move fadvaPlease let go of the switch at the end of the
motion. Put your arms on your lap and push theliehaa switch. At the end of the rise release the
switch.

Try to maintain contact with the seat as you risgi.e. don't rise faster than the seat. If you fhe
seat slowing down then put more effort.

When we indicate that you may sit please sit dosingithe grab bar and side rails for help.

Waist Assist:

First you need to learn the motion of the waiststisd ean forward, push the deadman switch, and
the assist will help you rise. Please allow thredoof the assist to guide your motion. The asgist
stop helping you about % of the way up at whiclmpgou should continue to rise until you are
standing still

When you push the switch the assist will move fadvaPlease let go of the switch at the end of the
motion. Put your arms on your lap and push tteloen switch. At the end of the rise release the
switch.

Try to maintain contact with the assist as you risgi.e. don't rise faster than the assist. If yealf
the assist slowing down then put more effort.

When we indicate that you may sit please sit dosingithe grab bar and side rails for help.

Arm Assist:

We first need to set three things, start positéng position, and rise speed.

The purpose of this assist is to guide your magisiyou stand up. Please don’t lean on the absist,
rather use the assist to guide your upper bodpasige. When you push the switch it will go up.
Try to keep your arms in the same position besideoyr torso and move your whole upper body
with the assist at the start

When you push the switch the assist will move fodvaPlease let go of the switch at the end of the
motion.

When we indicate that we are going to lower théstigsechanism, please take your hands out of the
cradle and put them on the grab bar.

When we indicate that you may sit please sit dosingithe grab bar and side rails for help.
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Appendix |: Experiment Checklist

Pre subject arrival tasks

Print off subject consent form and pre and posstioienaires and experiment |
(Write assist order in log)

Ensure that all the documents are identified byesaiitmumber

Put a sticky note on the side of test bed withstligiect numbe

Conduct the “Test Bed Safety Checklist”

Do a run of the test bed in the test mode (foB aksists)

Set up test bed to the first assist mode

Load cell calibration check

Ensure Xsens is untangled

Cut tape for thigh

Set up video camera

Second digital camera for pictures (check battery)

make sure we have access for Xsens and moog (dchsbdé that the Xsens
is working properly)

make sure all our measuring supplies are presape (tulers, alan keys etc

make sure previous trial data are saved/backeadjglaaned from desktop

Set up a computer folder with the spreadsheet sulbijject number and date

Turn on Xsen
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Subject Setup Tasks

Lead Tasks

Assistant Tasks

Take consent form

Ask subject to complete pre-experiment questionnaire

Measure Subject Height & knee height

Explain Safety features of the Testbed (E-stop, Grab bar, keeping arms in front
of you)

Enter Subject height and Knee height into spreadsheet

Explain the different assists of the test bed and that we will be doing 5-7 trials

Put wood on and zero force plate (ENSURE WOOD IS AT THE
EDGEs OF F.P.)

Explain that we will be asking questions after each set of trials

Measure Parameters

input into spreadsheet:

Put tape on segment CoM’s

Put the sensors on the person at approximate CoMs

Ask the subject to stand in the test bed

Ensure HAT sensor fixed and ask the Subject to stand straight while a calibration
grab is performed

Ask the subject to sit in the test bed and fix the heel location of the subject.

Enter their weight into spreadsheet

Put tape on thigh in plane with ischial tuberosities, Measure Knee to Ischial
Tuberosities

Enter Knee to Ishial Tuberosities into spreadsheet

Adjust the location of the gel pad so that the subject is seated with ankle angle
at 108° and with ischial tuberosities on the gel pad.

Verify that the ankle angle is at 108°

Measure the Distance from Gel Cushion center to pivot

Enter the Distance from Gel Cushion center to pivot into
spreadsheet

Turn on Video
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Switching Assist Tasks

Assistant Tasks Lead Tasks

Ask Assistant to attach the assist sensor in the correct place
Ask questionnaire questions from previous assisted trials (on arm for bar and arm assists)

Attach the Assist Sensor in the correct place

Use Velcro to eliminate loose wires

Take off E-stop

verify that sensors don't get tangled

Measure the Heel position and record in log

Measure the Distance from Gel Cushion Back Edge to pivot and record in log

Ensure all of the sensors on the subject are in a constant position with the x-axis
parallel to the ground. Ensure the y-axis is in the sagittal plane, especially for
bicep sensor

During Trial Tasks (5x)

Make sure heel and seat are lined up Instruct the subject to stand using the above script.
Make sure sensors are aligned with y-axis in saggital plane and x-axis parallel to | Verify that | am saving the right amount of data (i.e. 8-10
ground seconds)

Make sure cables will not get tangled

When the green light comes on, ask user to stand

Wait till the indicator goes off which tells us that the trial is
finished

Instruct Tom to Reset System

Ask the subject to put their hands on the safety bar before resetting system Ask the subject to sit down
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Bar assist:

Attach the Assist sensor on the bicep of user

Ask user to adjust sitting position such that when arms are fully extended they
are holding the bar

Measure the Distance from Gel Cushion Back Edge to pivot and record in log

Measure the Heel position and record in log

Move cushion and heel position

Seat assist:

Turn on E-stop

Ask User to Stand

Take off the arm cradles and connect the deadman cable to the deadman switch

Lock the waist assist into the vertical position

Remove the drive chain for arm assist from the drive and follower sprockets

Ensure spacer bars are in place and that the motor plate is tight on side rails

Disconnect the cable from the waist assist and connect it to the seat assist and
move the waist assist cable out of the way

Set the limit control switch to seat assist

Ask user to sit

attach assist sensor to seat bar

Check to make sure the drive cable is in the pulley.

Check to make sure the follower cable is in the pulley.
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Waist assist:

Turn on E-stop

Ask User to Stand

Take off the arm cradles and connect the deadman cable to the deadman switch

Lock the waist assist into the vertical position

Remove the drive chain for arm assist from the drive and follower sprockets

Ensure spacer bars are in place and that the motor plate is tight on side rails

Disconnect the cable from the seat assist and connect it to the waist assist and
move the seat assist cable out of the way

Check to make sure the drive cable is in the pulley.

Set the limit control switch to waist assist

Sit the person down on the chair

UNLOCK WAIST ASSIST FROM VERTICAL POSITION and have them attach the
waist assist belt

Attach the waist assist sensor on the left strap

Adjust the length of the waist assist straps and attach it to the waist of the user. Ask about the tension on the waist straps. We want it taut while

the person is sitting down with his back straight.

Ask user to put their arms outside the waist assist straps

Input location of waist assist force into Experiment Log

Measure location of waist assist force location and tell
Assistant

Jog to end position such that thigh is at 70°
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Arm assist

E-stop the motor

Unhook the waist or seat assist cables from the drive cable

Ensure drive cable is underneath the motor plate

Lock the waist assist into the vertical position

Set the limit control switch to arm assist

Remove spacer bars

Attach the chain to the sprocket

Put spacer bar back in and tighten motor plate bolts

connect the deadman switch

Ensure arm assist chains are tight

Attach the assist sensor to the bicep

Jog to start position that is comfortable for user

Jog to end position that is comfortable for user
Ensure that the experiment log parameters hayeeah filled in

parameters have been filled in

Copy parameters from log to spreadsheet and eafiule spreadsheet

Ask subject to remove tape and belt

Save the video into Jeswin folder on Mathesula

Give subject parking pass

Type up experiment log

Copy all data into a single folder and save a hark

Type up the pre and post-experiment questionnaires

Put consent form into a locked cabinet

Ensure that all the documents are identified byealmumber

Organize the log, pre and post-experiment
guestionnaires
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Appendix J: Static Stability Results and ANOVA

Xcom_seatoff - Xankle (%Lfoot)
Subject Unassisted Bar Arm Waist Seat

1 -0.24 -0.22 -0.40 0.31 -0.04

2 -0.43 -0.54 -0.58 0.01 -0.27

3! -0.44 -0.57 -0.44 n/a’ -0.34

4 -0.52 -0.55 -0.55 0.10 -0.03

5 -0.45 -0.48 -0.74 -0.11 -0.43

6 -0.45 -0.56 -0.59 -0.18 -0.46

7 -0.58 -1.00 -0.88 0.08 -0.30

8 -0.30 -0.43 -0.52 0.05 -0.15

9 -0.49 -0.62 -0.68 0.02 -0.33

10 -0.34 -0.60 -0.55 0.26 -0.32

11 -0.35 -0.32 -0.15 0.14 -0.25

12 -0.42 -0.39 -0.42 0.04 -0.24

13 -0.49 -0.64 -0.51 -0.01 -0.25

14 -0.40 -0.40 -0.36 0.09 -0.19

15 -0.46 -0.63 -0.43 0.00 -0.37

16 -0.62 -0.52 -0.72 -0.02 -0.27

17 -0.27 -0.48 -0.34 0.10 -0.11

Mean -0.425 -0.523 -0.526 0.054 -0.251

Data for subject 3 is reported here, but not wheslto an error in data collection during theirstraissisted STS trials. Thus data is not
included in the reported mean at the bottom otalée.
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EZAnalyze Results Report - Repeated Measures ANOVA CoM Diplacement from Foot Center

N Valid:

N Missing:
Mean:
Std. Dev:

Source of
Variance
Factor A
Factor S
AxS
Total

Repeated Measures ANOVA Variables

Unassisted
16

0

-.425

.107

ANOVA Table

SS
3.809
914
.634
5.357

P
Eta Squared

Bar
16

0
-.523
172

DF
4.000
15.000
60.000
79.000

.000
.857

Case Processing Summary - N removed due to missing data

N Removed

1.000

Arm
16

0
-.526
.179

MS
.952
.061
.011

Waist
16

0
.054
121

90.162

Seat
16
0
-.251
123

The ANOVA results indicate that at least two of the repeated measures differed significantly.
Individual measures which differ significantly are highlighted in yellow

Post Hoc tests
Unassisted

Bar

Arm

Waist

Mean

Comparison Difference

Unassisted and Bar .098
Unassisted and Arm .100
Unassisted and Waist .479
Unassisted and Seat 174
Bar and Arm .003
Bar and Waist .577
Bar and Seat 272
Arm and Waist .580
Arm and Seat 274
Waist and Seat .305
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T-Value

3.011
3.011
17.282
5.454

.080
12.757
6.514

13.545
6.389

12.195

Unadjusted

0.009
0.009
0.000
0.000

0.937
0.000
0.000

0.000
0.000

0.000

Sig. Level

0.001
0.001
0.001
0.001

0.001
0.001
0.001

0.001
0.001

0.001



Appendix K: Dynamic Stability Results and ANOVA

Xcop_seatoff - Xfootcenter (%Lfoot)
Subject Unassisted Bar Arm Waist Seat

1 -0.32 -0.29 -0.26 0.16 0.09

2 -0.36 -0.30 -0.39 -0.15 0.00

3! -0.38 -0.30 -0.34 n/a’ -0.32

4 -0.40 -0.33 -0.42 -0.24 0.01

5 -0.34 -0.34 -0.38 -0.29 -0.09

6 -0.16 -0.21 -0.23 -0.35 -0.01

7 -0.40 -0.34 -0.44 -0.02 -0.14

8 -0.37 -0.41 -0.38 0.04 -0.15

9 -0.39 -0.35 -0.43 -0.14 -0.23

10 -0.33 -0.36 -0.38 0.11 -0.12

11 -0.38 -0.27 -0.38 -0.30 -0.26

12 -0.37 -0.37 -0.37 -0.26 -0.13

13 -0.26 -0.29 -0.32 -0.14 -0.05

14 -0.43 -0.40 -0.42 -0.11 -0.28

15 -0.36 -0.33 -0.40 -0.26 -0.25

16 -0.35 -0.18 -0.34 -0.07 0.01

17 -0.21 -0.26 -0.19 0.00 -0.12

Mean -.339 -.314 -.359 -.125 -.107

Data for subject 3 is reported here, but not wheslto an error in data collection during theirstraissisted STS trials. Thus data is not
included in the reported mean at the bottom otalée.
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EZAnalyze Results Report - Repeated Measures ANOVA CoP Displacement from Foot Center

N Valid:

N Missing:
Mean:
Std. Dev:

Source of
Variance
Factor A
Factor S
AxS
Total

Repeated Measures ANOVA Variables

Unassisted
16

0

-.339

.073

ANOVA Table

SS
.959
.297
465

1.720

P
Eta Squared

Bar
16

0
-.314
.064

DF
4.000
15.000
60.000
79.000

.000
.674

Case Processing Summary - N removed due to missing data

N Removed

1.000

Arm
16

0
-.359
.075

MS
.240
.020
.008

Waist
16

0
-.125
.153

30.951

Seat
16
0
-.107
111

The ANOVA results indicate that at least two of the repeated measures differed significantly.
Individual measures which differ significantly are highlighted in yellow

Post Hoc tests
Unassisted

Bar

Arm

Waist

Mean

Comparison Difference

Unassisted and Bar .025
Unassisted and Arm .020
Unassisted and Waist .214
Unassisted and Seat .232
Bar and Arm .045
Bar and Waist .189
Bar and Seat .207
Arm and Waist .233
Arm and Seat .252
Waist and Seat .018
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T-Value

1.631
2.213
4.954
8.748

2.863
4.269
8.655

5.829
10.011

0.436

Unadjusted

0.124
0.043
0.000
0.000

0.012
0.001
0.000

0.000
0.000

0.669

Sig. Level

0.001
0.001
0.001
0.001

0.001
0.001
0.001

0.001
0.001

0.001



Appendix L: STS Knee Extensor Effort Resultsand A NOVA

Peak Knee Torque (Nm/(BodyWeight*BodyHeight)
Subject Unassisted Bar Arm Waist Seat

1 0.98 0.97 0.90 0.51 0.69

2 1.44 1.22 1.42 0.88 0.91

3! 1.62 1.55 1.33 n/a' 1.49

4 1.21 1.07 1.27 0.77 0.77

5 1.29 1.25 1.25 1.12 0.98

6 1.19 1.27 1.24 0.99 0.96

7 1.60 1.16 1.65 1.17 1.25

8 1.90 1.55 1.21 1.17 1.28

9 1.60 1.32 1.67 1.38 1.42

10 1.48 1.32 1.27 0.86 1.29

11 1.42 1.21 1.29 1.32 1.35

12 1.66 1.57 1.52 1.22 1.19

13 1.28 1.19 1.12 1.11 1.37

14 1.37 1.37 1.52 1.14 1.31

15 1.31 1.30 1.30 1.29 1.26

16 1.26 1.10 1.15 1.14 1.02

17 1.25 1.18 1.25 1.02 1.04

Mean 1.39 1.25 1.31 1.07 1.13

Data for subject 3 is reported here, but not whexlto an error in data collection during theirstraissisted STS trials. Thus data is not
included in the reported mean at the bottom otalée.
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EZAnalyze Results Report - Repeated Measures ANOVA Peak Knee Torque

N Valid:

N Missing:
Mean:
Std. Dev:

Source of
Variance

Factor A
Factor S
AxS
Total

Case Processing Summary - N removed due to missing data

N Removed

Repeated Measures ANOVA Variables

Unassisted
16

0

1.390

222

ANOVA Table

SS

1.115

2.183

1.043

4.342

P

Eta Squared

1.000

Bar
16

0
1.254
157

DF
4.000
15.000
60.000
79.000
.000
517

Arm
16

1.315
.201

MS
.279
.146
.017

The ANOVA results indicate that at least two of the repeated measures differed significantly
Individual measures which differ significantly are highlighted in yellow

Post Hoc tests
Unassisted

Bar

Arm

Waist

Mean

Comparison Difference
Unassisted and Bar .136
Unassisted and Arm .075
Unassisted and

Waist .323
Unassisted and Seat .259
Bar and Arm .061
Bar and Waist .187
Bar and Seat 123
Arm and Waist .248
Arm and Seat .184
Waist and Seat .064
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T-Value

3.945
1.554

6.210
5.454

1.261
3.888
2.667

5.065
3.475

1.782

Unadjusted

Waist Seat
16 16
0 0
1.067 1.131
.225 .223
F
16.041
Sig. Level
.001 0.001
141 0.001
.000 0.001
.000 0.001
.226 0.001
.001 0.001
.018 0.001
.000 0.001
.003 0.001
.095 0.001



Appendix M: STS Torque Ratio Results and Paired T-Test

Ratio Margin (Mean Knee
Torque Ratio -35%)

Subject | Bar | Arm | Waist | Seat
1| 0.65| 0.57 0.17 0.36
2| 0.50| 0.64 0.26 0.29
3/096|082| n/a 0.91
41 053] 0.70 0.28 0.28
51| 0.62 | 0.62 0.52 0.41
6| 0.72 | 0.69 0.48 0.46
7 | 0.38 | 0.68 0.38 0.43
8| 0.47 | 0.28 0.27 0.32
91| 0.47 | 0.70 0.51 0.54
10 | 0.54 | 0.50 0.23 0.52
11 | 0.50 | 0.56 0.58 0.60
12 | 0.60 | 0.57 0.38 0.37
13 | 0.58 | 0.53 0.52 0.72
14 | 0.65 | 0.76 0.48 0.60
15 | 0.64 | 0.65 0.63 0.61
16 | 0.52 | 0.56 0.56 0.46
17 | 0.59 | 0.65 0.47 0.48
Mean 0.56 | 0.60 0.42 0.47
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EZAnalyze Results Report - One Sample T-Test with Numeric Test value of

Zero

N Valid:
N Missing:

Mean:
Std. Dev:

Mean Diff:

T-Score:

Eta Squared:
P:

Bar
16

.560
.086

.560

25.978

.978
.000

Test
Value

N Valid:
N Missing:

Mean:
Std. Dev:

Mean Diff:
T-Score:

Eta Squared:
P:

Arm
16

.604
111

.604

21.743

.969
.000

Test
Value

N valid:

N Missing:
Mean:
Std. Dev:

Mean Diff:

T-Score:
Eta
Squared:
P:

Waist
16

420
141

420
11.93

.905
.000

Test Value

The difference between the observed mean and the Numeric Test Value is significant in

all cases
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N Valid:
N
Missing:
Mean:
Std. Dev:

Mean
Diff:

T-Score:
Eta
Squared:
P:

Buttoc
ks

16

466
127

466

14.670

.935
.000

Test
Value



Appendix N: Momentum Transfer Results and ANOVA

Peak Trunk Flexion (degrees)
Subject Unassisted Bar Arm Waist Seat

1 28.6 21.9 23.7 5.1 10.0

2 43.9 28.5 21.1 6.5 23.5

3! 37.4 14.3 24.8 n/a' 17.3

4 34.2 24.8 28.6 5.2 23.2

5 37.4 314 21.2 10.0 18.1

6 41.5 23.8 36.9 17.0 24.5

7 30.5 17.3 11.0 10.3 9.8

8 28.0 25.2 8.6 3.2 111

9 35.8 16.5 18.6 14.1 22.5

10 453 13.6 24.2 6.9 20.5

11 45.6 29.7 38.3 12.0 25.6

12 31.5 23.3 29.9 8.1 17.6

13 27.6 11.0 27.4 5.1 13.7

14 36.5 22.2 27.7 4.2 24.1

15 45.9 21.1 26.3 12.0 21.3

16 40.5 24.9 22.9 9.2 19.4

17 43.2 19.8 25.5 12.6 24.0

Mean 37.25 22.18 24.49 8.83 19.30

Data for subject 3 is reported here, but not usesitd an error in data collection during their waissisted STS trials. Thus data is not
included in the reported mean at the bottom otahée.
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EZAnalyze Results Report - Repeated Measures ANOVA Peak Trunk Flexion

N Valid:

N Missing:
Mean:
Std. Dev:

Source of
Variance

Factor A
Factor S
AxS
Total

Repeated Measures ANOVA Variables

Unassisted
16

0

37.253
6.647

ANOVA Table
SS

6698.462
1364.908
1356.136
9419.506

P
Eta Squared

Bar

16

0
22.184
5.602

DF

4.000
15.000
60.000
79.000

.000
.832

Case Processing Summary - N removed due to missing data

N Removed

The ANOVA results indicate that at least two of the repeated measures differed significantly

1.000

Arm
16

0
24.490
7.791

MS
1674.61
6

90.994
22.602

Individual measures which differ significantly are highlighted in yellow

Post Hoc tests
Unassisted

Bar

Arm

Waist

Comparison

Unassisted and Bar
Unassisted and Arm
Unassisted and Waist
Unassisted and Seat

Bar and Arm
Bar and Waist

Bar and Seat

Arm and Waist
Arm and Seat

Waist and Seat

Mean
Difference
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15.069
12.762
28.419
17.952

2.306
13.350
2.883

15.656
5.189

10.467

T-Value

7.986
6.619
19.811
17.348

1.043
7.962
1.736

8.388
3.445

8.191

Unadjusted

Waist Seat
16 16
0 0
8.834 19.301
3.967 5.422
F
74.091
Sig.
Level
0.000 0.001
0.000 0.001
0.000 0.001
0.000 0.001
0.314 0.001
0.000 0.001
0.103 0.001
0.000 0.001
0.004 0.001
0.000 0.001



Appendix O: Pre-Experiment Questionnaire Results

How old are | What is your Have you been Do you have If so, can you Do you use an If so, what device?
you? gender? diagnosed with any difficulty rising identify these assistive

known musculoskeletal| unassisted from a| difficulties? device to help

or neuromuscular chair? you with rising

Subject conditions which limit from a chair or

Number your mobility? bed?
1 65 M No No - No -
2 76 M No No - No -
3 78 F No No - No -
4 65 M No No - No -
5 73 M No No - No -
6 73 M Yes (C.artllege out of No i No i
right knee)

7 84 M No No - No -
8 77 M No No - No -
9 70 M No No - No -
10 69 M No No - No -
11 70 M No No - No -
12 80 M No No - No -
13 69 F No No - No -
14 66 F No No - No -
15 68 F No No - No -
16 63 F No No - No -
17 69 E Yes (stiffness, arthritis, No i No i

muscle weakness)
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Appendix P: Post-Experiment Questionnaire Results a

Tests

nd Statistical

Question

Subject

Grab Bar Assist

Arm Assist

Waist Assist

Seat Assist

| felt stable when using this assist

N

w
ol

V| (N[>

11

12

13

14

15

16

17

I was confident that | would not fall while rising using
this assist

N =

w
-l

(N |ps

11

12

13

14

15

16

17

| was able to rise with this assist using the same
motion as used during the unassisted rise

N | =

w
.

V| |N[O (U |~

11

12

13

14

15

16

17

B e R e N B R B B R B R B A R L R B R B B R B B B B R B B R B R B B B A R A R L R R B B R B B B B Y

AWIWIAINWI|IR|IAIR(RP|IWIA(BRIN|IAR(WINIW|IR|EIR(R(DDIP|W|R(RBR(DIRIRIRIN(A (D |D|IP|IW(A (DWW | (R(Wd|DIN

BININIWINW|IRLR|IAINRP|AR WA |IW|IAR(WIN|IRIW|AIR(R(DDIR|R|P(R(R(DIRIRIP|IWIWININ|IRPIW WA (DIW|D|R|R (R[N

R R R N e e e e e R R R B R R R B B R R B R B R L B R R B B B B R B B R B B R B B B B B
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Question

Subject

Grab Bar Assist Arm Assist

Waist Assist

Seat Assist

I was able to rise smoothly with this assist

N | =

w
|

OW||N|o|u |~

11

12

13

14

15

16

17

| felt comfortable in terms of forces placed on
my body while rising using this assist

N[

w
!

Ol |N[(o|u|ps

| was able to rise with this assist using less effort
than the effort required to rise unassisted

A INWINIVIWW A|lW(A|M[([P|lWIVW[(R|WW|W[(A(RIA(D|D[(A|D|A(D|R(A|D|P(P|IW[(A|IDIPW|R[(R|ID|RR|P|R|Id|IPd PP |w
WIS ININIRIA|IAR(IN|IP(WIW[(R|IRL|INIAIN|A(R|D|A|ID|A(R|IR(WIN|E(M|R(N|IDIP(WIA[(P|IRP(WW|R(RIBDIN|RP|IW(A|R|WId|WIN

R[N |W[(A|IP|IW (||| [(DP|IW[(R|IRP(W(RIA(D|D(P|W|A(D|R(P|W|AR(R|IW[(ARINIWIARINIWIW|ARW|A IR IW|R[S™|N

RN R R R R R N e R R R R N R N R N E N N AR N PN PR PR Pl PN N ER N N N R R R S HOS B E  P OS E

Mean

3.74 3.35

3.39

3.93

'Data for subject 3 is reported here, but not usesitd an error in data collection during their waissisted STS trials. Thus data is not

included in the reported mean at the bottom otdlée.
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Statistical Package for the Social Sciences Ve8i(BPSS)-riedman and Wilcoxon Sign Ranks tests

Descriptive Statistics

Percentiles
N Mean Std. Deviation Minimum Maximum 25th 50th (Median) 75th
Bar 96 3.7396 .52805 2.00 4.00 4.0000 4.0000 4.0000
Arm 96 3.3542 .90588 1.00 4.00 3.0000 4.0000 4.0000
Waist 96 3.3854 .86292 1.00 4.00 3.0000 4.0000 4.0000
Seat 96 3.9271 .29894 2.00 4.00 4.0000 4.0000 4.0000

Friedman Test

Ranks Test Statistics *
Mean Rank N 96
Bar 2.68 Chi-square 50.716
Arm 2.18 df 3
Waist 2.22 Asymp. Sig. .000
Seat 2.93 a. Friedman Test

There was a statistically significant difference beveen the four assists in terms of subject preferee, x*(3) = 50.72P = 0.000
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Wilcoxon Signed Ranks Test

Ranks
N Mean Rank Sum of Ranks
Arm - Bar Negative Ranks 34 23.53 800
Positive Ranks 10° 19 190
Ties 52
Total 96
Waist - Bar  Negative Ranks 33 20.8 686.5
Positive Ranks 8° 21.81 1745
Ties 55
Total 96
Seat - Bar Negative Ranks 69 13.75 82.5
Positive Ranks 21" 14.07 295.5
Ties 69
Total 96
Waist - Arm  Negative Ranks 20 23.73 4745
Positive Ranks 24 21.48 515.5
Ties 52
Total 96
Seat - Arm Negative Ranks o" 0 0
Positive Ranks 34 17.5 595
Ties 62
Total 96
Seat - Waist Negative Ranks 1° 10.5 10.5
Positive Ranks 341 18.22 619.5
Ties 61
Total 96
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a. Arm < Bar

b. Arm > Bar

c. Arm = Bar

d. Waist < Bar
e. Waist > Bar
f. Waist = Bar
g. Seat < Bar
h. Seat > Bar

i. Seat = Bar

j- Waist < Arm
k. Waist > Arm
I. Waist = Arm
m. Seat < Arm
n. Seat > Arm
0. Seat = Arm
p. Seat < Waist
g. Seat > Waist
r. Seat = Waist

Test Statistics © (statistically significant results highlighted in yellow)

Arm - Bar Waist - Bar Seat - Bar Waist - Arm Seat - Arm Seat - Waist

z -3.758° -3.461° -2.742° -.248° -5.202° -5.123°
Asymp. Sig. (2-tailed) .000 .001 .006 804 .000 .000

a. Based on positive ranks.
b. Based on negative ranks.

c. Wilcoxon Signed Ranks Test
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Appendix Q: Post-Experiment Questionnaire Comments

I felt stable when using this assist

I was confident that I would not
fall while rising using this assist

I was able to rise with this assist
using the same motion as during

the unassisted rise

Bar Seat Waist Arm Bar Seat Waist Arm Bar Seat Waist Arm
used leg
the arm muscles less effort not quite
after the rests could slightly - slightly 9
felt good . . . same
first try tip back less than different motion
too easily when motion
unassisted
| felt this more | used my
was for for the "help" less use of leg
my trials iven \'/ovith leg muscles
balance where | 8 this muscles more than
and my rose smoother than in normal
legs did smoothly* rhvthm unassisted | unassisted
the lifting ¥ rising
didn't feel I tried to spread
"natural” rely on the arms a
assist little
movement | felt I was
of arm jerking
assist while
seemed standing
slow up
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. . I felt comfortable in terms of I was able to rise with this assist
I was able to rise smoothly during . .
. . forces placed on my body whie using less effort than the effort
this assist . . . : : . . .
rising usin this assist required to rise unassisted
Bar Seat Waist Arm Bar Seat Waist Arm Bar Seat Waist Arm
but a bit not quite my knees my knees | didn't feel | effort the no force from
too fast as .
too fast hurt hurt natural same assist
smooth
. Did not Did not
waiting for feel an feel a took | was a little
the initial at first o FORCE; about the
assist" to uncomfortable
help was a not so . mostly same .
. lift other . I think | could
little smoothly guidance effort as .
. than a . adjust
destabilizing - for the unassisted
stabiliser .
motion
It was a
bit easier | used my leg
Took a bit because muscles more
felt .
of of the than in normal
unstable . .
practice! balance unassisted
the bar rising
offered
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Appendix R: Single Subject (Subject 4) Multiple Tri  al Data Plots

CoM Displacement (m)
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S4 Bar Assist Time History of CoM Anteroposterior D

isplacements
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S4 Arm Assist Time History of CoM Anteroposterior D isplacements S4 Arm Assist Time History of CoP Anteroposterior D isplacements
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S4 Waist Assist Time History of CoM Anteroposterior

Displacements
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S4 Seat Assist Time History of CoM Anteroposterior

Displacements
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Appendix S: Multiple Subjects (16 Subjects) Single Trial Data Plots
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