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ABSTRACT
THE MECHANICS OF THE SIT-TO-STAND MOVEMENT IN YOUNG CHILDREN
By

Davi d Michael Wisner

Functioning in daily life as an independent human ‘being involves having the
ability to stand up from a seated position, Yet little informa tion is available on the sit-to-
stand (STS) movement in children. The primary purpose o f the present study was to
assess the mechanics of the STS movement in young chilcdren. A secondary purpose was
to compare the biomechanics of the STS movement amon &g children of different ages.

The subjects were 12 children who fell into one of three age groups: 12_jg months (N =
5), 24-36 months (N = 3), and 48-60 months (N = 4). The subjects were videotaped as
they stood up from a seat adjusted to each subject's knee height. Data on forceg at the

buttocks and at the feet were collected simultaneously from a force platform moy ned on
the stool and a force platform located beneath the feet. “The kinematic and kinetic

variables obtained or derived from the analysis of the video and force records inc 1y deg
movement times; joint ranges of motion; peak hip flexion, hip extension, and kneg
extension velocities; velocity of the whole-body center of gravity; forces at the buttOCks
and feet; and peak hip and knee joint moments. The results of the study indicated that the
overall pattern of the STS movement is well-developed even in the youngest children anq
is similar to that seen in adults. These similarities include: (a) the overall joint motion
pattern, in which hip flexion and ankle dorsiflexion characterize the early part of the

movement while extension of the hip, knee, and ankle (i.e., plantar flexion) occur jn the



latter part of the movement; and (b) the pattern of forces at the buttocks and the feet,
which included three types of forces: a posteriorly-directed, propulsive horizontal force at
the buttocks that initiates the movemeat; a vertical, propulsive force at the feet; and an
anteriorly-directed, braking horizontal force at the feet which acts to check the forward
momentum of the body. Overall, the STS movement in the children Was characterized by
fast movement times (c. 1.2 s), relatively fast jointangular velocities, hip joint moments
that were greater in magnitude than knee joint moments, and the center of gravity being
located behind the base of support at seat—off. There was za trend toward increasing joint
ranges of motion, velocities, forces, and TNOments with in<Creasing age, with the oldest
children having results quite similar to adults. These resul €s suggest that the o]dest
children employed a strategy of transferring momentum from the upper body to the lower
body during the movement as seen in younger adults. While the younge, children
exhibited many of the characteristics of this strategy, they also used elements of a
strategy in which the goal of upper body movements is to bring the center of gravi
to the base of support at the time of seat-off, probably due to a relative lack of bal a;y close
and postural control as compared to the older children and adults. While this stuq y .
provides much-needed normative data on able-bodied children, additional researcy, ne
to be done on how the mechanics of the STS movement in children are affected by -
elements of seat design, and on the mechanics of the STS movement in children With

disabilities.
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IINTRODUCTION

Functioning in daily life as an independent human being involves having the
ability to stand up from a seated position, walk, run, and change positions when seated,
standing, or lying down. In other words, mobility is essential if one is to be truly
independent (Dawson, Hendershot, & Fulton, 1987; Shumway-Cook & Woollacott, 1995,
p. 239). In fact, for those individuals who have a disability (whether congenital or
acquired through some traumatic injury) one of the major goals of the rehabilitation
process is to help the individual regain as much mobility as possible (Shumway-Cook &
Woollacott, 1995, p. 239). Often times mobility is thought of principal]y in terms of
locomotion, but the ability to change position from sitting to standing is gp equally
fundamental part of mobility (Shumway-Cook & Woollacott, 1995, p.2 57).

The ability to rise from a seated position on the floor to a standing position
without relying on external support is a benchmark of normal motor development that
typically occurs around eight months of age and is an important prerequisite for the

development of independent walking (Bayley, 1969; McGraw, 1943). While childrep,
continue to sit on the floor for many years after they develop the ability to stand, around
twelve months of age many children are introduced to seats and chairs of appropriate Size
for their stature. From this point on, rising from a seated position on a chair will become

increasingly more common until it eventually becomes the primary type of sit-to-stand

(STS) transfer. Many factors likely influence a child’s ability to rise from a seated

position, including the child’s physical abilities, motor development, and the deg; gn of

the chair.




While the ability to rise from a supine position to a standing positiop develop,
quite naturally in most children, those Who have a disability often have great difficuny
with this skill, and will therefore more than likely have difficulty rising to a standing
position from a chair (Shumway-Cookk & W oollacott, 1995, p. 260; VanSant, 1988).
However, despite the fact that a great deal Of attention has been paid by researchers and
clinicians on the development of initial standing from a supine position, which occurs
around eight momths of age, and on the petformance in aduylts (both those with and
without disabilities) of rising from a seatted position on a chair (ranging in age from 18 to
90 years of age), very little research has ¥>€en conducted on the ability’ of gble-bodied
children to rise to a standing position fro ¥ a seated posit i .
Position on a chaj T, Jet alone the
ability of children with disabilities to pexform the sit-to-s tan \
d transfey- I fact, 1O date o0ty
five studies out of the approximately SiX ty-five studies on the sit. aNe
e sit to-stahd moveme“““
involved children (Brugnolotti, 1992; Cahill, Carr, & Adams, 1999. E
> T TAancis, 1987;
McMillan, 1998; and Scholz & Brandt, 1997). Of these only the study
Investigated the mechani vement; the others focused o '
echanics of the mo n deveIODInent
motor control aspects of the movernent. Because rehabilitation specialists re lyo and
n

normative: cjata from able-bodied individuals to distinguish normal motor behay;

: . fron,
abnormal  xy4otor behavior when assessing patients with a disability and developijy, ga
freatment g jan (Shumway-Cook & Woollacott, 1995, chap. 5), the relative lack of
normative>  ata on the mechanics of the sit-to-stand transfer in children has resulted ip, 5

serious lixxw jtation in helping children with disabilities (re)gain mobility and independence

(L.J. MacYX > gnald, personal communication, May 20, 2001; D. Silkwood-Sherer, personal



communication, September 4, 2001)- It is this general lack of information on the aby liyof

children to rise from a seated position that this study seeks to address.

Purpose of the Study
The primary purpose of the present study was to assess the kinematics and
kinetics of the movement pattern that occurs when a child rises from a seated position on
a seat to a standing position. This type of biomechanical analysis provides the
information rehabilitation specialists need to better aid children with disabilities in their
ability to stand.
A secondary purpose was to compare the biomechanics of rising from a seated
position among children of different ages in order to determine if any age-related
differences exist which can be used to predict developmental patterns. Such a comparison
helps to fill in the knowledge gap that presently exists and is of use for practitioners who

W ork with children on a day-to-day basis.

A Definition of the Sit-to-Stand Movement
The sit-to-stand (STS) movement involves the smooth motion of an individual from a
stationary seated position to a standing position. The STS movement has been
frequently divided into a number of phases (see “Phases of the STS Movement” in
Chapter 2) for descriptive purposes. In the present study, the STS movement is
divided into four phases (see “Phases of the STS Movement” in Chapter 2 for a
rationale behind the selection of these phases; each of these phases and the events that

delineate each are illustrated in Figure 1):




11en) Jo uonenuy Jo
uonezZI[Iqels JO pug

uonisuel],

p aseyd

uoisuAxyg dry
Jo uonessa)

"JUSWISAOW PURIS-01-1IS Y] JO SIUIAQ SuneauI[ap pue saseyd °] anSL|

uorxayisioq uonenuy
apjuY WnwiIxew Jo-eag JUSWIAOW
uoISuAXY JOJSUBR-WNJUIWON WNUSWOW-UOIXI[]
¢ Iseyd caseyd 1 9seyd




(1) Flexion-momentum Phase: from Movement initiation until just before the buttac ks Jift
off the seat.
(2) Momentum-transfer Phase: from lift-off until maximum dorsiflexion of the ankles is

reached.

(3) Extension Phase: from just after maximum dorsiflexion of the ankles is reached until
the hips first cease to extend.

(4) Transition Phase: from just after the hips cease to extend until all motion associated
with stabilization from rising is completed, if the individual intends to remain

standing, or until a subsequent movement pattern, such as walking, is initiated.

Definition of Joint Angles
The present study used a two-dimensional sagittal plane representation of the
body. Angular positions of the various joints of the body in anatomical position is defined
Lo be 0°. In the case of the hip and knee joints, flexion results in an increase in the joint
ax gle. In the case of the ankle joint, dorsiflexion results in increasing degrees "of
d o rsiflexion", while plantar flexion results in increasing degrees "of plantar flexion" (see

Figure 2).




E"i pure 2. Four-segment, two-dimensional biomechanical model. The four segments
C O msist of the trunk, thigh, shank, and foot. The joints (and specific bony landmarks) that
Qefine each segment are the shoulder (acromion process), hip (greater trochanter), knee
fcenter of knee joint), ankle (lateral malleolus), and toe (base of the fifth metatarsal). The
JOint angles are defined as follows: 64¢ = degrees of ankle dorsiflexion, 8¢ = degrees of
< e flexion, and 0y¢ = degrees of hip flexion.




REVIEW OF LITERATURE

The following review of literature is divided into two major sections. The sit-to-
stand movement is discussed more generally in the first section, including the phases of
the movement, its fundamental mechanics, and the factors (e.g., initial position, chair
design, function ability) that affect the performance of the movement. The second section
is devoted more specifically to the sit-to-stand movement in children, including

developmental topics related to the movement.

The Sit-to-Stand Movement
What follows is a description of the STS movement, beginning with the various
ways that the movement has been divided into its fundamental phases. This is followed
by an attempt to synthesize these various methods of dividing the movement and
Presenting a rationale for the method used in the present study. The fundamental

rraechanics of the STS movements and the factors that affect the fundamental mechanics

O the movement are then described.

L2272 cx ses of the Sit-to-Stand Movement
As noted in the Introduction, the STS movement involves rising from a seated
Q<O sition to a standing position from which locomotion or some other motor task can be
jnitiated. Although the STS is a common movement for most people, it has only recently
been studied in some depth (the first study was conducted in 1963 by Jones, Hanson,

Miller, and Bossom). There are as yet no defined or universally accepted phases of the







movement. To date, there have beer Several different ways of dividing the movemey, , . fo
its component phases, although as shall be seen, many of these defined phases are very
similar to one another. What follows is a description of the various phases into which
authors have divided the STS movement, and the definitions of these phases.

The first to define phases of the STS were Kelley, Dainis, and Wood (1976) who
simply divided the movement into two phases, a Forward-flexion Phase, from initiation
of movement until maximum flexion of the trunk, and an Extension Phase, from
maximum flexion of the trunk to upright stance.

More recently, Schenkman and colleagues (Ikeda, Schenkman, Riley, & Hodge,
1991; Jeng, Schenkman, Riley, & Lin, 1990; Schenkman, Berger, Riley, Mann, & Hodge,
1990; Riley, Schenkman, Mann, & Hodge, 1991; Schenkman, Riley, & Pieper, 1996)

have divided the STS movement into four phases: (1) Flexion-momentum Phase, which
begins at movement initiation and continues until just before the buttocks lift off from the
S e at; (2) Momentum-transfer Phase, which begins at lift-off from the chair and continues
La ratil maximum dorsiflexion of the ankle is reached; (3) Extension Phase, which begins
J W st after maximum dorsiflexion of the ankle is reached and continues until the hips first
Cease to extend; and (4) Stabilization Phase, which begins just after the hips cease to
€ X tend and continues until all motion associated with stabilization from rising is
C O xxpleted.

Naumann, Ziv, and Rang (1982) defined the STS in a similar fashion to

Schenkman, et al.: (1) Flexion Phase, from the start of movement until lift-off; (2)
Buttocks-off Phase, from lift-off until the cessation of flexion; and (3) Extension Phase,

from the cessation of flexion until stability is reached in a standing position.




Rodosky, Andriacchi, and Andersson (1989) divided the movement into tw g
phases, (1) Forward-thrust Phase, from initiation of movement until maximum
dorsiflexion of the ankle, and (2) Extension Phase, from just after maximum dorsiflexion
of the ankle until a standing position is reached.

Kralj, Jaeger, and Munih (1990) divided the STS movement into four phases.

What is interesting in their approach is a more detailed breakdown of what is occurring
while the buttocks are still in contact with the seat. (1) Initiation Phase was defined as
being from the initiation of movement until the point at which the vertical ground
reaction force begins to change in a positive direction (i.e., loading at the feet begins), (2)
Seat-unloading Phase, from the end of the first phase until lift-off, (3) Ascending Phase,
from lift-off until the knees were fully extended, and (4) Stabilization Phase, defined in
an identical manner to Schenkman and colleagues.

Alexander, Schultz, and colleagues (Alexander, Schultz, & Warwick, 1991;

S chultz, Alexander, & Ashton-Miller, 1992) have broken the STS movement down into
T ~»0 primary phases: (1) Phase I, from quiet sitting until maximum anterior head
<1i splacement and (2) Phase II, from maximum anterior head displacement until upright
Stance.

Millington, Myklebust, and Shambes (1992) divided the movement in three
Phases: (1) Weight-shift, from first discernible trunk flexion until start of the extension of
the knees; (2) Transition, from the end of the first phase until the trunk flexion ceases;

and (3) Lift, from the initiation of trunk extension until the last discernible trunk

extension at full stance.




Kotake, Dohi, Kajiwara, Sumi, Koyama, and Miura (1993) divided the STS into

siX stages, each with a particular indicator: (1) Stage 1, subject is seated quietly; (> ) Stage

2, commencement of trunk flexion and buttocks leave chair; (3) Stage 3, hip joints reacp
maximum flexion; (4) Stage 4, ankle joints reach maximum dorsiflexion; (5) Stage 5,
standing; (6), Stage 6, stabilization in standing position.

Roebroeck, Doorenbosch, Harlaar, Jacobs, and Lankhorst (1994), used patterns of
horizontal and vertical velocity of the body’s center of gravity to define three phases: (1)
Acceleration Phase, begins with movement onset and ends when maximal horizontal
velocity of the center of gravity is reached; (2) Transition Phase, begins at maximal
horizontal velocity of the center of gravity and ends when maximal vertical velocity of
the center of gravity is reached; and (3) Deceleration Phase, begins with maximal vertical
velocity and continues until the end of the movement.

Shepherd and colleagues (Shepherd & Gentile, 1994; Shepherd & Koh, 1996)

simnply divided the STS into two phases, a Pre-extension Phase and an Extension Phase.
T he dividing point between these two phases was lift-off from the seat.

Baer and Ashburn (1995) identified six points that can be used to divide the STS
into three phases: Point 1 corresponds to quiet sitting and defined as 0.1 second prior to
MO vement initiation, Point 2 to movement initiation, Point 3 to seat-off, Point 4 to mid
stamxace when vertical acceleration changes to deceleration, Point 5 to upright stance, and
Pointé61to quiet standing 1 second after achieving upright stance. Based on these points,
the STS can be divided into three phases: from Point 2 to Point 3, from Point 3 to Point 4,
and  £rom Point 4 to Point 5. (Note that Baer and Ashburn did not explicitly define these

three phases; they have been inferred from the definition of the points.) Other authors
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have either not divided the STS into clearly defined phases or have applied the Phag
e

definitions of other authors.

Commonalities Among Various Phase Descriptions and Rationale for Phase Descriptions
Employed in the Present Study
Despite the variety of ways employed in dividing the STS movement into phases,
and in defining these phases, it appears that a modification of the method of Schenkman,
et al. (1990) is the best candidate for a standard division of the STS movement into its
component parts. First, it is one of the few methods that has appeared in more than one
published study, and the one of the few to be employed by a different group of authors
(e.g., Lou, Chou, Chou, Lin, Chen, & Su, 2001; Vander Linden, Brunt, & McCulloch,
1994). Second, the events which define the different phases are clearly identifiable and
can be measured directly, even without kinetic data. This is not the case with the method
of Kralj, et al. (1990) which relies on kinetic data for defining the first phase, or that of
R oebroeck, et al. (1994) which relies on the velocity of the body’s center of gravity, a
quantity that is derived from a temporal series of recorded distances. Third, most of the
Phases used by other investigators can be adapted to fit the scheme of Schenkman and
col Leagues (see Table 1). For these reasons, the method of Schenkman, et al. (1990) was
Used in the present study, with the following modification: Phase IV, Stabilization Phase,
is c alled the Transition Phase. It is defined as the period from complete extension of the
hips yntil all motion associated with stabilization from rising is completed, if the
indi ~rjdual intends to remain standing, or until a subsequent movement pattern, such as

Walking, is initiated. This dual description is employed because although most previous
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studies had the subject remain standing after completing the STS movement, more g
in daily living the STS is a necessary precursor to locomotion. Furthermore, it is difficult
for young children to stand still after completing the STS movement. Thus this final

phase 1s often unpredictable.

Strar & ies Employed in the Sit-to-Stand Movement
Two primary strategies have been suggested for the execution of the sit-to-stand
moves xrment (Berger, Riley, Mann, & Hodge, 1988; Hughes, Weiner, Schenkman, Long, &

Studexaski, 1994; Schenkman, et al., 1990); the specific terms are from Hughes, et al.

(1994 - (1) "momentum transfer," in which hip and trunk flexion are used to generate
mome T2 tum which can then be transferred to the whole body, and (2) "stabilization," in
which xrunk flexion is not used to generate momentum but rather to position the center of
gravity «F the body closer to the base of support at the time of seat-off; in this strategy the
feet are za 150 usually brought closer to the chair, thus making it easier to bring the center
of grava 3 closer to the base of support. The momentum transfer strategy is also
charaCte=x—jzed by the center of gravity of the body being located behind the center of

pressures (in some cases this may also be behind the base of support) at the time of seat-

off, a relatively greater amount of trunk and hip flexion, a relatively greater hip flexion
Velocity, and a relatively greater hip joint moment but smaller knee joint moment.

'On the other hand, the stabilization strategy is characterized by the center of
M@V i ¢y being located close to the base of support at the time of seat-off, a relatively

SMa }er amount of trunk and hip flexion, a relatively smaller hip flexion velocity, and a

relagy vely smaller hip joint moment but greater knee joint moment. Of course, these two

13




strate gies ar€ not mutually exclusive: forward flexion might act both to move the Center
of grawvity closer to the base of support as well as generate momentum (Hughes, €t aj,
1994, called this the "combined" strategy). Which of these strategies is employed seems
to be dependent on the individual's functional ability, and is influenced especially by
stren g th and balance. Hence the stabilization strategy is used more by older adults and
other- i mdividuals with functional limitations (see the discussion below on "Special
Popu 1 &ations"), while the momentum transfer strategy is used by younger adults and/or

persoxra s without functional limitations.

Fundca #7aental Mechanics of the Sit-to-Stand Movement
“When describing the fundamental mechanics of the STS movement, the
modifi < ation of the phases of Schenkman, et al. (1990) described earlier will be used,
with re s walts from other authors being applied to Schenkman and colleagues (1990)
scheme = s much as this is possible (see Table 1). In addition, the discussion will assume
that the  xaomentum transfer strategy (Hughes, et al., 1994) is being used, as this appears
tobethe typical strategy used by non-functionally-impaired individuals. One difficulty
encounmTered when trying to compare results between studies, aside from that of different
phase Qlescriptions being used, is that most studies restrict the use of the arms during the
movVernent—usually by requiring the subject to fold the arms flat across the chest and not
MOVe the arms away from the chest during the movement—but some do not.
Phase I: Flexion-momentum Phase. Recall that the Flexion-momentum Phase
begi s with the initiation of movement and continues until just before lift-off from the

€At . The movement is initiated by flexion of the hips brought about by a slight flexion
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moment. THe remaining hip flexion proceeds as a result of gravitational action and
momentum, With an eccentric hip extensor moment to control the hip flexion. This js
follow ed, near the end of the phase, by slight flexion of the trunk (Kelley, et al., 1976;
Kralj, etal, 1990; Kotake, et al., 1993). During this phase, the trunk flexes an average of
16°, & xd reaches maximum flexion in the early part of Phase II (Schenkman, et al., 1990).
In ad AL tion, during Phase I, maxima are reached for hip flexion angular velocity, trunk
flexi<» = angular velocity, and neck extension angular velocity (Schenkman, 1990). The
centex~ of gravity of the body travels forward and slightly inferiorly during this phase, with
the h<»xrizontal velocity component of the center of gravity reaching its peak at the end of
the phh =asse (Roebroeck, et al., 1994; Riley, et al., 1991). While the hip, knee, and ankle
joints z=a 1 1 contribute to the forward motion of the center of gravity during this phase as
well as 1 n Phase II, the greatest contributors appear to be the hip and ankle joints (Yu,
Holly-C= xj chlow, Brichta, Reeves, Zablotny, & Nawoczenski, 2000). The propulsive
impulse  waecessary for this phase is generated by a posteriorly-directed ground reaction
force at & Ihe buttocks, followed (possibly; see Discussion section) by a smaller posteriorly-
direct®Q  ground reaction force at the feet (Hirshfeld, Thorsteinsdottir, & Olsson, 1999;
Magnax | McFadyen, & St-Vincent, 1996; Pai, Naughton, Chang, & Rogers, 1994).
Phase II: Momentum-transfer Phase. The Momentum-transfer Phase begins with
lift-OFfF of the buttocks (i.e., seat-off) and continues until maximum dorsiflexion of the
ankle s reached (i.e., the cessation of all lower body flexion). During this phase, the
horiZontal linear momentum of the upper body generated during Phase I is transferred to
the thigh segments and contributes to total body anterior movement (Pai & Rogers,

199 1L a; Riley, et al., 1991; Shepherd & Gentile, 1994; Schenkman, et al., 1990). Pai and
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Rogers (1991a) and Roebroeck, et al. (1994) found that the major contributor to
horizontal linear momentum is the upper body, while that to vertical linear momentum js
the thi ghs, suggesting that although the upper body horizontal linear momentum may be
trans femred to the horizontal linear momentum of the thighs, the thighs are the major
contx—1i bouting segments to the vertical linear momentum of the whole body. This result
argue s against the interpretation of Riley, et al. (1991), who suggested that the upper body
is thee xmmajor contributing segment to both horizontal and vertical linear momentum, and
that € Fa € horizontal momentum of the upper body was somehow transferred to the vertical
mome= m tum of the upper body. It appears, rather, that the horizontal linear momentum of
the upr goer body generated by flexion of the trunk and hips is transferred to the thighs just
after 1 £ -off, while the thighs are primarily responsible for the vertical linear momentum
of the v=~hole body. The transfer of horizontal linear momentum from the upper body to
the thi & I s has the result of potentially reducing the required lower limb muscle force
(Shephe=x-d & Gentile, 1994).
X this phase the propulsive impulse at the feet changes to a braking impulse
generate= by an anteriorly-directed ground reaction force. This braking impulse serves to
slow thhe forward velocity and momentum of the body. In addition, there is a vertical
grounql reaction force at the feet that generates a vertical propulsive impulse and vertical
"elocity of the center of gravity (Hirschfeld, et al., 1999; Pai, et al., 1994; Pai & Rogers,
199Q)H
Several maxima are reached during Phase II: Maximum flexion of the hip,
fOIIQwed by maximum trunk flexion, then maximum extension of the neck, and finally

Max¢ 3 mum dorsiflexion of the ankle (Schenkman, et al., 1990). The hip extension
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moment, Which had been controlling flexion of the hips, reaches a maximum just &y,

lift-off, as does the knee extension moment, which must limit the flexion of the knee

follow ing transfer of weight bearing from the buttocks and feet entirely to the feet. These
events coincide with near-maximum flexion of the hip and knee (Kelley, 1976;
Sche ra Xkman, et al., 1990).

The peak hip extension moment for an adult male of average stature and body
mass « 175 cm and 70 kg, respectively) is approximately 40 to 60 Nm (Fleckenstein,
Kirby~ . & Macleod, 1988; Pai & Rogers, 1991b), while the average peak knee extension
mome= mt for the same individual is approximately 150 Nm (Pai & Rogers, 1991b). The
actual p>eak hip and knee extension moments will, of course, vary depending upon an
indivi«d w3al subject’s stature and body mass.

JIKotake, et al. (1993) calculated that the minimum hip extension moment required
to comp> 1 ete the STS would be 0.7+0.1 Nm per kilogram of body weight (kg BW) and the
minimMue 1 knee extension moment would be 0.9+0.1 Nm/kg BW for the subjects in their
study, Y Thich were all of similar stature. For a 70 kg individual (assuming that his or her

anthTOP> < metric measures were similar to those of the subjects employed by Kotake, et
al), this would equate to a peak hip extension moment of 49 Nm and a peak knee
eXteNsS1 on moment of 63 Nm. The former value is well within the range of the values
rePOTLed in the literature (Fleckenstein, Kirby, & MacLeod, 1988; Pai & Rogers, 1991b),
whereas the latter value is much lower than that reported by Pai and Rogers (1991b). The
'®aS < why individuals produce knee extension moments two to three times greater than
those required to successfully complete the STS is not clear, although restrictions I

MP sed in experimental settings may require greater torque to be exerted.
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During Phase 11, the center Of gravity continues to travel forward and upVarqg
reaching its maximum anterior travel by the end of the phase (Schenkman, et al., 199p).
Also, atthe end of the phase, the vertical component of the velocity of the center of

gravity reaches its peak (Roebroeck, et al., 1994; Riley, et al., 1991). At the start of Phase
I, the body is in dynamic stability, as the center of gravity is approximately 7 cm behind
the ce miter of pressure, which is located beneath the heels, at lift-off. At the end of the
phase . however, the horizontal position of the center of gravity is close to the that of the
centex— oOf pressure, indicating a quasi-static balance situation (Kelly, et al., 1976; Murray,
Seire gz, & Scholz, 1967; Pai, et al., 1994; Riley, et al., 1991; Schenkman, et al., 1990).

Phase III: Extension Phase. The Extension Phase begins just after maximum

dorsif 1 « xion of the ankle is reached and continues to the end of hip extension (i.e., when
hip am g malar velocity first reaches 0°/s). Although the hip, knee, and ankle joints all
contrib e ate to the vertical motion of the center of gravity during this phase, the greatest
contribwa ¢ ors appear to be the knee and hip joints (Yu, et al., 2000). In this phase, hip,
trunk, 2w d knee extension angular velocities reach their maxima, and then decrease to
near 0%/ s gt the end of the phase (Schenkman, et al., 1990).

During Phase III, the center of gravity continues to move upward and reaches its
maximum height by the end of the phase. As at the end of Phase II, the horizontal
POSition of the center of gravity nearly coincides with that of the center of pressure (which
IS NOw Jocated just anterior to the ankles), indicating a quasi-static balance situation
(Kelly, et al., 1976; Murray, et al., 1967; Pai, et al., 1994; Riley, et al., 1991; Schenkman,

etal _ 1990).
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Phase IV: The Transition Phase. The fourth phase, the Transiti <n p\ms
Q“\s

defined as beginning just after extension of the hip ceases and continu i

& g
. . .y : . 'ngl . . - . “\\\&\m
associated with stabilization from ris1 S completed, if the individual . Qtlon
Nte
. T,
standing, or until a subsequent movem2€nt pattern, such as walking. is § 10 remain
. 1t1a[ed In cas.
where the individual intends to remain standing, it is difficult to dC‘et})ll_ es
7€ the end oF

Phase IV, as the motion due to stabilization is often indistinguishable Erom I
postural sway which occurs during normal stance. Although this sitUag;,,, has not been
studied as an aspect of the STS movement, the mechanics of Phase IV are likely to be
similar to those encountered during postural sway, where perturbations of the body’s
center of gravity toward the edge of body’s base of support are countered by activation of
the body’s postural muscles, especially those associated with the ankle joint (Woollacott,
1986).
In situations where a subsequent movement (i.e., gait) is to be initiated, as is
u sually the case when rising from a seated position, it is also difficult to determine when
the end of Phase IV occurs and when the subsequent movement begins (see below in the
section "Sit-to-Walk Movement").
Muscular activity during the STS movement. Goulart and Valls-Sole (1999)
S\ grgest that the lumbar paraspinal (i.e., erector) muscles, quadriceps muscles, and
ha xrmstring muscles are the prime movers for the STS movement, and are activated in the
ordler listed. They suggest that the activation of the lumbar paraspinals are used to
Straai ghten the trunk prior to movement initiation, that the quadriceps (at least the rectus
fel"110115) are involved in the initial hip flexion and in later knee extension, and that the

hau'hstrings are involved in hip extension during the extension phase of the movement. On
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the other hand, they argue that the tibialis anterior and abdominal muscley Sery
Ca
postural muscles that act to make any T€Cessary postural adjustments ,

a&

Q
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prime movers in the actual execution © the movement. \)emg

Variables Affecting the Mechanics of the Sit-to0-Stand Mo, »

ey
Use of the Arms

Few studies have investigated the use of the arms in the perform .. of the STS
movement, despite the fact that arm movement of some kind occurs naturally in
performing the STS (Carr & Gentile, 1994). When the arms are used, they tend to be used
in one of two ways: Either pushing against the arm rests (if available) or seat of the chair
in order to facilitate the movement, or by being thrust forward along with the trunk in

order to increase forward momentum. Both types of arm movements have been

investigated, albeit by few studies.

Several studies have investigated the effects of arm rests. Burdett, Habasevich,
Prisciotta, and Simon (1985), explicitly studied the effects of using the arms to assist in
Performing the STS movement by pushing against arm rests versus using the legs only.
T he authors found no significant difference in maximum hip, knee, or ankle flexion
be tween the arm and no-arm condition for a group of healthy, young adult subjects.
Ho wever, there was a significant difference in the peak hip extension moment, as well as
in the peak knee extension moment, between the two conditions, both variables being
&re ater for the no-arm condition. Arborelius, Wretenberg, and Lindberg (1992) found
simni ar results: the use of arm rests decreased the maximum hip moment by about 50%

and decreased the maximum knee moment by about 30%. In addition, the subjects in
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Arborelius, et al.’s study rated the S TS as being easier (8.00 vs. 8.55 oxm \heg
Qr

¥,
effort) when the arms were used. Furthermore, Elljs, Seedhom, and Wy oy <ot
Qg
a reduction in the tibio-femoral vertical force of 18 to 2 1%. In using thy %A'\ iQ\m(\
STS, the joints of the upper extremity (Shoulder and elbow) are now S 10 assist the
elating SXlensiop,

moments, thereby decreasing the moments required of the hip and kne )
. . . . Jonts. 7o this eng
Anglin & Wyss (2000) investigated the arm motion and hand loads eng, Ountered wher
using arm rests, without respect to motion of the lower extremity, ad foupd pa; the
average peak hand load was 134 N, or 19% body weight; a similar result was found by
Alexander, et al. (1991) for older adults.
Carr and Gentile (1994) investigated the other possible use of the arms: thrusting
the arms forward with the trunk at the beginning of the movement. In their study, subjects
were asked to perform the STS movement both in a preferred manner, where the arms
could be thrust forward, and in a restricted manner, in which subjects were required to
keep the elbows flexed at 90° and the arms at their sides. The authors found no significant
di fference between the two conditions in the amplitude of trunk flexion, horizontal and
vertical momentum of the center of gravity, maximal hip and knee joint moments, and
M aximum support moment (a net extensor moment generated by the hip, knee, and
ank le). However, differences did exist between the two conditions in terms of the
duration of the maximum support moment, defined as the normalized length of time that
the support moment equaled or exceeded three times body weight, with the restricted
Condition having a significantly longer duration. Thus lack of arm use, while not
T'®Q Uiring an increase in the maximum support moment (i.e., the hip and knee joint

MOIMNents), requires this maximum support moment to be sustained for longer periods.
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Shepherd and Gentile (1994) argue that a brief extension moment (versus the diStiju,jo,,
of a moment of the same magnitude over a longer period of time) may be more efficient
and lead to less muscle fatigue. In other words, even though the body has the ability to
compensate for restricted arm use and does not require an increase in the maximum
support moment, use of the arms makes the performance of the STS movement more

efficient by reducing the required duration of the maximum support moment.

Speed of Ascent

Before discussing those studies that investigated the effects of speed of ascent on
the mechanics of the STS movement, it is important to note that most studies on the STS
made no attempt to control speed, but rather allowed the subjects to select a preferred
speed. Shepherd and Gentile (1994) have noted that even when speed of ascent is not
controlled, movement times for the STS remain fairly consistent, and typically range from
1.2 to 2 seconds. However, it is clear that initial position has an effect on speed of ascent,
and that variations in speed of ascent affect the mechanics of the STS movement.

Pai, Rogers, and colleagues (Pai, et al., 1994; Pai & Rogers, 1990, 1991b) have
conducted three studies on the effects of speed of ascent on the mechanics of the STS
movement. In all three studies, the authors allowed subjects to perform the STS at three
self-selected speeds: slow, normal, and fast. Across the three speeds, no significant
differences were found in the joint angle profiles of the hip, knee, and ankle, nor in the

hip extensor moment or ankle plantar flexion moment. Significant differences were
{ouxad, however, for the hip flexion moment between the slow and fast speeds (greater for

the fast speed), for the knee extension moment across all speeds (increased moment with
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increasing SPeed), and for the dorsiflexion of the ankle moment between the fast ang sjow
speeds and between the fast and normal speeds (in both cases greater for the fast speed;
Pai & Rogers, 1991b). Other significant differences between speeds included a decrease
in the time to peak vertical center of gravity velocity with increasing speed and an
increase in peak vertical momentum with increasing speed. In contrast, the peak
horizontal momentum did not change significantly with increasing speed of ascent (Pai, et
al., 1994; Pai & Rogers, 1990). Similar results were obtained by Vander Linden and
colleagues (1994), who found no significant differences in joint angles from normal to
fast speeds, but did find a significantly smaller time to peak force and a significantly
greater peak force for the fast speed (115 vs. 120% BW). In other words, performing the
STS more quickly requires greater joint moments (and ground reaction forces) in order to
accelerate the body more quickly and achieve a faster rise time. The increased velocity of
the STS from slow to fast speeds also accounts for the increase in peak momentum and

time to peak center of gravity velocity.

Initial Position
One of the difficulties encountered when investigating the STS movement is that a
variety of initial positions were used (see Table 2). Some studies make an effort to control
the initial position of the movement, usually by fixing the seat height at a certain
percentage of knee height, and by fixing the knee angle at 90°. However, these initial
posdtions are not universal, and therefore comparison between studies is difficult due to
N\ wwariations in initial position. Several researchers have explicitly studied the effects of

initial position on the performance of the STS. The two aspects of initial position
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typically v aried are the seat hei ght and the knee and/or ankle angle (i.e., the pOsi liop of
the feet relative to the seat), although two studies have investigated the effects of injtial
trunk angle and trunk motion (Doorenbosch, Harlaar, Roebroeck, & Lankhorst,
1994;Shepherd & Gentile, 1994). Only the effects of initial knee/ankle angle and initial
trunk angle will be discussed now; seat height and other variables related to chair design,
such as arm rest position, use of seat backs, and seat angle will be discussed later.
Munton, Ellis, and Wright (1984) used electromyography (EMG) to investigate
the effect of differences in seat height and initial knee position on muscle activity during
the STS. Two seat heights, 42 and 59.5 cm, and two initial knee positions, “normal (knee
joint at approximately 90° of flexion)” and “feet under chair (knee joint greater than 90°
of flexion),” were used. The authors found no differences in muscle activation patterns
between the two seat heights nor between the two initial knee joint positions. However,
Stevens, Bojsen-Mgller, and Soames (1989) found greater hamstring and quadriceps
activity (increased firing rate) when subjects started in a “preferred (i.e., self-selected)
position” versus a “standard (i.e., knee joint at 90° of flexion, ankle joint at 0° of
dorsiflexion) position.” The authors put forth no explanation as to why quadriceps and
hamstring activity would be greater in the preferred condition, as one would expect the
preferred condition to be more efficient than the standard condition.
Fleckenstein, et al. (1988) examined two initial knee joint angles, 75 and 105° of
flexion. They found that the peak hip flexion angle, peak hip flexion moment impulse,
peak hip extension moment, and the peak hip extension moment impulse were all
s\grificantly greater at an initial knee joint angle of 75°. In addition, the STS movement

took 0.2 seconds longer to complete with the knee joint at an initial angle of 75°. The
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authors suggest that limiting the initial knee-flexion range requires greater trunk and hip
flexion, as well as a higher hip flexion moment impulse, during Phase I, and therefore a
greater hip extension moment is required during Phase II to control the hip flexion.

Vander Linden, et al. (1994), using initial ankle positions of 5 and 18° of
dorsiflexion (95 and 108° of flexion of the knee, respectively), found that ankle and knee
joint excursions were significantly greater at an initial ankle joint angle of 18° of
dorsiflexion, whereas maximum horizontal velocity of the head was significantly greater
at 5° of dorsiflexion. In addition, Phase II was significantly longer for the 5° of
dorsiflexion condition, while Phase III was significantly shorter for the 5° of dorsiflexion
condition. Vander Linden and colleagues reached a conclusion similar to Fleckenstein, et
al (1988). Namely, with a limited initial knee-flexion range, greater forward momentum
is required to be generated by the upper body (as evidenced by the greater maximal
horizontal velocity of the head in the 5° of dorsiflexion position), and therefore a
prolonged braking force (i.e., hip extension moment) is required during Phase II to
control this forward momentum.

Shepherd and Koh (1996) investigated the effects of three different foot
placements (and, therefore, three knee joint angles) on the STS movement: “feet back,”
with the feet placed such that the heels were aligned with the front legs of the chair (knee
joint angle > 90° of flexion); “feet forward,” with the shank perpendicular to the floor
(corresponding to a knee joint angle of approximately 90° of flexion); and a preferred
condition. The results of Shepherd and Koh’s study confirmed those of Fleckenstein, et
al. (1988) and Vander Linden, et al. (1994). Namely, as the feet were placed farther

forward, movement time increased, due to the increased distance that the center of gravity
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must travel from the seat base of support to the feet base of support; and flexion of the
hip, hip flexion velocity, and the peak hip moment all increased significantly as the feet
were placed farther forward. In contrast, both the peak knee moment and the peak ankle
moment decreased when the feet were placed farther forward.

The results of the aforementioned studies on initial position suggest that the
optimal foot placement for the performance of the STS movement is such that the knees
are flexed greater than 90°. When the feet are placed such that the knees are flexed less
than 90°, the movement time increases, and, more importantly, the peak hip moment
increases. Thus, when working with individuals who have hip joint pain or limited
strength in the muscles surrounding the hip joint, it is important that the seating
arrangement is such that they can flex their knees greater than 90° and simultaneously
place their feet on the ground. It is interesting to note that in the study by Shepherd and
Gentile (1994) the preferred condition of all of the subjects involved a foot placement in
which the knees were flexed greater than 90°.

As noted above, two studies have investigated the effects of initial trunk position
and trunk motion on the STS movement. Shepherd and Gentile (1994) studied the STS
under three initial trunk conditions: erect sitting, trunk flexed, and trunk fully flexed. As
might be expected, the initial trunk position had significant effects on the STS movement,
especially at the hip joint. As the trunk position became more flexed, the amplitude of hip
flexion, peak hip flexion velocity, and movement time all decreased. Furthermore, the
onset of extension at the hip and knee joints was affected by the initial trunk position.

Namely, as the trunk became more flexed, both joints began to extend earlier in the

movement and closer to one another in time. In addition, in the fully flexed position, the
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knee began €Xtending before the hip whereas in the other initial trunk positions the hip
began extending before the knee. The peak moments for the hip, knee, and ankle joints
were not significantly different across the three conditions. The same was true for the
maximum support moment. However, the duration of the maximum support moment
increased with increasing initial trunk flexion. This result led the authors to argue that a
brief extension moment (versus the distribution of a moment of the same magnitude over
a longer period of time) may be more efficient and lead to less muscle fatigue. In other
words, even though the body has the ability to compensate for restricted hip motion, due
to flexed initial trunk position, and does not require an increase in the maximum support
moment, having the ability to fully flex the trunk during the movement itself makes the
performance of the STS movement more efficient by reducing the required duration of
the maximum support moment (i.e., the required support moment impulse). Recall that a
similar result was obtained by Carr and Gentile (1994) when investigating arm motion.
The study of the effects of initial trunk position conducted by Doorenbosch, et al.
(1994) differed from that of Shepherd and Gentile (1994) in that the two subject groups,
natural and fully-flexed, started with a vertical trunk. While the natural group was
instructed to rise in a natural, comfortable manner, the fully-flexed group was asked to
flex the trunk as fully as possible before lift-off from the seat. Thus Doorenbosch, et al.
were not so much investigating the effects of initial trunk position as they were
investigating the effects of trunk flexion (i.e., motion) on the STS. It should also be noted
that in their study, Doorenbosch, et al. controlled the speed of ascent, and this speed of
ascent was the same for both conditions. Their results indicated no significant differences

between the two conditions in the motion of the knee and ankle joints, though such a
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difference did exist for the hip joint, as might be expected. In the fully-flexed condition,
the peak hip and ankle extension moments were greater, and the peak knee extension
moment less, than in the natural condition. In addition, the peak hip and ankle extension
moments occurred later, and the peak knee extension moment earlier, in the fully-flexed
condition versus the natural condition. The authors hypothesized that the decrease in the
peak knee extension moment in the fully-flexed condition was brought about by a change
in the activity of the biarticular muscles that cross the knee joint (primarily a decrease in
the activity of the rectus femoris). The authors conclude that performing the STS with full
flexion is one strategy for those individuals with weak knee extensors. It may also be
beneficial for those suffering from arthritis or other pain in the knee joint. However, the
fact that the peak hip moment increased in the fully-flexed condition, would make this

strategy undesirable for those individuals who have arthritis or other pain in the hip joint.

Chair Design

When considering the effects of chair design on the performance of the STS
movement, there are several elements of that design that can be varied, including seat
height, seat angle, seat depth and seat characteristics (such as foam or no foam); angle of
the backrest (if used); and armrest position (if used). Of these elements, seat height has
been most commonly studied. The effects of seat and backrest angle, seat characteristics,
and armrest position have received some attention, while no attention has been given to
seat depth.

As noted, the principal dimension altered in studies on the effect of chair design

on the STS movement is seat height. All of the studies which compared differing seat
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heights found similar results. Burdett, et al. (1985) investigated two seat heights, 64 and
43 cm, the latter being considered a “standard height.” The authors found a significantly
greater peak hip extension moment, as well as a significantly greater peak knee extension
moment, for the standard seat height. There were no significant differences in the peak
ankle moments between the two seat heights. As might be expected, maximum hip and
knee joint flexion were also significantly greater for the standard chair.

Rodosky, et al. (1989), who used seat heights of 65, 80, 100, and 115% of knee
height, also found that with increasing seat height, maximum flexion at the hip, knee, and
ankle significantly decreased. In addition, peak flexion moments of the hip and knee
decreased significantly with increasing seat height, whereas there was no significant
change in the peak ankle moment. Likewise, Schenkman, Riley, and Pieper (1996), using
the same seat heights, found that maximum trunk flexion angular velocity, maximum hip
extension angular velocity, maximum knee extension angular velocity, and maximum
trunk extension angular velocity all decreased with increasing seat height.

Alexander, Koester, and Grunawaldt, (1996) also investigated the effects of seat
height, using seat heights of 60, 80, 100, 120, and 150% of knee height, similar to those
used by Rodosky, et al. (1989). Alexander, et al. (1996; confirmed by Alexander, et al.,
2000) found a decrease in rise time with increasing seat height, as well as a decrease in
maximum flexion of the hip with increasing seat height. Similarly, Arborelius, et al.
(1992) found a reduction in the peak hip moment by 50% for a high-stand stool (knee
height plus 2/3 thigh length) versus an ordinary chair (knee height), and a reduction in the

peak knee moment of 60% for the high-stand stool. Ellis, et al. (1984) also found a 33%
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reduction 3N the tibio-femoral force for a high chair versus a low chair (the height of each
type of chair was not defined).

Aboresius, et al. (1992) and Alexander, et al. (1996) also had subjects self-report
ratings of perceived effort or difficulty for the different seat heights, and found that
perceived effort and difficulty significantly decreased with increasing seat height. The
results of these studies suggest that increasing the seat height reduces the peak extension
and flexion moments about the knee and hip, as well as reducing the maximum flexion of
the hip and knee joints required for the movement, thereby decreasing the difficulty of the
movement, especially for special populations. However, Arboresius, et al. note that the
percentage of body weight supported by the seat of the stool or chair significantly
decreases as the seat height increases. Therefore, a higher seat height places a greater load
on the legs, and would not be the best choice for prolonged periods of sitting.

In addition to studying the effects of seat height, Alexander, et al. (1996) also
investigated the effects of three other chair design variables: backrest recline/seat tilt (95°
recline/0° tilt; 105° recline/10° backward tilt; 115° recline/20° backward tilt), foam vs.
no-foam seat, and armrest position (low, forward, standard). Increasing the backrest
recline/seat tilt led to an increase in rise time, an increase in maximum flexion of the hip,
and an increase in the difficulty rating. The presence of foam on the seat also increased
rise time, maximum flexion of the hip, and the difficulty rating. These results were
especially true for the older adults in the study. On the other hand, the arm rest position
had little effect on rise time, flexion of the hip, or degree of difficulty for both younger

and older adults. These results confirm anecdotal evidence that a greater recline and/or

softer seat make rising more difficult. However, for individuals who must sit for long
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periods, it S€ems that a happy medium between sitting comfort and ease in rising must be

reached.

Special Populations

Variations that occur in the sit-to-stand movement in different populations as
compared to the "norm," which is invariably the pattern, mechanics, etc. of the sit-to-
stand movement in younger adult subjects, are discussed in this section. Note that
although children would constitute a "special population" relative to younger adults, the
STS movement in children is discussed in more detail in a subsequent section.

Older adults. When looking at age as a variable affecting the STS movement,
researchers almost exclusively focus on the older adult population. This is due to the fact
that motor function often declines with increasing age (Shepherd, 1987), and that this
decline in motor function may challenge successful performance of the STS movement.
Though many studies define “older adult” as anyone over 65 years of age, the actual mean
age and age-range of older adult subjects in these studies varies considerably. The mean
age and age-range of older adults used in various studies is shown in Table 3. A further
difficulty when studying older adults is variation in physical condition, although many
studies recruit only subjects that are able to perform the STS and who are free from
severe arthritis or other diseases.

One variable of interest when comparing older and younger adult subjects on the
STS movement is the total time required to complete the movement (rise time). The

hypothesis is that just as movement time in other motor skills tends to increase with age

after about 40 years (Shephard, 1987), so to will rise time. Yoshida, Iwakura, and Inoue
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Table 3. Age range and mean age of older adult subjects used in studies of the sit-to-
stand moveément.

Study N Mean Age (yrs.)  Age Range (yrs.)
Alexander, et al. (1991) &
Schultz, et al. (1992)

Group A 23 72.1 63- 86

Group B 11 84.4 75- 92
Alexander, et al. (1996) 29 84.0 73- 93
Baer, et al. (1995) 30 61.6 50- 80
Hughes, et al. (1994) 22 72.0 64 - 105
Hughes, et al. (1996) 11 78.0 7- 7
Ikeda, et al. (1991) 9 66.9 61- 74
Millington, et al. (1992) 10 69.0 65- 76
Mourey, et al. (2000) 7 75.1 71- 82
Papa & Cappozzo (2000) 35 ? 65- 81
Vander Linden, et al. (1994) 8 68.8 61- 78
Wheeler, et al. (1985) 10 75.0 65- 81
Yoshida, et al. (1983) 20 63.7 ?7- 7
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(1983) found that older adults took significantly longer to perform the STS, a result
supported by Alexander, et al. (1996) and Mourey, Grishin, d'Athis, Pozzo, and Stapley
(2000). However, Alexander, et al. (1991) found that there was no significant difference
in rise time when arms were used to assist in the STS between younger adults and older
adults who were able to rise without using their arms (“Old Able” group), while there was
a significant difference in rise time when arms were used between the Old Able group
and the older adults who were unable to rise without the use of their arms. There was also
a difference, though not significant, between the Old Able group and the younger adults
in rise time when the arms were not used (longer rise time for the Old Able group).
Similarly, Wheeler, Woodward, Ucovich, Perry, and Walker (1985) found that older
adults took longer to rise than younger adults, though this difference was not significant.
It is interesting to note that as the difficulty of the STS movement increases due to
changes in the initial position, such as having the feet placed farther in front of the body,
and chair design, especially decreasing chair height, the differences between younger
adults and older adults in rise time also increases (Alexander, et al., 1991, 1996, 2000).
Thus it appears that when the difficulty of the STS task is low, such as when the arms are
used and/or the chair height is relatively high (about 115% of knee height), younger
adults and older adults are similar in terms of rise time. However, as the difficulty of the
STS task increases, older adults take progressively longer than the young adults to
perform the STS movement.

As far as joint motion is concerned, Baer and Ashburn (1995) found that healthy
older adults exhibited only a small amount of trunk rotation and lateral flexion, which is

comsistent with younger adults. Wheeler, et al. (1985) found older adults to have
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significantly greater trunk flexion during the STS movement than the younger ady, s, but
found no significant difference between the groups in maximum flexion of the knee. Papa
and Cappozzo (2000) also found older adults to have a significantly greater trunk flexion
during the STS movement than younger adults. Alexander, et al. (1991) found that in the
without-arms condition, older adults had significantly greater flexion of the trunk, hip,
and knee joints than the younger adults, whereas in the with-arms conditions, the older
adults only differed from the younger adults in maximum flexion of the hip. All of the
above-mentioned authors suggest that the greater trunk flexion seen in older adults is an
attempt to bring the body's center of gravity closer to the base of support at the time of
seat-off. However, Ikeda, et al. (1991) found no significant differences between younger
and older adults in maximum trunk, hip, knee, or ankle flexion when the subjects
performed the STS without using the arms. In addition, studies involving other
populations that used the stabilization strategy (in which the goal is to bring the center of
gravity closer to the base of support; Hughes, et al., 1994) found that the amount of trunk
and hip flexion was actually less than when the momentum transfer strategy was used
(Galli, Crivellini, Sibella, Montesano, Bertocco, & Parisio, 2000; Lou, et al, 2001).
Therefore it is possible that the older adult subjects in the studies by Wheeler, et al., Papa
and Cappozzo, and Alexander, et al. may actually be using the momentum transfer
strategy but must generate greater momentum to compensate for lower extremity muscle
weakness.

The horizontal component of the velocity of the center of gravity in younger
versus older adults during the STS movement was examined by Mourey, et al. (2000).

They studied the STS movement under two different vision conditions (normal and
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blindfolded) combined with two different speed conditions (normal and fast)- The zs0r
found that the peak horizontal velocity of the center of gravity and the horizontal ve/ocity
of the center of gravity at seat-off were both significantly lower for the older adult

subjects versus the younger adults across all conditions, with the difference being
magnified in the blindfolded condition (thus stressing the importance of visual cues for

the older adults). This would seem to be suggest that subjects in this study were using a

form of the stabilization strategy (Hughes, et al., 1994).

Although joint angular velocities would also be of interest when investigating the
effect of age on the STS, few studies report this information. One such study was that by
Ikeda, et al. (1991). In this study, older adults had greater trunlg flexion and knee
extension velocities, and smaller hip flexion, neck extension, hip extension, neck flexion,
and trunk extension velocities than younger adults, although none of these differences
were significant. Papa & Cappozzo (2000), on the other hand, did find older adults to
have a significantly greater trunk flexion velocity versus younger adults. They suggest
that the greater trunk flexion velocities seen in older adults is used to generate more
forward momentum to be transferred to the extension phase of the movement (assuming
they are using the momentum transfer strategy; Hughes, et al., 1994).

Similarly, few studies investigated kinetic differences in the STS between younger
and older adults. Ikeda, et al. (1991) found that older adults had a greater normalized
(divided by body weight times height) maximum knee torque and a smaller normalized
maximum hip torque than younger adults. However, neither of these differences were
significant. Schultz, et al. (1992) used a biomechanical model to calculate the joint

torques required to perform the STS for both younger and older adults using data from
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Alexander, et al. (1991). The differences in the required torques between the 810 Ds was
small, with the only significant difference being for the ankle joint. More impOrtany,
however, was the fact that the required joint torques for the older adults were all less than
the maximum joint torque strengths reported in the literature (Borges, 1983; Markhede &
Grimby, 1988), leading the authors to conclude that physical strength is not the limiting
factor in older adults’ ability to perform the STS. They suggest that postural stability and
balance is more of a factor in limiting STS performance. On the other hand, Hughes,
Myers, and Schenkman (1996) found that a group of functionally-impaired (defined as
having to use a railing when descending stairs and the inability to rise from a 33 cm chair)
older adults required a knee moment that was 78% of their available strength to rise from
a chair set at knee height versus 34% for younger adults. This difference may reflect, in
part, the use of the stabilization strategy (Hughes, et al., 1994) which results in a
relatively greater knee joint moment. They concluded that while this required joint torque
is less than the older adults' available strength, and while balance and postural stability
may be important, strengthening exercises may help improve STS function; this
conclusion is echoed by Riley, Krebs, and Popat (1997) in an analysis of sit-to-stand
failure. However, several studies that employed a strength-training protocol with older
adults and studied changes in the performance of the STS movement (usually by noting
the time taken to successfully complete a certain number of repetitions of sitting-down
and rising-up, or by the number of successful rises) found no differences between pre-
and post-testing between trained subjects and controls (Judge, Whipple, & Wolfson,

1994; Schlicht, Camaione, & Owen, 2001; Singh, Clements, & Fiatarone, 1997).
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The results of those studieS which compared older and younger adults in ¢p e STS
suggest that only small differences exist between the two groups in most kinéMmatic and
kinetic parameters, the main exceptions being rise time, where older adults take longer to
rise than younger adults, especially as the difficulty of the STS task increases. The
increase in rise time with increasing age and with increasing task difficulty seen in most
older adults, would seem to fit the hypothesis that it is balance that limits STS
performance in older adults. In other words, older adults move their feet back toward the
chair (thus moving the base of support backward) and flex the trunk in order to place the
center of gravity of the body closer to the base of support at the time of seat-off (i.e, the
stabilization strategy); all of these postural adjustments require a greater movement time
(Alexander, et al., 1996; Hughes, et al., 1994; Schultz, et al., 1992). On the other hand,
the greater amount of trunk and hip flexion seen in the studies by Wheeler, et al. (1985),
Papa and Cappozzo (2000), and Alexander, et al. (1991) suggests that some older adults
use the momentum transfer strategy or a combination of the two strategies. This would be
consistent with the results found by Hughes, et al. (1994), in which out of 20 older adult
subjects 11 used the momentum transfer strategy, 4 used the stabilization strategy, and 5
used a combination of the two.

Pregnant women. Lou, et al. (2001) investigated the kinematics and kinetics of the
STS movement at different stages of pregnancy. The authors found that overall (four
different chair heights were actually used; see Table 2) the total movement time increased
from the first through the third trimesters of pregnancy; that the peak hip flexion angle
decreased, while the peak knee flexion angle remained unchanged, from the first and

second trimesters to the third trimester; and that the peak hip flexion moment decreased,
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but the peak knee moment increased, from the first through the third trimesters: Top.,
results are likely due to the increased size of the abdomen, especially during the 15
trimester, which changes the body's center of gravity and increases the overall load on the
body and especially on the lumbar spine. Decreasing the amount of hip flexion decreases
the hip flexion moment (and presumably that at the lower back), as does increasing the
movement time (i.e., decreasing the hip flexion velocity), but consequently leads to a
greater knee joint moment.

Obese adults. Not surprisingly, obese subjects exhibit a STS movement pattern
similar to that observed in third-trimester pregnant women: A smaller amount of hip
flexion leading to a smaller peak hip joint moment, thus protecting the lower back (yet
see below in the section on adults with disabilities), but resulting in a larger knee joint
moment (Galli, et al., 2000).

Adults with disabilities. Individuals in this category fall inté one of two general
categories: those whose disabilities result from chronic pain, such as lower back pain and
arthritis, and those whose disabilities result from neurological impairment, including
stroke (including resulting hemiparesis) and other neurological disorders.

Coghlin and McFadyen (1994) compared the performance of the STS movement
of individuals with lower back pain to that of healthy individuals. The authors anticipated
finding results similar to those which were subsequently found for pregnant women and
obese subjects; namely, that the low back pain subjects would choose a strategy that
would minimize hip flexion and the hip flexion moment, thereby minimizing the stress on
the lower back, but at the same time increase the moment at the knee. However, they

found that while some low back pain subjects exhibited this pattern, others employed the
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strategy of a greater hip flexion and hip moment, but a smaller knee joint momeng. 7.
authors concluded, therefore, that low back pain subjects do not choose one clear strategy
when performing the STS task.

In one early study on the effects of arthritis on the STS movement, Munton, et al.
(1984) found no differences in the electromyography patterns of the muscles of the lower
extremities between arthritic and "normal” subjects. A more recent study by Munro,
Steele, Bashford, Ryan, and Britten (1998) found that older adult subjects with
rheumatoid arthritis had longer movement times than those reported in the literature for
non-arthritic older adults. Furthermore, the arthritic subjects had lower net knee moments
at seat-off compared to those reported in the literature. Munro, et al. suggested that this
latter result may indicate a choice of the momentum transfer strategy (Hughes, et al.,
1994) so as to avoid large moments at the knee and minimize knee joint pain. However,
the longer movement times of the arthritic subjects is suggestive of the stabilization
strategy (Hughes, 1994). It may be that older adults with arthritis use a combined strategy.
All other STS variables for the arthritic subjects were consistent with those reported in
the literature. Similarly, Su, Lai, and Hong (1998) found that older adult subjects with
osteoarthritis had longer total movement times, a greater forward displacement of the
center of gravity, and a lower peak knee moment than the non-arthritic older adult
subjects in their study, likewise suggesting that arthritic older adults employ a combined
strategy in performing the STS movement.

Several studies have investigated the effects of hemiparesis (usually as a result of

stroke) on the STS movement. Yoshida, et al. (1983) found that hemiparetic subjects

required a greater overall movement time to execute the STS task. Likewise, Hesse,
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Schauer, Malezic, Jahnke, and Mauritz (1994) found that hemiparetic subjects ooy
significantly longer to execute the STS movement than healthy subjects. In addition, they
found that for the hemiparetic subjects the center of gravity was close to the center of
pressure at seat-off, whereas for the healthy subjects the center of gravity was located
behind the center of pressure at seat-off. These results would suggest that the hemiparetic
subjects used a stabilization strategy while heathy subjects used a momentum transfer
strategy (Hughes, et al., 1994). The longer movement times seen in hemiparetic subjects

has also been confirmed by other studies (Cheng, Liaw, Wong, Tang, Lee, & Lin, 1998;

Engardt & Olsson, 1992).

The Sit-to-Walk Movement

As noted in the Introduction, although studies generally have the sit-to-stand task
end with quiet standing, in reality more often than not gait is initiated during the last
phase of the STS movement (hence the reason in the present study for naming this last
phase the "transition phase"). Magnan, McFadyen, and St-Vincent (1996) investigated the
effects of modifying the sit-to-stand task with the addition of gait initiation, which they
dubbed the "sit-to-walk (STW) task." The key results from this study were as follows:
First, the temporal characteristics (i.c., time to peak horizontal and vertical momentum,
time at seat-off, and time to maximum height of the center of gravity) of the STW
movement were similar to the STS movement. All of the events tended to occur earlier in
the STW movement, but the differences were all non-significant. Second, while the mean
maximal excursion of the center of gravity in the vertical direction was similar in the

STW compared to the STS movement, the mean maximal excursion of the center of
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gravity in the horizontal direction Was significantly greater for the STW versus the ¢
movement. Third, the horizontal and vertical components of the peak momentUm of the
center of gravity both were significantly greater in the STW condition versus the STS. In
addition, while in the STS movement the horizontal momentum decreases slowly to zero
after reaching its peak, in the STW movement the horizontal momentum initially
decreases after reaching its peak, but then began to increase again. Fourth, the position of
the center of gravity relative to the center of pressure at seat-off was similar for both the
STW and STS movements. Lastly, the ground reaction force patterns at the feet were
similar until seat-off for both the STW and STS movements. At the time of the peak
vertical ground reaction force, which occurred shortly after seat-off, the STW condition
showed an increased loading of the stance leg compared to the swing leg, whereas there
was little difference between legs in the STS condition. Furthermore, whereas the STS
movement showed the typical anterior-posterior force pattern of a propulsive force
followed by a braking force, in the STW movement the braking force rapidly switched to

.

a second propulsive force as walking was initiated.

The Sit-to-Stand Movement in Children
As noted in the Introduction, only five previous studies (Brugnolotti, 1992; Cahill,
et al., 1999; Francis, 1987; McMillan, 1998; and Scholz & Brandt, 1997) have
investigated the STS movement in children. Of these, four were concerned with
developmental aspects of the STS movement (Brugnolotti, Francis, Macmillan, and
Scholz & Brandt), and only one (Cahill, et al.) directly investigated kinematic and kinetic

variables, albeit less extensively than in the present study. The subsequent discussion will




look first at the developmental aspects of the STS movement, including the deve 1opment
of the ability to stand directly from a supine position on the floor (while the latter
information is not directly relevant to the present study, it does help to provide a picture

of the development of another type of standing movement in children), and then will
proceed to look at what is presently known about the mechanics of the STS movement in
children. First, however, a brief discussion of developmental sequences will be presented,

in order to provide a framework for subsequent discussion.

Developmental Sequences

Two different methods have been proposed for applying developmental phases or
stages to skill development. In the first method, known as the “whole body approach” or
the “composite approach” (Seefeldt & Haubenstricker, 1982), each stage of development
involves characteristic body positions and actions for various segments of the body, such
as the arms and legs. When assessing which stage of development a child is in for a given
skill, the action of the whole body—the arms, legs, and trunk, for example—is observed
and the child assigned to a stage based on the characteristics of the total body action.

The “component approach” (Roberton, 1977, 1978a, 1978b), on the other hand,
treats each body component (arms, legs, trunk, etc.) separately. Thus when assessing
which stage of development a child is in for a skill, first the arm action would be
observed and the child assigned to a given stage for the arm component of the skill, then
the leg action would be observed and the child assigned to a given stage for the leg
component of the skill, etc.. In other words, whereas the composite approach may place

Child A in Stage 1 and Child B in Stage 2 based on overall body action, the component
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approach May have Child A in Stage 1 for each body component (arm, leg, and trynk),
but Child B in Stage 2 for the leg component, Stage 1 for the arm component, and Stage >
for the trunk component.

The composite approach has the advantage of being less complex, and also takes a
more integrated (in terms of body actions) approach to the development of motor sKills _
Although slightly more complex, the component approach has the advantage of allowing
for differences in the rate of development for different body components, thus providing

for an accounting of more subtle changes in the development of motor skills.

Regardless of which method is used, the same basic principles apply to
developmental sequences (Seefeldt & Haubenstricker, 1982). The major principle of
developmental sequences is that individuals pass through the various stages of a skill in a
particular order. In other words, an individual would not progress from Stage 1 to Stage
4, then to Stage 2, and finally Stage 3. It is possible, however, for an individual to skip a
stage or to temporarily regress to the previous stage. In addition, developmental
sequences are age-related, not age-dependent. Thus, while mean ages for the attainment
of a particular stage might be given in the literature, it must be understood that different
individuals, all of whom are developing normally, may progress through the

developmental sequence at different rates.

Development of Rising from a Supine Position
Typically infants are able to walk independently before they are able to
independently rise from a supine to an erect position (Bayley, 1969; McGraw, 1943). The

mean ages at which children are able to achieve these two milestones of development are
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11.7 months and 12.6 months, respectively (Bayley, 1969). Furthermore, the 3bi1ityto roll
from a supine to a prone position, and the ability to assume an independent sitting
posi tion (milestones that occur before the ability to walk independently), are prerequisites S
for rising from a supine position (McGraw, 1943).
McGraw (1943) identified two distinct phases in the development of independey,,
rising from a supine position. The first phase involves the infant first rolling from a
supine to a prone position, and then pushing him or herself up with the hands. As the
chest is raised off of the floor, first one foot and then the other are placed in contact with
the floor so that the infant assumes a quadrupedal position. From this position, the hands
are removed from the floor and the trunk extended. As noted above, Bayley (1969) found
the mean age at which this phase occurs is 12.6 months.

In the second distinct phase described by McGraw (1943), the child pushes
against the floor with one or both arms in order to rise to a seated position. As the child
approaches the seated position, the lower extremities are flexed in order to place the feet
on the floor, and then as the child pushes with the supporting hand or hands, the knees are
extended and the body is raised to an erect posture. The mean age at which this phase
occurs is between 30 and 46 months (Bayley, 1969; McGraw, 1943).

There is, of course, a relatively smooth transition between the two phases just
described. For instance, by about 22 months of age the child does not roll completely to a
prone position, but simply rolls to one side and then pushes the body up as described for
the first phase (Bayley, 1969; Schaltenbrand, 1928). Alternately, the child may rise to a

seated position as described for the second phase, but then flex the trunk and hips so that
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the handS €an contact the floor. The child then rises to an erect position by assimjng the

quadrupedal form described in the first phase (McGraw, 1943).
The results of those studies that have investigated the ability of infants and

children to rise from a supine position suggest that a relatively mature form of rising is

achiieved by approximately 4 years of age (Bayley, 1969; McGraw, 1943; Schaltenbrand’

1928). VanSant (1988), however, was interested in what differences, if any, exist in the
moyvement patterns of children aged 4 to 7 years in rising from a supine position to erect

stance. The results of VanSant’s study indicated that while variation certainly existed

among the 120 subjects, the predominant movement pattern at each age was similar to the

mature pattern described by McGraw. Thus it appears that while individual variations in
rising from a supine position may exist after 4 years of age, and immature patterns may

still persist, by this age a relatively mature form of rising from a supine position has been

achieved.

Development of the Sit-to-Stand Movement in Children

As has been previously noted, only four studies (Brugnolotti, 1992; Francis, 1987;
McMillan, 1998; and Scholz & Brandt, 1997) have investigated the development of the
STS movement in children. The study by Francis was a cross-sectional study of children
ages 4 to 10 years, whereas Brugnolotti, McMillan, and Scholz and Brandt followed
children (N= 4, N=5, and N=5, respectively) longitudinally from approximately 13 to 24
months of age.

In her study, Francis chose to use the component approach (Roberton, 1977) to

describe the development of the STS movement. Francis defined descriptive categories
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for each Component, and then placed each subject into a particular category- It should be
noted that in her study, Francis did not restrict the movement of her subjects in any Way
they were free to place their legs in any initial position and to use their arms in any wWay,
they wished. However, the chairs did not have armrests, although they did have a strai 8k,

back rest. (Interestingly, Francis made no assessment as to whether the subjects used the

back rest in performing the STS movement.)
In looking at the arm component, the results indicated that 4- and 5-year-old

children most frequently pushed on the seat of the chair with the hands, whereas 6- and
10- year-old children tended to push on their legs with their hands, and young adults
either pushed against their legs or swung their arms forward. As far as the trunk
component was concerned, the 4- and 5- year-old children and the young adults fully
flexed their trunk during the movement and trunk extension did not begin until after lift- |
off. Recall that this is the normative pattern for the momentum transfer strategy (Hughes,
1994) most often employed by young, healthy adults in performing the STS. The 6- and

10-year-old children, however, more frequently began extending the hip and trunk prior
to lift-off. In terms of the leg component, Francis focused on the initial position and
initial movement of the feet and legs. The results showed that in each age group, the most
common pattern was picking up the feet slightly and repositioning them. Unfortunately,
Francis did not report where the feet were repositioned. It would be assumed, based on
the literature, that the feet would be repositioned such that the knee joint is at greater than
90° of flexion (Shepherd and Gentile, 1994). It is interesting, however, that, in an
unrestricted situation, movement of the feet during the transition from sitting to standing

may be a natural occurrence.
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Brugnolotti (1992) measured the so-called "V/H ratio", i.e., the ratio of the
vertical velocity of the seventh cervical vertebra to the horizontal velocity of the seventh
cervical vertebra. This ratio was first described by Jones, et al. (1963), who used it tO
dis tinguish between able-bodied subjects and those with neurological impairments.

Brugnolotti found that the V/H ratio decreased for all four subjects during developmen t,
although the factor that caused the decrease (i.e., decreased vertical velocity, increased
horizontal velocity, or a combination) was varied.

McMillan (1998) and Scholz and Brandt (1997) followed the same five subjects
longitudinally but focused on different aspects of the sit-to-stand movement. Scholz and
Brandt measured the intertrial variability of the movement trajectories of the center of
gravity of the body and the head, and related this to the body segment motion variability.
The authors concluded that the STS movement is organized mainly around controlling the
body's center of gravity trajectory and, after lift-off from the seat, the horizontal trajectory

of the head, as opposed to controlling individual segmental movements. Furthermore,

these results were evident even in the youngest infants (about 13 months of age) and
remained consistent during development.

McMillan (1998) investigated several other aspects related to the development of
movement coordination in the sit-to-stand movement. The aspect studied that is most
relevant to the present study was the predominant movement pattern used by the children

in performing the STS movement. McMillan identified two distinct patterns based

primarily on the amount and speed of trunk flexion (both of these were assessed
qualitatively) used in the movement. One pattern, which McMillan called the "forward-

up" pattern, involved little trunk flexion with the body being repositioned at the beginning

50




of the mOvVement to bring the center of gravity closer to the base of support at S€ar-off. A

second pattern, which McMillan called the "diagonal-up" pattern, involved significant
trunk flexion. McMillan also observed that some subjects used a combination of the

forward-up and diagonal-up patterns. Based on McMillan's descriptions, it would seemy

that the forward-up pattern is similar in at least some aspects to the stabilization strate gy

described by Hughes, et al. (1994), and the diagonal-up pattern is similar in at least some

aspects to the momentum transfer strategy described by Hughes, et al.. McMillan found

that there was a trend toward increasing use of the diagonal-up pattern with increasing
age, with a corresponding decrease in the use of the forward-up pattern. This is consistent
with Hughes, et al. who suggested that the stabilization strategy (similar to McMillan's
forward-up pattern) would be used by those with less balance and postural control (i.e., at
the younger ages), while the momentum transfer strategy (equal to McMillan's diagonal-
up pattern) would be used by those with greater balance and control (i.e., at the older

ages); the same is argued by McMillan.

The Mechanics of the Sit-to-Stand Movement in Children
To date (not including the present study) the study by Cahill, et al. (1999)

represents the only study of any kind of the mechanics of the STS movement in children.

The authors looked at the performance of the STS among three different age groups: 12 to

18 months, 4 to 5 years, and 9 to 10 years. The kinematic and kinetic variables they
examined were: total movement time, amount of hip flexion and peak hip flexion angular
velocity, and magnitude and time of occurrence of the peak vertical ground reaction force

at the feet. Cahill, et al. found that movement time increased significantly with increasing
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age, with means of 1.0, 1.2, and 1.4 seconds for the three age groups, respectiVely, These
values are generally faster than those reported in the literature for adults (see Table 10 iry
the Discussion section for a comparison). Cahill, et al. offer no explanation as to why
movement time increased with increasing age, or why the movement times were faster
than those reported for adult subjects. Similarly, the amount of hip flexion and the peajk
hip flexion velocity incrtf.ased significantly with increasing age. The authors argue that a5
chiildren develop greater postural and motor control they are able to flex the hips more
and at a greater velocity. This suggests that younger children, who have less postural
control and balance, employ more of a stabilization strategy (Hughes, et al., 1994), which
is characterized by smaller hip flexion, and older children, who have greater postural
control and balance, employ more of a momentum transfer strategy (Hughes, et al., 1994),
which is characterized by greater hip flexion. These results are also consistent with the
developmental changes in movement patterns observed above by McMillan (1998) and
discussed above. Cahill, et al. found that the younger children took longer to reach the
peak vertical ground reaction force at the feet than did the older children (probably due to
lower postural control), whose force patterns were very similar to adults. The magnitude
of the peak force (normalized to body weight), however, was not different among the age
“groups and was similar to that reported in the literature for adult subjects. Cahill, et al.
conclude that the STS movement pattern is relatively well-established by 13 months of
age, and is similar to that of older children and adults, the main differences being a faster
movement time in the younger children, increasing hip flexion and hip flexion velocity
with increasing age, and longer time to peak force in the younger children. These latter

two results were attributed to less postural control and balance in the younger children.
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METHODS

Subjects
Subjects were recruited personally by the author from the children of Michigan
State University faculty, staff, and graduate students; and from the greater Lansing areg_
A fter a parent expressed willingness to have his or her child participate in the study, a
letter was sent to the parent further explaining the purpose of the study and the details of
the data collection procedure. When the parent(s) and child(ren) arrived at the laboratory

(one of) the parent(s) was asked to read and then sign an informed consent form (see

Appendix A). Prior to data collection, approval for this research project was obtained

from the University Committee on Research Involving Human Subjects.

e

The subjects consisted of 12 children, 4 males and 8 females, in one of three age
categories: 12-18 months, hereafter referred to as Group 1 (N=5; mean age 14.7+1.7
months); 24-36 months, hereafter referred to as Group 2 (N=3; mean age 26.5+2.3
months); and 48-60 months, hereafter referred to as Group 3 (N=4; mean age 51.5+5.2
months); one additional subject had to be eliminated from the study due to an

unwillingness to cooperate. The subjects were all healthy individuals with no known

>

injury, orthopedic problem, and/or disability that limited normal physical development or
their performance of the STS movement. The characteristics of each subject are shown in

Table 4.
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Tab\e 4- Subjects' personal characteristics.

SubjectID  Sex Age Height Mass
(months) (cm) (kg)

1 F 48.0 104.0 15.7
2 F 26.0 84.0 9.6
3 M 29.0 84.5 8.7
4 F 51.0 102.6 17.0
5 M 17.0 74.5 10.9
6 M 59.0 105.8 14.6
7 F 24.5 84.7 10.3
8 F 15.0 71.5 10.1
9 F 48.0 98.6 159
10 F 13.0 74.8 9.8
11 M 13.0 75.8 103
12 F 15.5 75.1 9.6
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Equipment
Stool
A custom-built stool was used, which can be adjusted from a seat height
(including the height of a mounted force platform) of 30 cm to a height of 50 cm if 2 cm
increments (see Figure 3). The stool has no back rest and the surface of the seat i
designed for the mounting of a force platform. The height of the stool was adjusted t©
100% of the individual's projected cal f-length (see section on " Amhropomemc

Measures") thus positioning the subject so that the thighs were parallel 10 the ground:

Videographic System

yrel
Although one study of adults found that the STS movEMeNt may ot be enurely

. . R . . \‘&“d
symmetrical (Lundin, Grabiner, & Jahnigen, 1995), the differences b ween the ag
left side were small, an "statisti joni '
d therefore although "statistically significant the bi()mcc:}'lm“ca1
significance of differenices of this magnitude may be small (- 112)
o . * In addition,

qualitative observation of children performing the STS has suggéste q

| that you .
perform the movement in a fairly consistent, symmetrical manner. y,, ng children

) the prese
therefore, it was assumed that the STS movement was bilaterally sy, Study,
etrica] ’
. . . ’ w.
movement taking place primarily in the sagittal plane. Therefore kinematic d 1th the
at,
L C
was limited to two dimensions. A single Panasonic S-VHS video camera (mog °11ection
lag.
455) was placed with the optical axis of its lens perpendicular to the sagitta] I
Plane of
. th
subject, and had a speed of 60 fields per Second (60 Hz), and a shutter speeq of 1/ <
1000
Qf

a seco . ) .
nd. Data contained in the literature h as shown that this frame rate anq shut
utter SpeQ
d

are mo .
re than adequate for the STS movement, which is generally completeq in betw
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Figum—ae= 3a. Photograph of the experimental set up, showing the adjustable stool with
moun T «=d force platform, special flooring over the force platform at the feet, and timing
lights _

Se<tion of flooring not in Section of flooring in
comtact with force platform'\ contact with force platform

————r

Force Platform

Figure 3b. Cross-sectional view of the construction of the special plywood flooring
covering the force platform used to isolate only a single foot.
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1.0 and 2.0 seconds (Shepherd & Gentile, 1994). The camera lens was zoomed jp, 5o that
the field of view (FOV) was as small as possible (thereby making the subject to appear as
large as possible) while still capturing all of the movement and any other relevant
back ground information (such as timing lights). Prior to the beginning of a data collection
sessiom, a calibration structure consisting of a series of strings, each containing a number
of ref1 ective styrofoam balls at even increments along its length, suspended from an
overhh € ad aluminum frame and weighted with plumb bobs was placed in the center of the
Camexa’s FOV (see Figure 4). For the present study the calibration structure consisted of
Six kaa ©wn data points (two balls plus the plumb bob suspended on two strings) at the
follo~aiing x (horizontal), y (vertical) coordinates, beginning at the bottom left corner (all

coorcd a mates are in centimeters): (0,0), (0, 60), (0, 120), (123, 0), (123, 60), (123, 120).

Force  Platforms

Kinetic data were collected simultaneously with the videographic data using two
force yolatforms (AMTI model OR6-5-2000): one placed beneath the subject's feet (note
that The legs of the stool were not in contact with the force platform) and one placed on
the Swarface of the seat. In order to ensure that only the right or left foot was in contact
with' the force plate beneath the feet during the movement special flooring was used. This
flooring consisted of a piece of plywood that extended over the force platform and was
not in contact with it, and a second piece that was placed on the force platform and
adhered to it using sheet magnets; the overall height of the plywood pieces was the same
(see Figure 3). The result was that the subject placed one foot on the piece of plywood in

direct contact with the force platform (i.e., the foot on the side facing the video camera)
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Overhead Frame

< 1

N\ *

C) 0,120) CP (123,120)
C) (0,60) C) (123,60)
Y 00 v (1230

Figure 4. Diagram of the calibration structure, showing strings weighted with plumb
bobs and suspending reflective styrofoam balls. The coordinates of the balls and plumb

bobs are also shown.
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and one foot on the piece not in contact with the force platform (i.e., the foot on ¢e side
not facing the camera). It was found during pilot testing that the use of this special
flooring did not significantly attenuate or in any other way alter the kinetic data. The
samp 11 ng frequency for the force platform was 1000 Hz, although when the kinematic and
kinetic data were analyzed together, this rate was reduced to 60 Hz to match that of the
videoO data (this was accomplished by first interpolating data points to reach 1200 points
Per second, and then taking one out of every 20 data points to arrive at 60 Hz). Even
thou gz I the STS movement takes only about 1.0 to 2.0 seconds to complete, the force data
Were collected for a five-second period to ensure that the entire event was captured. The
forcee  polatforms recorded three orthogonal forces (anterior-posterior, medial-lateral, and
verti< zal) and three orthogonal moments about the x, y, and z axes. In addition, the center

of pre= =ssure (i.c., the anterior-posterior point of application of the net ground reaction

force>» location relative to the center of the force platform at any given time was calculated
by di ~» 1ding the moment about the medio-lateral axis by the vertical force (Kralj, et al.,

1990 _ This position relative to the center of the force platform was then related to the x, y

coorali nate system of the videographic system.

Sync Rronization of Video and Force Data

The video record and the force platform data were synchronized during analysis
by matching the observed moment of seat-off on the video record with the moment at

which the vertical force of the force platform on the seat dropped to zero. This

Synchronization was confirmed through the use of timing lights which were visible in the
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camera’s field of view and changed position every 1/1000 of a second, and whicp,

provided an analog signal every second that was superimposed on the force record.

Dara Acquisition System

The Ariel Performance Analysis System (APAS) was used to acquire analog data,
to capture and digitize video data, and to filter and smooth the kinematic data. The APAS
consi s ts of: a computer and software to perform the above mentioned functions, a
Pana s onic Video Cassette Player (model AG-7150), and a 16-channel A/D board, of

Whic B 14 channels were used in the present study (three for the orthogonal forces from
the f& x—sst force platform, three for the orthogonal moments from the first force platform,
three € or the orthogonal forces from the second force platform, three for the orthogonal
mom <= mts from the second force platform, one for the timing light signal, and one for an

exterxm al trigger system). More detail is provided on the use of the APAS in the discussion

on Px~<>cedures and the discussion on Data Analyses.

Biomechanical Model
The biomechanical model that was used for all analyses consisted of four linked
rigid bodies: One each to represent the foot, shank, leg (thigh), and the torso; because use
of the arms was restricted, the three segments of the upper extremity (arm, forearm, and
hand) were not included in the model. This model and associated angles are shown in

Figure 2. All segments were assumed to move only in the sagittal plane. The points on the
body that were digitized to define each segment were as follows: foot, base of the fifth

Metatarsal and the lateral malleolus; shank, lateral malleolus to the center of the knee
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joint (i.e., between the lateral condyles of the femur and tibia); thigh, center Of ¢pe knee
joint to the greater trochanter; torso, greater trochanter to the acromion process. Note here
that the torso consists of the pelvis and the trunk but is treated as one segment; i.e.,
moverment was limited to the hip joint as opposed to considering movement at both the

hip arxd lumbosacral joints.

A difficulty one has when performing biomechanical analyses on children,
espec1 ally those analyses that require information on segmental centers of gravity,
Segmaental masses, and/or radii of gyration, is the relative lack of data of this kind on

chilAl x-en. It is assumed here, of course, that standard anthropometric data on adults, such
as thh &= ¢ derived from Dempster (1955) or Clauser (Clauser, McConville, & Young, 1969),
show 1 <A not be extrapolated to children. For these reasons, Jensen (1986) set out to
deter~xanine body segment mass, center of gravity, and radius of gyration proportions for
childlx—e=n. Jensen's subjects consisted of males between the ages of four and fifteen. The
resul t  of his study was a series of regression equations for the above-mentioned variables
baseld on age. While Jensen's study provides much-needed anthropometric information on
chilAlxren, there is still a lack of data on children younger than 4 years of age. In fact, the
lowe st age limit of Jensen's study represents the highest age limit of the present study.
Nevertheless, despite the inherent dangers of extrapolating data outside of the population
for which those data have been validated, the decision was made to use Jensen's
regression equations to calculate the segment mass, center of gravity, and radius of
gyration proportions for children in the present study because these equations provided a
means for determining, based on age, more accurate segment mass, center of gravity, and

radiys of gyration proportions than would have been obtained by using adult data.
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Anthropometric Measures

The following direct anthropometric measurements were used in the present

study:

(1) Weight: At the beginning of data collection each subject stood on one of the

force platforms and his or her weight to the nearest 0.1 N was measured.

(2) Height: A moveable anthropometer was used to measure height (stature) in

centa xneters to the nearest millimeter. The procedure used was that prescribed by Gordon,
Chumxxa lea, and Roche (1988).

(3) Projected Calf Length: Projected calf length is the vertical distance from the
prox a xrmnal surface of the tibia to the sole of the foot. A moveable anthropometer was used
to me 3 sure projected calf length in centimeters to the nearest millimeter. This value was
then W = sed to adjust the stool to the appropriate height. The procedure used was that
pres<x—ibed by Martin, Carter, Hendy, and Malina (1988).

All anthropometric measurements were taken on the right side of the body, as this

is thie standard in the United States (Lohman, Roche, & Martorell, 1988). Note that
segiment lengths were not measured anthropometrically, but instead were determined after

the Vvideo images were digitized by measuring the distance between corresponding joint

centers.
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Procedures
Subject Preparation
Upon arriving at the testing location, parents were reminded of the purpose of the
study and the procedures that would be followed, and were asked to sign the statement of
inforrned consent. Once this has been done, the aforementioned anthropometric measures
were taken, and the subject's projected calf length was used to adjust the height of the
Stool to 100% of projected calf length. All subjects performed the STS barefoot, with the
Youra ger subjects wearing only a diaper and the older subjects wearing a swimsuit. The
Choi « e of a swimsuit versus a diaper depended in part on age, but also on the comfort of

the = I ild and his or her parent.

Datcx  &ollection
Each subject was seated on the force platform on the adjustable stool by his or her
pare T t and positioned in such a way that the edge of the seat contacted the popliteal
regi <. The position of the feet on the force platform was not restricted, although it was
ass\laxed that the height of the stool was such that the subject could easily contact the force
platform with the entire plantar surface of the foot, and that the correct foot was placed on
the force platform with the opposite foot off the platform (i.e., the section of flooring not
in Contact with the force platform). The subject’s arms were restricted during the
movement by having the subject hold a small stuffed animal in his or her hands. Once the
requisite position had been achieved, the parent gave the child encouragement to stand
up, at which point an external electronic excitation device was used to trigger the force

Platforms. The video camera was turned on just prior to the first trial and recorded
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continuously until the end of the data collection period. No attempt Wag made to control
the speed of ascent, but rather the goal was to have the subject perform the STS in a
natural manner and at a natural speed (whatever speed that might happen to be). In
addition, no attempt was made to restrict the subject's movement after the STS was
completed, although the older subjects were asked to remain standing for a brief period.
More often than not, the younger children transitioned directly from the STS into a walk
tow'ard their parents (what might be termed a "sit-to-wyalk pattern"; Magnan, et al., 1996)-
The sub ject continued to perform trials of the STS movement unti] at Jeast ten 2ccePaPIE
trials pe=r side of thie body were achieved (in some cases as many as twenty rials per side

. ief
of the body were performed). Once this was accompli shed, the subject was given a bri®

break amd then data collection resumed on the opposi te side of the body. The sy0e of the
body on which data were collected first (right or left) was random; zed. The critefie used
to determine if a trial was acceptable were:
(1) A complete video record of the trial was obtained. Thisg criterio - vmually
guaranteed by continuous running of the video camerg_
(2) A complete force record of the trial was obtained. Lack of 5 com,
record, due to error in triggering the force platform, \was the mog Tete force
cause of making a trial unacceptable.
(3) The subject did not use his Or her hands to push off of the stog] ina
way to assist in performing the STS. g Other

(4) The subjected performed the STS in what appeared to be a Natura] ma
nner,

without a loss of balance, and neither excessively slowly or eXcessive] .
y asg
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No specific times Or SPeeds were used for this latter cri t€non; this wasa

subjective, qualitativ'€ Measure.

Datq A'lalysis

pigitization and Video Processing

jewed,
At the completion of data collection the video and force records W

and the first five tri zals from each side Of the body tha¢ were confirmed to have met the
required performan Ce criteria were selected for anal 3 sis. Using the APAS the video

record of each trial was first captured, then the begi ra ming and end of the movement were
identified, and then all of the fields of video represexating the tria) were saveds plus ten
additional fields before the start of the movement annd ten additj On g fields afte’ the end of

the movement. Because each subject self-selected thie speed at Wl‘l ich th STS WS
2 [y e

performed, and the movement time therefore varied, the numbe,.

. . . Sffields of wvideo
ultimately digitized varied from trial to trial and subject to Subje <

- . ¢ Once the
video record of the trial (plus the additional fields before and aftey) Tomplete
a

S Sav
data points (base of the fifth metatarsal, lateral malleolus, cente, of th
(S

trochanter, and acromion process) were digitized by hand for €ach fielq )
Of .
. .. I
points on the calibration structure were also digitized for each tria] Onc Qo
. e

Qs
had been digitized, the raw coordinate data were filtered and s, oothed . Alire trigy
8i

a Cup;
: 1
spline. <
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For<ce Data

The analog signals fromx €ach of the two force platforms passed through an
. ents
analog-to—dlgl tal converter and the three Orthogonal forces and three orthogonal Mo

: d to 60
grom each were recorded. The 1000 points of gy, per second were then reduc®

this
points per second in order to match the frequey CY of the video data. AS 1°

. . Seco“d‘ a“d
was accomplished by first interpolating data poings to reach 1200 points et

- e force
then taking one out ©f every 20 data POINts to arrive m¢ 60 points per second. Th

and video data were then synchronized using the met hod described above.

Variables Obtained

Using the APASS the following variables Were> obtained an ¢ used for subseAe™

analysis (two analyses are discussed in more detail below) and/q .
discussion:
(1) position (X, y) of the base of the fifth metatarsal, IateP

) Malleolys, center of
the knee joint, greater trochanter, and acromion Proce

’

(2) linear acceleration (x, ¥) of the base of the fifth Metay

. > I aterQI
center of the knee joint, greater trochanter, and aCromjq,,

Proceg '”‘?lleo]uS’
(3) angular acceleration of the foot, shank, and thigh Segments. R
(4) angular position of the ankle, knee, and hip joints:
(5) angular velocity of the ankle, knee, and hip joints;
(6) position (x, y) and velocity (x, y) of the whole-body cepge, o .
avity (bage d
On Jensen's [ 1986] data);

(7) vertical and horizontal ground reaction forces at the feet ang ¢,
€ moment

ab gyt the medjo-lateral axis at the feet; and
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(8) vertical and horizontal ground reaction forces at the buttOcks,

Movement and Phase Times
As noted in the IntroductiOn and the Reviey, of Literature, the STS W2 divided
into four phases: fle Xion-momentum (from initiation of the movement t seat-off);
momentum-transfex (from seat-off tO MaXimum ankJe gorsiflexion)s extension (from
maximum ankle doxsiflexion to cessation of hip exten sion), and transition (from cessalion
of hip extension to ¥20rmal postural sway or to the ini viation of a s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>