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CHAPTER |

INTRODUCTION

Background and Rationales

Knee is one of the joints which have injury from sports and exercises (Prentice,
2006). Adequate post-injury rehabilitation’ program has an important role to help the
athletes come back to the games in the short.iime;and prevent re-injury. Rehabilitation
programs that produces thersmallest amount of force to knee joint articular surface is
necessary. The program caprbestised for ones who are in knee rehabilitation period or
ones who want to prevent.iheir further kneike injuries.

a3 |

Stationary pedalsCyclingfand swimming are popular programs during early knee

rehabilitation which non-weight bearing. is r“eq[;ired For ones who need to limit range of
motion of knee, stationary arm- Cyoltng is™ preferable When partial-weight bearing is
allowed, walking in the pool is recommended When full-weight bearing is allowed, slow

walking in a straight pathway on the flat ground should be begun. Higher intensity of

ol

weight-bearing activitiescan be tra|ned When physical cgonditions improve (Prentice,

2006).

Worldwide, fon/\?erd walking is recommended for rehabilitation, exercise and
training. At the,same itime, ‘'some [people “use backwardiwalking as a part of these
activities (Histofy of backward running, 2009). Ones who have knee problems or
previousy knee sinjury, may: becnotable topincrease, they walking sspeed to reach their
moderate, exercise intensity because the knee joint reaction forCes inCrease as walking
speed increases. Therefore, it will be useful if we know the knee joint reaction forces
during forward and backward walking at varied speed. The information will help to
provide an adequate walking prescription for people who have knee problems.
Currently, the information of knee joint reaction force in forward direction activity (such
as forward walking, running, pedal-cycling) is available. However, the information for

backward direction activity is not presently available.



Flynn and Soutas-Little (1995) found that peak patellofemoral compression force
was 46.4% smaller in backward running than that of forward running. They
recommended backward running for ones who had patellofemoral pain syndrome.
Neptune and Kautz (2000) found that backward stationary pedaling produced 33.1%
more peak patellofemoral compression force but 46.5% less peak tibiofemoral
compression compared with forces of forward pedaling. So, backward pedaling was
preferred for ones who had knee osteoarthritis or meniscus damage but not preferred

for ones who had patellofemoral pain.

For backward walking; there is no information about knee joint reaction force
which happened at varied speed of walking, and no valid comparable knee joint

|
reaction force values begtween backward and forward walking in each speed.

Research Question

2
How is the difference between tibiofemoral joint reaction force during stance

#e 2 4

phase of backward and forward walking? f: .

Research Objectives

Primary research objective

To measure tibiofemoral joint reaction force during stance phase of backward
and forward walking-at varied speed.

Secondary research objective

1. To compare peak and mean tibiofemoral joint reaction forces during

stance phase between backward and forward walking at varied speed.

2. To find relationship between peak and mean tibiofemoral joint reaction

forces during stance phase and walking speed in each direction.



3. To measure range of motion and pattern of movement of ankle, knee and

hp joints in one gait cycle of backward and forward walking at varied speed.

4, To measure absolute angle (with respect to vertical line) and pattern of
movement of trunk axis in one gait cycle of backward and forward walking at varied

speed.

Scope of Research

This study is a cress-sectional descriptive research which measures tibiofemoral
joint reaction force during stange.phase of backward and forward walking at varied

speed.

The study approval was obtained from the University Ethics Committee. Written
informed consent was obtained from each subject prior to participation. On attendance,
the subjects were given the details .of the research procedure and risk involved, and

reminded of their right to withdraw atany stage.

Conceptual Framewaork

N
Walking direction
(Forward“& Backward)
> Factors
Walking speed Walking condition
(Periodic-increasing) (Level split-belt treadmill)
J
l \/ l

Tibiofemoral joint reaction forces during stance phase

Outcome
Calculated with inverse dynamic model




Assumptions

Participants were 20-39 years-old healthy Thai male to minimize risk of falling.
The level split-belt treadmill was used to measure ground reaction forces from each foot
separately including double-support phase. Besides, it could be used to control walking
speed and pattern consistently. Walking patterns on spilt-belt treadmill might not be
similar to the patterns on the floor or,conventional treadmill. Therefore, the research
results could be applied accurately only for the 'people who had similar characteristics

and walked in the similar environment.

Inverse dynamic model was used to calculate tibiofemoral reaction force. It had
own rules or assumptions which we had tb follow. The calculated values from this model
were passive joint forcesdthat weré very reliable because they were not included
muscular forces. The passive joint f.orée W-%S,Ehe standard value and could be used for

reference or comparingWwith other researches.

Limitations et 2

1. The research results could not béqinferred ta'people in other age groups;

females; ones whoihad problems of walking, balance,":r)ervous or musculoskeletal
system; ones who had some medial conditions and ones who had much more lower or

higher physical fitness level;
2. The research results were collected from walking on split-belt treadmill. It

3 had-.effects on walkingpattern and.perception that were not similar to
walking on the ground or conventional single-belt treadmill. It was not like daily walking
because participants had to put their each foot on each belt all the time. Although it
helped participants to walk more consistent pattern than overground walking on the

ground with a constant speed, results might not be implied as overground walking.

4, The research results in biomechanical aspect such as tibiofemoral joint



reaction force (in this study used inverse dynamic model to calculate) might be differ
from other studies’ values. Because the biomechanical values were up to the used
models and their assumptions. So qualitative comparison was preferred than

quantitative comparison.

Key Words

Backward walking, Joint reaction force,sStance phase, Inverse dynamics

Operational Definitions

Backward walking is deiined as"walking that walkers face in the opposite

direction to the movement, swings‘lthe ér'ms and must contact at least one foot to

)

i

the floor during motion.

Joint reaction force is/the fbrce ffb:tn"each side of joint surfaces that acts
o
together. Forces with equal values act in Q_p'p,g)site directions. Gravitational forces,

ground reaction forces and other external forces are included for calculation.

| i

Inverse dynamic model are used to predict joint reaction forces in three dimensions

(mediolateral, antereposterior, vertical) (Winter, 1990).<When all dimensions of
forces are combined-together as vector addition, the-result is the combined joint

reaction force.

Stance phase is defined as phase of walking that foots contact the floor. In
one gait .cycleor Gile,stride (Rigure 1.1),"the proportiantof staricé phase and swing
phase is approximately 60 and 40%, respectively (Kirtley, 2006). In this research,
stance phase is defined when vertical ground reaction force was higher than 5 % of
body weight with shoes and continued over this level for at least 0.03 seconds. The
stance phase is defined until vertical ground reaction forces fell below 5% of body

weight with shoes.



Gait Cycle

calculation under the

Robertson, 2004).

Mean of joint reagtim force is defin(asl’as the mean joint reaction force over a

s Y2 INUNTHE NG
oo Fafr M1 11216 ¢

1. To find out the tibiofemoral joint reaction force during stance phase;
pattern of movement and range of motion of ankle, knee and hip joints over a gait cycle;
pattern of movement and absolute angle (with respect to vertical line) of trunk axis in
one gait cycle of forward and backward walking at varied speed. The walking speed

was controlled consistently by the split-belt treadmill. In the present, there is no standard



value of tibiofemoral joint reaction force during stance phase of constant-speed

backward walking.

2. To find out the relationship between tibiofemoral joint reaction force

during stance phase and walking speed in both forward and backward directions.

3. The research results can be applied for rehabilitation programs,

especially forward and backward w Iking /piog ams, of ones who had problems or

previous injuries of knee.

4, To develop

AULINENINYINS
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CHAPTER Il

REVIEW LITERATURES

Functional anatomy of knee

Human knee is a condylar Jomt which has two planes of motion. Motion in

sagittal plane is major (flexion a At the same time, there are a little
aI rotation). The knee consists of
three joints such as tibiofe > ; t and superior tibiofibular joint.

Tibiofemoral joint is the maing e ful n (Hau |II and Knutzen, 2003).

Backward walkin _' ent of human. It has some kinematic

patterns which are clearly alking (Bates et al., 2000). Arata

(1999) found that backward de rate but shorter stride length than

e e e T T T, v [

forward running at thessame-speed.-it-could-be-the-samer e
Y X

supportive time of bac

r walking which the whole

1 forward walking. Backward

walking has limitation in human body structure so lower extremity’s range of motion and

other klnematlﬂ)ﬂﬂ {JAWET ﬂﬁ w Ejﬂcf?rﬁt pattern from forward

walking. (Figure.1

ammmm UA1AINYAY



Knee Flexion/Extension
80 - Support:; Swing,

70 -
g 01
; 452- e Forward
= 30- —— Backward |}
=z

E each other. Sequence in

e
|
backward walking’'s s port phase is extension—ﬂexion— tension, then goes to swing

S “E?!i’l by ??TEJ”’TIT‘QZZ"I‘;Z?Z?";ILZ"E
”“W%W‘rmﬁ“ﬁ%ﬁﬁ%ﬁﬁﬁﬂ%&l

osso et al. (1998) studied motor pattern of human walking, on the floor that
was embedded with force plate. They compared backward and forward locomotion in
range of speed 0.4-1.0 m/sec. The participants were 7 healthy young adult volunteers (3
men and 4 women). The age of subjects was in the range of 21-36 years old (mean 31
years old). They folded arms over the chest and walked with their own comfortable

speed. The results showed that there were difference between backward and forward


http://www.backward-running-backward.com/
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walking in biomechanical aspects. In kinematic part, all lower limb segments would
move clockwise during stance phase and counterclockwise during swing phase of
forward walking. But backward walking was like a mirror image of forward walking, all
lower limb segments would move counterclockwise during stance phase and clockwise

during swing phase.

In kinetic part, differences were as follows.

1. Vertical ground reaction forces in backward walking had breaking peak
values (foot contact) higherthan propuls_i}/e peak values (push off) while they were quite
similar in forward walking..On the average, backward walking’s breaking peak value
was higher than forwardswalking's (115.0,| +17.6 % of body weight vs. 100.8 + 4.4 % of
body weight) but backward vvalking'_s pJﬁoE)_uIsive peak value was lower than forward
walking’s (93.6 + 4.7 %af body Weight;vs. éLOé.O + 6.6 % of body weight) when testing at

the same range of speed, statistical‘"signifio"t_an‘t;ly.

2. Electromyagraphic (EMG) a!gti_vity of most leg muscles were higher in

backward than forward walking Avhen testing af the same range of speed. Especially,

Quadriceps muscle group, such-as Rectus ffé_rr’@ris and Vastus lateralis, had obviously

higher activity in mid—_Stanoe phase of backward walkinq.;T.his roughly suggested that

more energy was demanded in backward walking. If wa’l?ing speed increased, EMG
activity of each leg muscle would increase curvilinearly in both direction of walking.

Through, rates jof inereasing“wenefasterifor backward than forward walking.

3. Muscle activity patterps in each direction of walking, were quite different
and unigue.However, EMG should \be carefully interpreted because their high variation,

even if they were measured from the same person repeatedly.

If forward walking speed increased, braking peak of vertical ground reaction
forces (VGRF) would increase but VGRF in mid-stance would decrease. While final
(propulsive) peak of vertical GRF would change a little bit. Both braking and propulsive
peaks of anteroposterior (AP) shear forces would increase following the increased

speed and they were associated with the longer stride length (Kirtley, 2006). The



11

increased GRF should produce higher joint reaction forces. And these tendencies may

be in backward walking, as well.

From these reviewed biomechanical data, we could not summarise clearly that
how is the difference between tibiofemoral joint reaction force of backward and forward

walking at varied speed.

Cardiopulmonary response to backward walking«compared with forward walking)

To reach the same exercise intensity, backward walking needed the lower
speed than forward walking _due.to different pattern of walking and muscle activity,

limitation of body structure and difficult skill (Dufek etal., n.d.).

¥

Flynn, et al. (1994) compa@d éa?diopu!monary responses to forward and
backward in both walking@nd running exéﬁciée. Walking speed was 107.2 m/min or 1.8
m/sec, running speed was 160.8 ,m/min!-j'o_,r 2.7 m/sec. They found that backward
walking/running used more energieé-and Héé’higher cardiopulmonary responses, such
as oxygen consumption (VOZ")’,“V héart rate?(l-lllR) and blood lactate, than forward

walking/running (p<0.001): In” these spee'd"é,':”'th’e exercise intensities of backward

walking and running ‘were 60% and 84% of forward VO respectively. Both were

2peak’

adequate to maintain cardiovascular fitness.

Myatt, etr al. ;(1995)- studied ;the, relationshipsbetween VO, and HR versus
backward walking speed on'treadmill in 25“untrained healthy young adult males (age
18-35 years old,.mean age. 23 + 4 years old, average body mass index approximate 25
kg/m’). They walked "at'speedirange 0f12.04.0' miles/nr or 0.891.79-m/sec, with 0.5
miles/hr interval-separation and randomized speed-order. All subjects walked with all 5
speed levels, 6 minutes per level. He found that both relationships between VO, and
walking speed, and between HR and walking speed were direct, curvilinear respectively
(r=0.96 and 0.90). First equation was VO, = 10.88V° — 1.6V + 4.56 (VO, in ml/kg/min, V
was speed of backward walking in m/sec). Second equation was HR = 33.5V° - 6.5V +

76.2 (HR in beats/min). So, for people who had similar characteristics to the subjects in
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this study, they could predict VO, or HR from backward walking speed. To apply
metabolic equation of forward walking of American College of Sports Medicine (1992) to
calculate VO, of forward walking at the speeds used for backward walking in this study,
they found that VO, of backward walking were higher than forward walking 38-119%.
Furthermore, linear relationship between HR and VO, was found (r = 0.91), as forward

walking. The equation was HR = 2.9VO, + 64.

Terblanche, et al. (2004) studied 'effects, of backward walk-and-run training
program on body composition. and ae_r}obic fithessin 26 volunteered healthy active
university female students.(age 18-23 years old). ltwas a controlled-trial experimental
study which divided suljeCts 6 ine fraining group (n =13) and the control group (n =
13). Subjects in the trainingsfgroup Werel_ tf_ained backward locomotion (40% walking,
60% running) on athleticstrack for 6 W@eksié sessions/week, 15-45 minutes/session with
progressively increased duration. THey selell'iz_ct‘éd their own walking pace and were asked
to increase laps of track. The results showl'ed' that subjects in training group decreased
thickness of skinfolds 19.6%, decrea'sed body‘fat 2.4% and increased predicted VO

2max

5.2%. In submaximal walk (4 km/hr o114 mfsec) and run (7 km/hr or 1.94 m/sec) tests

i

on treadmill for both d|rect|ons, the trained subjects needed lower VO, than control

group, statistically éigjnificant. As training progressed, H‘(_e_ért rate and blood lactate
production decreased under the same walking speed, this indicated an improvement of

both cardiovascular system.and muscle metabolism.

From these reviewed data, they showed that backward walking in slower speed
could reach the-same exerejse-intensity; of faster-speed forvard, walking: Slow speed of
backward walking“was" enough “for cardiorespiratory fitness ‘and' body composition

improvements.

Application of backward walking

Backward walking is complex task which does not often happen in daily living

activities. Its safety application should start from the basic easiest step and slowly step
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up for learning. However, the difficulty is up to basic physical fitness and familiarity of

each one.

Elders or beginners should start with very slow speed (slow than 1 mile/nr or 1.6
km/hr or 0.44 m/sec). Someone may need the rails or assisted-devices. For outdoor
walking, walkers may often look back over the shoulder level to see the pathway or may
have friends who walk or run beside forileading, safety and confidence. If the walking
area is limited, more changing in direction of‘walking could be the good choice (Bates,
2000; Marks, n.d.). For walking on treagmill whichehas already had rails or assisted-
devices, it is so more comfertable, especially in“rehabilitation purpose (Dufek et al.,

n.d.). a

i

Speed in backward walking should not be faster than 6.4-6.7 km/hr (1.77-1.86

m/sec). This speed rangegis metabolic transition speed which the used energies for
: 5
walking and running are equals Those whﬁrlwa!k faster than this speed range will use

more energy than running-at the same spe%d. It can cause fatigue earlier. Terblanche,

et al. (2003) collected data from' 18-varied fitﬁés’g}level healthy young adult volunteers (8

men and 10 women, mean aged: 21+ 0.91 fyé_ér;s old, average body mass index 22-23

kg/mz). Metabolic transﬁtion speed of forward locomotion i_n;,this study was 7.2-7.9 km/hr

(2.00-2.19 m/sec). Meteier, et al. (1994) who collected data from 7 active young adult
males (mean age 23.7 * 0.7 years old, average body mass index approximate 24 kg/m®),

he found that forwandimetabolicitransition'speed was 2.16 m/sec:

Hreljac, et al. (2005) studiedgn 12 healthy.young adult subjects (7 men and 5
womengimean agded 26.2 £ 4.1 years old) and found that the speed which walkers liked
to change from backward walking to running (backward preferred transition speed,
BPTS) was 1.58 + 0.16 m/sec. It was lower than energetically optimal transition speed
(EOTS) or metabolic transition speed which was 1.83 m/sec. So, this mean that subjects
preferred to run at BPTS even it used more energy. There might be some factors, more
than metabolic cost, that influenced gait transition. Fatigues of small muscles, such as

ankle dorsiflexors, were considered. The forward preferred transition speed was 1.99 +
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0.20 m/sec. Furthermore, minimum VO, for backward walking and running were at

speeds of 1.00 m/sec (63% of BPTS) and 1.98 m/sec (125% of BTS), respectively.

Therefore, walking exercise at the speed which is slower than preferred
transition speed and reaches the required exercise intensity is the most proper program.
Because it is more comfortable and no unnecessary energy is lost. If the walkers want to
increase much more exercise intensity jwithout slope adjustment. They can increase
walking speed to be between preferred and metabolic transition speed. However, the
walking speed is up to individual tolezance for.fatigue or difficultly from increased
walking speed.

Benefits of knowing about knegé joint reactft_)n force in backward locomotion

Any backward{ocomotion pattems-,‘dprgduce different reaction forces in each part
|

of knee joint. Those who have dlfferent m}urles should concern about reaction force to
select their exercise or rehab|||tat|on program,,

JJ

For running, Flynn and Soutas ththe— (1995) compared patellofemoral joint

compression force during stance phase between forward and backward running. They

studied in 5 volunteer_‘ed healthy young recreational malé'jzgggers (mean aged 29 + 3
years old, average body mass index approximate 23.577kg/m2). Subjects ran with their
own pace on force-platerembedded pathway. Patellofemoral joint compression force
model was used| to calculate outcomes. They" found [that peak patellofemoral
compression force of backward running was lower than forward running (3.0 + 0.6 times
of bodyyweight vs:*6.6+ 1.3 times of body weight). This information-supported using
backward running in rehabilitation for people who had patellofemoral pain syndrome.
However, in this study, self-selected running speeds of backward were slower than
forward. Then the calculated forces in backward running were lower than forward
running, consequently. Furthermore, the calculated compression force value was

depended on the model and its assumptions which were used in this study.
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For cycling, Neptune and Kautz (2000) compared knee joint loading between
stationary forward and backward pedaling. They used computerized 2 legged bicycle-
rider musculoskeletal model (sagittal plane simulation model) to calculate joint reaction
force of tibiofemoral and patellofemoral joints, in terms of compressive and anterior-
posterior shear force. The results showed that backward pedaling had lower peak of
tibiofemoral compressive load (715.1 N vs. 1335.7 N) and higher peak of patellofemoral
compressive load (1709.1 N vs. 1283.9 N). Therefore, backward stationary pedaling
might be suitable for ones who had meniscus” damage or osteoarthritis due to low
compressive force in tibiefemeral-joint. *But it-mighi-net be suitable for ones who had
patellofemoral pain due 10 high compressive force in patellofemoral joint. Furthermore,
backward pedaling had lower protective ‘ianterior-posterior shear force during nearly full
extension of knee (152.9 Nfvsi 423.0' N). So it might not be suitable for ones who had
anterior cruciate ligament (ACL) inju_ry.’HO\A?évJFer, all of these results were estimated from

/4
simulation model, not the pedaling by-a real'man.

' 'y
For walking, there is still=no the Cfé_ar _biomechanical data about knee joint

« dd

reaction force in backward walk?ng. Howevei%ﬁfthe present, there is no gold-standard

research methodology, to dete:rfﬁi-r-]e‘joint reaéfigﬁ_force valges. So, the research results

in these topics may :b_;e different in each study, depend on ':fhe models selected and its

assumptions.

Inverse dynamic model

Thererare, directiandhindirect measurements-of kneejjointyreaction force. The
Examplegof direct methods is using knee implanted transducer. It could measure
accurate tibiofemoral force values and center of pressure (Kaufman et al., 1996). But it
is invasive and has higher risks of complication. For indirect methods, there are the
models which use kinematic and kinetic data of movement to calculate the knee joint
reaction force. These are non-invasive and popular. But there are a lot of models could
be chosen and each model has the different assumptions, then the calculated values in

the same topic are frequently different.
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Inverse dynamic model (Winter, 1990; Whittlesey and Robertson, 1996) is the
one of indirect methods for joint reaction force calculation. It follows 2" and 3" Newton’s
laws of motion. It uses only gravitational forces and external forces, such as ground
reaction forces, which act to free body diagram of the lower extremity segment. It does
not pay attention to muscle and ligament forces around the joints in order to avoid

muscle force estimation errors. So, the calculated results in this model are just passive

joint forces (joint reaction forces) actual or bone-on-bone contact joint
forces

Calculation for the during s s from ground reaction force,
the definite value that | d o) te. v ealculate joint reaction forces of

Three-dimensio he 2" law of Newton:

F = ma (combin: , m is mass of object, a is

combined

acceleration, X axis is mec ior and Z axis is vertical.

Ax = mFan
A, =mag, - 7
A, =ma, - GRE)— meg

A= \//x AT+

Kneejomtreatﬂ'ryﬂ fJ 1,] Ejﬂjw Ejf]ﬂ‘j
Qﬁﬁé\mim URINYINY

=mgag, - A, - Mg

K:\/KX +K K

Prescriptions:
Right and upward vectors of force are positive (+)

Left and downward vectors of force are negative (-)
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GRF,, GRF, and GRF,are ground reaction forces in X, Y and Z axis, respectively
A, A and A, are ankle joint reaction forces in X, Y and Z axis, respectively

A is 3-axis combined ankle joint reaction force

Ko K,and K, are knee joint reaction force in X, Y and Z axis, respectively

K is 3-axis combined knee joint reaction force

ar, a,and ag, are accelerations of foot in X, Y and Z axis, respectively

as, dg,and ag, are accelerat } K in X, Y and Z axis, respectively

g is gravitational acc 3
m. and mg are ot @d mh are calculated by multiplying
body mass and mass p( sired. egment which could be found in body
segment parameters (BSP. / RO ao. segments are the constant
values that are estimate ’ of cadavers. Dempster's BSP table is
generally accepted. ortio s f: foot ' ank were 1.45% and 4.65%,

respectively (Winter, 19

Inverse dynamic , | BS reaction force had the following

assumptions. e
= {;"ﬁf 3
1. Each"fgment has a Tlxé or centre of gravity during

2. All jointge considered or ball&d—socket joints.
3. Length of gach segment is copstant during movement.
‘ ﬂ cloh Behvebrldsuifbes ifbdignd 19

A drag is negligible. »

’51 S TOSIAA U FRH] 0 romor oo

S|tuat|on

7. Joint centre positions are estimated from skin markers.
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Figure 2.2 Free body dia@@ of foot shank W thigh with forces that act to each

wonenn B Bb Y T EIAR. oo

anteroposterior, ?ams vertical) for i inyerse dynamlc calculation ( GR& ground reaction

oo RN IR VR B

—shank = thigh, A = ankle, K = knee) (Winter, 1990)



CHAPTER 11l

RESEARCH METHODOLOGY

Research Design

This study is a cross-secti escriptive research design which aims to
measure tibiofemoral joint reacti ‘ & nce phase of backward and forward

Healthy-young a ' he age between 20 and 39 years old
(Balady et al., 1998) were

Sample

Thai male volunteers w @ 20 and 39 years old, who passed

experimental criteria ecléed to be subjects.

Inclusion criteria

1 ﬁ)durﬂ{}% W ﬁldw E»jq ﬂ §m Therefore, obesity

persons are exclided (Anish and Klegck 2007).

AR IRIAT AR INY Ve

and musGuloskeletal systems.

3. Volunteers signed the inform consent to become subjects.

Exclusion criteria

1. The participants were sick or injured.
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2. Participants had history of major operation at lower extremities such as

surgical involvement of muscle, tendon, bone and/or joint.

Sampling technique

Convenience sampling technique was used to select the volunteers who

passed the criteria.

Sample size determination 2

From our pilot study; wesitdied|in four healthy Thai males (mean aged 24.8 +

2.5 years old; average BMI was 49.41 % 1.73 kg/m® (range of BMI was 17.36-21.55
kg/m?)). Each subject walked both for;/vard:;é'hd backward directions (randomized-order)
on the split-belt treadmill.Each direction":-’ha's 5 speed-levels (0.8, 1.0, 1.2, 1.4, 1.6,
m/sec), started with 0.8 m/sec and stepp'i_ég up every 2 minutes and finished at 1.6
m/sec speed-levels. The measured.’kinemé’fié—-_gnd Kinetic data of walking were used to
calculate the peak of three—axis’ébrﬁbined tibiofe’?noral joint reaction force during stance
phase, which was the main.outcome; by the :iﬁiiéﬁs'e dynamic model. The results showed
that, at the same speéd,—the—meﬁﬁeﬁed—ﬁeak—va{ues—e%béc}{ward walking were higher
than forward Walkingk i‘n almost trials. There was just one tfi;I which the mentioned peak
value of backward walking was lower. The largest standard deviation of these

differences between backward: and: fonwardywalking was 18.66% body-weight (%BW)

which was found.in trials of walking speed 1.4 m/sec.

We wanted ta estimate theymeanwvalue of the differences hetween mean of peak
values of combined tibiofemoral joint reaction force during stance phase in backward
and forward walking, within 95% confidence interval (Cl) and error from the mean value
in pilot study < 5 %BW. Then we used sample-size calculation formula for descriptive
study, mean estimation type, as follow.

n=2.S/d
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Prescription:
n is number of sample size

Zg, is Z value at 95% CI (two-tailed) = 1.96

S is standard deviation of considered values form pilot study
=18.66 %BW
d is the largest value of error, from mean of considered values of

samples, which can Q\t{fﬁd 5 %BW

Therefore, n = (1. 96 4 persons

For prevention in@m dtbpm@mpliance or others, we

0, he‘Qumele size increased.
e) ] A\ N

determined the dropout rate

=60

The final numbe

Instruments

1.

Figure 3.1 Split-belt treadmill with total 2 force plates embedded under each belt

(2 emergency stop buttons hanged on the rails)
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2. Three dimensional (3D) data collection and analysis devices, optical
system (Qualisys Track Manager (QTM) version 1.8.2xx, Qualisys AB, Inc., Gothenburg,

Sweden, Figure 3.2), consisted of:

- 6 light-reflex digital cameras (Proreflex MCU 1000)

6 camera tripods (Manfrotto version 475B/MG 31)

1 calibration set\\and\a\u!//%
10 spher@@f basé’mar@ in diameter

L%

/

Proreflex I\JQT 1000 : B QTNM, Sweden

Figure 3.2 Three dimensional (3D) data collection and analysis devices, optical system

(Qualisys Track Manager; QTM)
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3. Wireless electrocardiograph (ECG) (Figure 3.3) : single channel, two
electrodes, 8-bit recording resolution, recording sampling rate 30 Hz, bandwidth
0.5-90 Hz, dynamic range = 5.3 mV peak to peak (Alive Heart Monitor Bluetooth”
ECG and Activity Monitor version 1.4, Alive Technologies Pty Ltd, Queensland,

Australia), consisted of:

- 2 electrodes (Ambu, Aﬂr A/S, Denmark)

- Heart and A% Momtor )HM 131 which sent ECG signals
to software in oomputermess Bﬁetovﬁmotlon up to 100 meter range,

this device with batteries

- Alive - ver 'Ot? 1% 4 program for ECG data collection

and analysis

Figure 3.3 Alive Heart Rate Monitor

4, Digital video camera (Panasonic, Japan, Figure 3.4); its recording
sampling rate was 25 Hz, together with tripod and a small-light bulb for indicating

time points during data collection
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miﬁm.

df\ | WK

Figure 3.5 Borg Scale
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9. 2 cushioned pads
10. Vest, skin-tight above-knee shorts and waist-belt
11. Case record form

Location

Research and Develop’; -!%Jtr building, Bureau of Sport Science,

Office of Sport and Recrea : an, Bangkok, Thailand
' T—

r"1|'.." .«-'r 4'(‘ ', (Q ! <
i oy & »
> e

g o
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Healthy-young adult Thai male volunteers (aged range 20-39 years old)

Inclusion criteria

Exclusion criteria

Convenience sampling, selected volunteers who passed the criteria

& signed infarmed consent form

&

Physical examination

2. Measured eagh walking.shoe mass

3. Measured'resting blood pressure

plate #1244

1. Measured bear=foot bocy mass & height and calculated BMI

4. Measured resting heart rate by 1-minute palpation & Alive Heart Monitor

5. Wore walking'shoes, placed the markers and weighed on left-side force

Data collection

1. Allocated-the first trial’s direction of walking

2. Collected walking data, followed the walking protocol

“Set samplihgirate ofllightereflex| digital \caméras &force plates = 100 Hz”

iy

Data analysis
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Sample selection

1. Explained the volunteer about background and rationales of the study,

data collection, expected benefit and probable complication (Appendix A).

2. Asked basic history such as body weight and height for BMI calculation,
medical conditions, problems of gait and balance, illness and injuries, major operation

at lower extremities (Appendix B).

3. Volunteer signed informed consent form (Appendix C).
I
4, Volunteer whoupassed the criteria was recruited for the study. Then, an

appointment was made. Allssubjects werq asked to consume adequate water and sleep
adequately at night the day before data collection. Subjects were also asked to refrain
from consuming alcohel, caffeine’ or heavfy‘ meal for 2 hours before data collection. In
addition, vigorous physieal activity and exér_cise were not allowed 24 hours prior to the

test session (Hermione et al., 2006). . L)
S ol ol

Instrumental set-up

1. Set o light=reflex-digital-cameras-around=the treadmill, 3 cameras on the

right and left side. SwitChed on computers and opened the programs for data collection

and analysis.

2. Daily“calibrated the light-reflex digital-cameras and treadmill before the

sessions. Set recording sampling raté of light-reflexsdigital camera and both force plates

at 100 Hz.
3. Calibrated both force plates before every trial.
4, Placed the digital video (DV) camera, which had a small light bulb at the

front of the lens, on the floor behind the subjects. It was used to record walking motion
from behind, in order to review for completely treadmill-belt contact of each foot. In

addition, a small light bulb was prepared to switch-on during the second minute of each
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speed of walking. It indicated the period for biomechanical analysis. The location of DV

camera was adjusted to the direction of walking.

5. Placed the Borg Scale on the floor in front of the subjects. So, placement

of Borg Scale was depended on the direction of walking.

6. Checked the 3- side rails of treadmill for safety. There was no rail at the
rear side of treadmill, for getting in and out from the device. Cushion pads was laid on
the floor beyond the side without the rail.  Onesresearch assistant stood for emergency
help. Two emergency stop-buttons were hanged onthe rails (at the front and rear zones
of treadmill). In the case.of emergency, subjects could press the button to stop

treadmill immediately. |

a3 |

History taking, Physical examination,and SEbject preparation
: )14

1. Subjects were asked for hisfo'r.y and filled the record form (Appendix D).
L .:-j..ft’_,
2. Subjects took off..ﬂ_any. adornmerjt_@.nd wore the vest and skin-tight above-

knee shorts. Then, they were measured bear;‘v_qu;t_vyeight and height on weighing device

for BMI calculation (kg/mZ).

3. Each Waiking shoe was weighed.

4. Restingsbloed pressure and-resting jheart-rate- were measured by a

researcher via gssphygmomanometer and 1-minute pulse palpation.

5. Putf2 ECG electrodes. on subject's anteriar chest wall, at right 2"
sternocostal articulation area and left 6" rib in mid-clavicular line. Connected electrodes
to the Alive Heart Monitor” device which was put at the center-back of waist-belt. Then,

recorded the resting heart rate from this device.

6. Subjects wore their own walking shoes, which was still in good quality.
Then, ten reflective markers were applied on the surface anatomy landmarks (both

shoulders, hips, knees, ankles and feet).
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Surface anatomy landmarks (Figure 3.7):

For shoulder, markers applied at acromian process of scapula.

For hip, markers applied at greater trochanter of femur (on the shorts).

For knee, markers applied at lateral epicondyle of femur.

For ankle, markers applied at lateral malleolus (on the sock).

For foot, markers applied at lateral side of 5" metatarsophalangeal joint or MTPJ

*

(on the shoe).

T’T»'T‘I’ p

Flgure 3.7 Surgace anatomy landmarks for markers

9 W"fﬁ‘ﬂ‘ﬂ‘%ﬁé HH 986 8
2! Greater trochanter of femur (on the shorts)
3. Lateral epicondyle of femur
4 Lateral malleolus (on the sock)
5 Lateral side of 5" MTPJ (on the shoe)
7

Weighing with shoes on left-side force plate of split-belt treadmill,

together with recording the kinematic data of standing.
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Walking protocol

1. A subject was required to perform two trials (forward and backward
walking). The first trial’s direction of walking was randomized by looking for the ninth
digit of subject’s identity card (total 13 numbers). If it was odd number, the first trial was

forward walking. If it was even number or zero, the first trial was backward walking.

2. The first trial was started with warm up and familiarization for walking on
split-belt treadmill. Started walking with speed 0:8 m/sec, and stepped up to 1.0, 1.2,
1.4 and 1.6 m/sec every one-minute (with acceleration 0.01 m/secz). Subject was asked
for rating of perceived exertioa(RPE) with Borg Scale (scale 6-20) (Borg, 1982) at the
30" second before speed adjustment, iﬁi order to familiarize the Borg Scale. In each
speed, subjects could reguest to p_roloﬁgslwalking duration in case they still felt un-

familiarized. The total time of warm _qpénd]f’érpiliarization was 5 to 10 minutes.
’ “;! ']

3. After warm up, the subject took a rest until heart rate was different from
resting heart rate < 10 beats/min. Data colieé'ﬁgn started with walking speed 0.8 m/sec

# | ymod _-'-__-T_JJ
and stepped up like in warm up-period. Buijgufation of each speed was 3 minutes, in

order to stabilize the walking pattern and E:‘l'a-.'r‘d’f()_ﬁulmonarl_y responses. Subjects were

also asked RPE at the %Um second before speed adjustment.

4, After the“end of the experiment, it was a ool down period that continue
walking with speed, 0.8-m/seC for, 2-minutes-.Then the subject.got off the treadmill and

took a rest about 10 minutes.

Pl Startedithe 'second trial ‘with the same seguence| asythe-first trial (item 2-

4) in the opposite direction of walking.

6. If the subject stumbled or could not catch up the treadmill-belt speed or
had a risk of falling, he could walk with holding the rails and adjust position for a while.

Then, continued walking without holding the rails if he could.

7. If subject could not continue walking without holding the rails, by any
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condition, he could request to stop the trial immediately by telling the researcher or

pressing the emergency stop button.

The flowchart of walking protocol was shown as Figure 3.8.

Protocol

Start treadnull with speed 0.8

6 min
Start treadumill with ‘u‘: “"t ) of resting HR
Nete: 15 min
=< _=lmin
. .
2 nmun

3-min data-collection for each speed
1 min for adaptation to new speed

2" min for further data arabysts |

i
3 min for evaluation RPE & HE
Estimated total tune of protocol ism min/person

AU o) TGS Ty
AN 89N SHIIPATN&
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Indications for stoppin , oted fro : indications for stopping an

exercise test in low-risk

3.

4. Failure @hea ncre@d exercise intensity: heart

rate was equal or more than.predictive maximal heart rate

@uﬂauﬂmawawna
am@a&mmmmmmaa

7. Physical or verbal manifestations of severe fatigue: such as rail-holding,

stumbling or non-catching of treadmill-belt speed, frequently
8. Failure of the testing equipment

Note: These indications are set for nondiagnostic and nonclinical testing.
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Data Collection

1. Kinematic data was recorded at 100 Hz from light-reflex digital cameras
for positions of 5" metatarsophalangeal joint (MTPJ), ankle, knee, hip and shoulder in
three axes and range of motion (ROM) of ankle, knee and hip, together with shoulder-hip
distance in sagittal plane. Kinetic data is also recorded at 100 Hz from force plates as
GRF values in three axes throughout both forward and backward trials. In each walking
speed, the first 30-second period (the 0308 second) was for adjustment of treadmill-
belt speed and the next 30-second pe_z;iod (the 30%60" second) was for subject to
adapt to the faster speed..Fherefore, kinematic and Kkinetic data in the second-minute
period (the 60"-120" seeond).would be u,§ed to further analysis. The light bulb at digital

1
video camera was openéd tordegtermine the second-minute period. For the third-minute

v
Data were chosen from 10 consecutive gait cycles in the second minute period

period (the 120"-180" second), RPE W@s e&aluated.

to further analysis in order to reduce variatj’?n of each stride. Only the data from right-

side of body was analyzed. Digital video eamera image was used to confirm a

completely contact of the rightfeot on the ti;e‘éd_fnﬂl—belt. In case, some part of the foot

slipped outside the .tr_eadmi|l belt, that stride was remove;d.-‘from further analysis. The

tibiofemoral joint reaction forces would be calculated only’-dbring stance phase of these

10 consecutive gait cycles of each speed.

The kinematic data were brought tofind accCeleration of the free body diagram
segments of right-side of the body from thigh to foot. Acceleration was calculated from
the positional data ‘ofveach segment in three axes [using! Microsoft* Excel program.
Accelerations and GRF was used to calculate joint reaction forces of right ankle and
knee in three axes during stance phase by inverse dynamic model (the unit of force was
normalized from Newton (N) to percent of body weight with shoes (%BW). Last, three-
axis combined joint reaction force of right knee, the main outcome, was calculated by

Pythagoras’ theorem.

The distance between right shoulder and hip in sagittal plane was used to
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calculate the absolute angle of trunk (with respect to vertical axis) by Trigonometric

functions (used Microsoft Excel program).

2. Heart rate was recorded throughout both forward and backward trials (in
beats/min). The average heart rate during 10 seconds before speed adjustment of each

level was used for further analysis.

3. RPE, evaluated at the 30" second before speed adjustment of each

stage, was used for further analysis.

3
4, Subjects.wereasked.for fatigue symptem after finishing each trial.
\
Data Analysis “—
1. Descriptive statistics were Jged for baseline characteristics. Mean with

standard deviation was used for du:éntitati\:_);é; déta. Number with percentage was used
o
for qualitative data. In non-nermei Qistributiop_--_¢§§e, the nonparametric tests (minimum,

25" percentile, 75" percentile, maximum andﬁéq_ian) were used for quantitative data.

| i

2. Mean of maximum-(peak) -and-average vaiugs of right tibiofemoral joint
reaction forces duriné stance phase of each axis and tot:al tibiofemoral joint reaction
forces from 10 Conseotltive gait cycles of each speed, (;f each direction, and of each
subject (unit was %BW) were" calculated. Then, the mean value of all subjects was

calculated.

3. Thelaverage range-“ofimotion of fight hip, kneel'and. ankle from 10
consecutive gait cycles of each speed, of each trial, and of each subject (unit was

degree) was calculated. Then, the mean value of all subjects was calculated.

4, Mean absolute angle of trunk in sagittal plane (with respect to vertical
axis) from 10 consecutive gait cycles of each speed, of each trial, and of each subject

(unit was degree) was calculated. Then, the mean value of all subjects was calculated.
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5. Mean of maximum (peak) values of tibiofemoral joint reaction forces
during stance phase of each axis of all subjects were compared between forward and

backward walking at each speed by Paired student’s t-test.

6. Mean of maximum (peak) and average values of total tibiofemoral joint
reaction forces during stance phase of all subjects were compared between forward

and backward walking at each spee ired student’s t-test.

7. aximum (peak) tibiofemoral joint
reaction forces during st of e ChQUbJeots and walking speed in
each direction were determi / 1.COl alysis.

8. w- imur peak) and average values of
total tibiofemoral joint e determined during stance phase of all

WA

>earson correlation analysis.
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Alpha level of 0.05 was u ‘._4!"- Tir tistical significant. All analyses were

performed on the Statistica Package for - the

cial Sciences version 10.0 (SPSS,
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CHAPTER IV

RESULTS

Characteristics of Subjects

A total of 65 subjects were recruited for the study. Eleven people whose walking

motion was disturbed by percepti thness of treadmill left-belt rolling were

excluded from the study. t with shoes was 650.96 + 72.99
Newton (N). It was ab ng subjects. Baseline physical

characteristics of the remaini in Table 4.1. Baseline information

of subjects’ physical abtiv'

Table 4.1 Baseline physi eristics. SUbje 54)

Baseline physical charactefistics o & dean (SD)

Age (years) 25.17 (4.37)

Body mass without shoes (Kg)Pr i, 61.62 (6.23)

Right shoe mass (!

;z:::::@m:w Rt el
ARSI TR

Resting diastolic blood pressure (mmHg) 73.37 (9.41)

* Measured by weight-and-height measuring device version WB-100 (Tanita, Japan). The unit is kilogram (kg).

" Measured by standing with the walking shoes, on left-side treadmill belt. The unit is Newton (N).
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Table 4.2 Exercise information of the subjects (N=54)

Exercise information Median (25th perc:entile-75th percentile)
Frequency (times/week) 2.75 (2.00-3.88)
Duration (minutes/time) 60 (34-90)

Duration (hours/week) 3.0 (1.5-4.5)

Most of the subjects (92.6%) performed exercise with moderate intensity (n=50)
and few of subjects (9.26%) had.experience of backward (walking or running) training
(n=5). All baseline physicalactivity data were extracted from basic history part of data
record forms (Appendix D)¢ Moderaie exgzppise intensity was defined as “subject could
have a talk but could pot sing a song durinTg exercise”. This level of activity meant being

v
able to maintain a conversation during-activity, like a talk test (Thompson et al., 2009).
Walking results o ;,:_,

Walking data-from 54 subjects was further analyzed. Twenty-five (46.3%) men
were assigned to start with walking forward, randomized-from the ninth number of their
identity cards. All subjects could complete all speeds of forward walking. Only thirty-
four (63.0%) subjects sompleted, backward.walking.; Faree, (5:6%), 7 (13.0%) and 10
(18.5%) subjects stopped at'the speed’of 1.2, 1.4, 'and 1.6 m/s, respectively. Therefore,
twenty (37.0%) subjects, could.not.complete .all.speeds.of backward walking. Eighteen
subjects‘stopped backward' walking“due'to severe'fatigue=Two subjeets were stopped
because their heart rate reached predicted maximal heart rate. For five subjects who had
experience of backward training, one subject stopped backward walking trial at the

speed 1.6 m/s due to severe fatigue.

None of the subjects complained about muscle fatigue after forward walking.
Forty-nine (90.7%) subjects reported muscle fatigue after backward walking. For those

who had muscle fatigue, 33 (68.8%), 11 (22.9%), and 9 (18.8%) had fatigue for the area
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of knee extensors, calf and ankle dorsiflexors, respectively. Some subjects had muscle

fatigue more than one area.

For twenty subjects who could not complete all speeds of backward walking,
eleven (55.0%), seven (35.0%), two (10.0%) and one (5.0%) had fatigue for the area of
knee extensors, calf, ankle dorsiflexors and hamstrings, respectively. One subject had
muscle fatigue for all areas of lower extremities. One subject, who was stopped by
reaching predicted maximal heart rate, hadmnormuscle fatigue. The other subject, who

was stopped by this criterion;.was the on_e who-had.fatigued-hamstrings.

Temporal Charaetéristies .ot \Walking

Each subject was @bllgcted walking data for 10 consecutive gait cycles for each

speed. Mean and standard deviation’of cadence (strides/min) were presented in Table
4

4.3. Cadence increased as vvalkmg speed mcreased At the same speed, backward
walking had more cadence than forward Walkmg for all speeds. Mean and standard

deviation of stance phase duration{%) from:-]@_#,consecutlve gait cycles of each speed

were presented in Table 4.4. Stance phase‘vf/eie; between 60 and 65% of gait cycles for

all walking speeds in both forward and backward Walklnq There was a trend of shorter

stance phase as walklng speed increased. These data are- also presented in Figure 4.1.

In forward walking, subject started stance phase with heel touch and terminated
with toe off (Figure 4.2): On the contrary, subject started stance phase with toe touch and
terminated with heel off in backward walking. Wider.base support and more lateralization

of foot €ontact were found/in backward walking (Figure 4.3)
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Table 4.3 Mean (SD) of cadence (strides/min) of forward and backward walking of all

subjects (N=54)

Walking speed (m/s)

0.8 1.0 1.2 1.4 1.6

Forward 47.45(1.84) 51 81 .09 (2.87) 57.65(2.71) 61.02 (3.33)

7 & 68.72 (4.65) 73.31 (4.91)

CINSBT (N=44) (N=34)

Backward 50.43 (2.71)

Table 4.4 Mean (SD) of % stai shase of ard and backward walking of all subjects
(N=54) | ' |

0.8 14 1.6
Forward 64.56 lv»—:f:f—f——— 2 62 "-i""‘_ls"‘ 16 (0.90) 59.95 (0.81)

M
i
60.89 (1.24)  61.40 (1.72)

ﬂuEJ’J VIEWI?WEJ']ﬂ“T‘“‘ -

Backward  63.10 (1 QQ 62.53 (1.74) 60 93 (1.16)

AN AINIURIINAE



(A)

Cadence (strides/min)
B B 8 8 83 8 &8 B

(B)

g8 ¢ &

g

% Stance phase

90% § 8 8

-

Speed (m/s)

Figure 4.1 (A) Mean of cadence and (B) Mean of % stance phase of forward and

backward walking in each speed

40
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Forward walking: One gait cycle

x | 7-“'.“_.
Figure 4.2 One gait c M“W 1K ng on split: baLt‘tr.eadmiII for right leg

(a) Lateral view ' -

(b) Posterior view

féT' cm'f“' mh ng
[1“"‘ l,\“q w lt’“‘ w 11

Toe touch i -mreeereeeeeeec Stange -ereseseomemarenoneee >Heel off > Swing >Toe touch

P 4 Gk 6 n;m HBAFRG AR eo

(a) Lateral view

(b) Posterior view
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Kinematic data of Walking

The lower extremity range of motion (ROM) was analyzed from data collected
from 10 consecutive gait cycles for each speed. Hip, knee and ankle joint ROM were

presented as mean and standard deviation in Table 4.5.

Zr e) of hip, knee and ankle joints of forward

W Ikl U Wiw' mM/S

/7/m~

Table 4.5 Mean (SD) of range of mo 'oH

and backward walking of all s

Hip

Forward 21.62 (5.5 24.63 (5.78) 29.95 (12.79)

Backward 21.69 (3.21) 24.91 (3.05) 26.76 (3.86)

(N=44) (N=34)

Knee

Forward 60.41 (3.91) ‘ 61.89 (3.98) %"49 (4.14)  63.84 (4.69) 62.77 (3.24)

Backward %uﬂ ’J4m (Elm j Hﬂ’] tl] i 4.32) 48.72(5.33)

(N=34)

Ankle

Forward 28.54 (4.53) 29.94 (4.67) 32.60(3.74) 33.57 (4.75) 34.71(4.33)

Backward 24.63 (1.90) 23.56 (2.41) 23.18 (4.07) 24.06(4.99) 27.63 (4.12)
(N=51) (N=44) (N=34)
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Subjects had obviously lower ROM of knee and ankle joints during backward
walking. Absolute angle (degree) of trunk in sagittal plane with respect to vertical axis,
calculated in 10 consecutive gait cycles of each speed, were presented in Table 4.6.
Data revealed that trunk tended to be slightly anterior bending from imaginary vertical
line over a gait cycle in every speed for both forward and backward walking. However,
the trunk angle tended to be more anterior bending as forward walking speeds
Wnded to decrease anterior bending as
[ ‘/)7 show patterns of hip, knee and
in sagittal plane with respect to

Walking at all speeds (from one

etween forward and backward

increased. On the contrary, the tru
backward walking speeds i
ankle joints ROM and pat

vertical axis over one g(
subject). Figure 4.8 com

walking in all speeds.

Table 4.6 Mean (SD) of: sagittal plane with respect to

vertical axis of forward an cts (N=54)

1.4 1.6

aﬁz (393)  2.11 (4.57)

|
Forward 0.33 (2.8; 0.69 (3.26)

s BUEINENININRT o

 (N=51m (N=44)0. (N=34)

0.65 (4.03)




(A) Forward walking

ROM of hip

Flexion

(B) Backward walking

8

44

Degree
o

9

0§
00 01 02 03 04 05 06 07 08 09
Time (ms)
Toe touch -------------nnme- Stride -----=--csereeeceneenaenenn

> Toe touch

Figure 4.4 Patterns of hip joint range of motion (ROM) over one gait cycle of (A) forward

and (B) backward walking at all speeds
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(A) Forward walking

ROM of knee
80
Flexion
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al| ™™ — 0Em/s
% 10 10m/s
a ol oMM\  \ 0 - 12mys
---- 1am/s
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. — - 16mfs
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Heeltouch -------
(B) Backward walking
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m.
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. —— 08nys
% 30 10mys
ﬂ ----- um
el af T T WRgel AP T TOW TR TTTV T e Lamfs
=T ~ e N iy e
AW AN IR Y]

o0 01 02 03 D4 05 06 07 08 09 10 11 12 13

Time (ms)

Toe touch ------------m-nmvu- Stride --------- - e > Toe touch

Figure 4.5 Patterns of knee joint range of motion (ROM) over one gait cycle of (A) forward

and (B) backward walking at all speeds



(A) Forward walking
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Figure 4.6 Patterns ankle joint range of motion (ROM) over one gait cycle of (A) forward

and (B) backward walking at all speeds



(A) Forward walking

Absolute angle of trunk with respect to vertical axis

~ Anterior bending
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Figure 4.7 Patterns of absolute angle of trunk in sagittal plane with respect to vertical

axis over one gait cycle of (A) forward and (B) backward walking at all speeds
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(A)
70
‘__
60 ‘-—z——‘___'__t —A
50 ——
E - ,< 8 +w“}
'g» 10 —— Backward {Hip)
‘;" == -y = ajf o= o=k ~—— Forward {knee}
S Ans — —— Backward {knee}
i - =%~ Forward {ankic)
10 - =& - - Backward {ankle}
0 T
o8
(B)

o vertical axis

Speed (m/s)

Figure 4.8 (A) Mean of range of motion of hip, knee and ankle joints and (B) Mean of
absolute angle of trunk in sagittal plane with respect to vertical axis of forward and

backward walking in each speed
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Kinetic data of Walking

Ground reaction force (GRF) was collected from 10 consecutive gait cycles for
each speed. All kinetic data were normalized into body weight scale (%BW).
Tibiofemoral joint reaction force (TFJRF) was calculated using inverse dynamic model
from raw GRF and kinematic data. In mediolateral axis, both forward and backward

walking almost had medial GRF during

forward and backward walking

ce phase. In anteroposterior axis, both
’ r GRF (breaking forces) and then

anterior GRF (propulsive fo Walking had similar magnitudes

of breaking (1*) and pro alking, the breaking peak was

higher.

Figure 4.9 show. : oL : N three axes which collected
from one subject (at the ‘ . _axis (X), medial direction was
positive. In anteroposterior positive. These GRFs and
kinematic data were altoget IRF in three axes and total TFJRF
respectively (Figure 4.10-4.13) in each axis would increase as speed
increased in both wa of vertical and combined

axes in backward 'l'k({ g woul

ﬂ‘lJEJ’J‘VlEJ‘ﬂﬁWEJ’]ﬂ‘i
QW’]ﬂﬁﬂ‘iﬂJ UA1AINYAY



(A) Forward walking
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Figure 4.9 Patterns of GRF in three axes (at speed 1.0 m/s) over one stance phase of (A)

forward and (B) backward walking. Medial and anterior directions are positive in

mediolateral axis (X), and anteroposterior axis (Y), respectively.
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(A) Forward walking

X axis: mediolateral
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3 1R NEIRS)

02 03 04 05 06 o7
Time (ms)
TR LT T —— T Ty > Heel off
Figure 4.10 Patterns of calculated tibiofemoral joint reaction forces (TFJRF) in
mediolateral axis over one stance phase of (a) forward and (b) backward walking at all

speeds
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(A) Forward walking

Y axis: anteroposterior
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Figure 4.11 Patterns of calculated tibiofemoral joint reaction forces (TFJRF) in

anteroposterior axis over one stance phase of (A) forward and (B) backward walking at

all speeds
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(A) Forward walking
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Figure 4.12 Patterns of calculated tibiofemoral joint reaction forces (TFJRF) in vertical

axis over one stance phase of (A) forward and (B) backward walking at all speeds
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(A) Forward walking

Combined axis
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Figure 4.13 Patterns of calculated tibiofemoral joint reaction forces (TFJRF) in combined

axis over one stance phase of (A) forward and (B) backward walking at all speeds
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Table 4.7 shows that peak TFJRFs in combined axis were statistically significant
higher in backward walking compared to forward walking at the same speed. These
forces would increase as speed increased in both forward and backward walking.

Correlation coefficients (r) were 0.985 and 0.948, respectively (Figure 4.14).

Table 4.7 Mean (SD) of maximum (peak) tibiofemoral joint reaction forces in combined

axis (%BW) of forward and backward

alking of all subjects (N=54)
|

\1\,\\ ‘
- Walking.speed.(m/s)
T ———

0.8

1.4 1.6
\\ \\

Forward 109.42 (3.23

j 7 \\\\ 6.27 (5.77)  136.73 (4.63)
g N

\\ 41.94 (19.08)* 160.98 (20.57)*

Backward 125.02 (8.55)*
(N=44) (N=34)

* Significant difference between both v

Peak TF

-
-

—4%— Forward {combined}
j r=0985%

. Backward {combined)
l‘-I r=0948

¢ W‘a“ﬁ“"‘“"

== = - Backward {vertical)
r=0948

%BW

a
b

-=;%=5E;“
o h
§;

Speed (m/s)

Figure 4.14 Mean of maximum (peak) tibiofemoral joint reaction forces in vertical and

combined axes of forward and backward walking in each speed
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Mean and standard deviation of maximum (peak) of right tibiofemoral joint
reaction forces during stance phase of each axis from 10 consecutive gait cycles of

each speed were presented in Table 4.8.

Table 4.8 Mean (SD) of maximum (peak) tibiofemoral joint reaction forces in each axis

(%BW) of forward and backward walking of all subjects (N=54)

X (mediolateral) axis

14 16
Medial peak

Forward 10.04.087 S@31) 18974 24) 1548 (3.51) 1811 (3.46)
Backward %2362 (3.12)* 24.14 (2.45)*

(N=44) (N=34)

Lateral peak

Forward .95 (243) 894 (T:94) T1:18:(279)~ 15.13 (4.34) 18.17 (5.45)

i

Backward 4.0m1 04)* 2.73(1.57)* 2.46 (1.63)* 3.06 (1.70)* 4.40 (2.09)*

quiinaminng”
AN TUNNINGAY
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Table 4.8 (Continued)

Y (anteroposterior) axis Walking speed (m/s)

0.8 1.0 1.2 1.4 1.6

Posterior (breaking) peak

Forward 11.00 (1.70)

%3 23.39(3.20) 27.34(2.72)
J
94 (4 )*% 29.53 (5.58)* 40.14 (9.40)*

\\\ (N=44) (N=34)
N

J A (iZ A

Backward 15.98 (2.

Anterior (propulsive) pea

A3

Forward 12.00 4.92(136) 18:89(2.62) 20.05(2.62) 22.54 (3.66)
, sy YN
, Mﬁn B4\ \\

Backward 12.00 (0.85) 13.851(0.90)5416.30/(3.27) 17.81 (1.95) 22.24 (2.23)

iﬁ'd.m.‘.-—v* s
L= WA T

S o

- (251) (N=44) (N=34)

Z (vertical) axis T o————————\Walking-s|

0.8 . . 14 16
Forward 109ﬁ MBEIM'QOWZE% ng a?ﬂsﬂ ’]ﬂ ﬁ' (5.30) 13517 (4.47)
Y Wﬁ N3N iﬁ?ﬁ%ﬂ I édﬁm .

* Significant difference between both walking directions by Paired t-test, P<0.05

Table 4.8 shows that for every speed, the medial peak reaction forces at
tibiofemoral joint were statistically significant higher in backward walking and the lateral
peaks were statistically significant higher in forward walking. While posterior (breaking)

peaks were statistically significant higher in backward, anterior (propulsive) peaks were
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not different. In some speeds, forward walking had statistically significant higher anterior
(propulsive) peaks due to minimal variation. However, these might not be clinically
significant. Vertical axial forces as well as combined axis of TFJRFs were statistically
significant higher in backward walking. The calculated TFJRFs of all axes increased as
speed increased in both forward and backward walking. Correlation coefficients (r) were

more than 0.9. Except lateral peaks in mediolateral axis of backward walking which did

not correlate to speed (Figure 4.14-

Xis:

30 ' ﬁ\\\.

. !\\\X\\.‘

20 ' F r £ d\. ‘\\\\ —+— Forward (medial)
% . ’ \ . r=0951

Figure 4.15 Mean of maxi um (peak) tlblofemoral joint reaction forces in mediolateral

oo f"“”ﬁ”ﬂ‘ﬂﬁﬁ% EJ BN T
q RIAINTUURIINYANY
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Peak TFJRF in Y axis: anteroposterior

-
v

—4— Forward {posterior)
r=0997

~—i— Backward {posterior)
r=0972

%BW
e w B8 R B W 8 & 8

= =4~ - Forward {anterior)
r=0994

== == Backward {anterior)
r=0981

ction forces in anteroposterior

Hee

-n_ es of right tibiofemoral joint reaction

aXis from 10 consecutive gait cycles of

Figure 4.16 Mean of maxi ; ? I
axis of forward and back ih eacl

Mean and standard c
forces during stance

each speed were pre

 —-— g

[ ¥ J}“
Table 4.9 Mean (SD e action forces in combined axis

()
(%BW) of forward and backward walking of all subjects ( H 54)

AU IO TANENLS

—QRIAININNRIINYINY

9
Forward 81.36 (1.85) 83.80 (1.59) 86.06 (1.31) 88.65(1.76) 90.66 (1.56)
Backward 82.77 (2.43) 83.27 (2.14) 83.53 (1.56)* 83.98 (3.10)* 84.78 (3.22)*
(N=51) (N=44) (N=34)

* Significant difference between both walking directions by Paired t-test, P<0.05
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Table 4.9 shows that for lower speeds such as 0.8 and 1.0 m/s, the average
tibiofemoral joint reaction forces were not different in both forward and backward
walking. For faster speed such as 1.2, 1.4 and 1.6 m/s, these forces were statistically
significant lower in backward walking. The average TFJRF had good correlation with
speed in both forward and backward walking. These forces increased when speed

increased. Correlation coefficients (r) were 0.999 and 0.982, respectively (Figure 4.17).

- —

~—4&— Forward
r=0999

r=

%BW
§ & B R £ B B 8 8

‘J
J

Figure 4.17 Mean of averége tibiofemoral Jomt reaction forces in combined axis of

el Ei'“Wf‘EW AINYINT
q RN TUURITINYIA Y
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Cardiopulmonary response

Heart rates were recorded at the final 10 seconds of the test speed by wireless
electrocardiography. Mean and standard deviation of heart rate (beats/min) of each
walking speed were presented in Table 4.10. For every speed, heart rates were higher
in backward walking. Heart rate of backward walking at the speed 0.8 m/s was similar to
heart rate of forward walking at the speed 1.4 m/s. Mean and standard deviation of the
percentage of maximum heart rate (%HR max) of each walking speed were presented in
Table 4.11. Analyzed data.show that th_e} percentage of maximum heart rate was higher
in backward walking at_all-test Speedé. Mean and. standard deviation of rating of
perceived exertion (RRE) of«€ach walking speed were presented in Table 4.12. For
every speed, RPE were iigher in‘backward Yvalking. Backward walking with the speed of
0.8 m/s had RPE similar io fopwvard Wél_kiﬂi)/\)ith the speed of 1.0 m/s. Beyond the speed
of 1.2 m/s, subjects’ RPE indigcated that theév Bégan to feel fatigued very fast, which might

relate to the large amount of increasing of thé.:'heart rate (Figure 4.18-4.20).
g P ]
ald v ol

Table 4.10 Mean (SD) of heart rate (beats/min) of forward and backward walking in each

speed, from all subjects (N=54)

Walking speed (ms)

08 1.0 12 1.4 16

Forward 96.19 (14.46)" 99.33 (15:31) 103.29 (14727) "108.76 (14.38) 113.83 (15.10)

Backward 109.72 (14.50) 120.40 (17.58) 1134.60 (19.06) 149.64 (19.3%) 163.19 (16.17)
(N=51) (N=44) (N=34)
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Table 4.11 Mean (SD) of the percentage of maximum heart rate (%HR max) of forward

and backward walking in each speed, from all subjects (N=54)

Walking speed (m/s)

0.8 1.0 1.2 1.4 1.6

Forward 49.42 (7.68) 53.07 (7.63) 55.87 (7.69) 58.48 (8.12)

Backward 56.37 (7.76) 6 36 : &).37) 76.64 (9.93) 83.68 (8.30)

' (N=44) (N=34)

Table 4.12 Mean (SD) of (RPE) of forward and

backward walking in each s

1.4 1.6
Forward ‘c‘-';::.:;:=.—..—.::.—.:;:;=;:T:;;;:.—_':.;.:,", ).87 (1.72)  11.04 (1.93)
Y
Backward 7.67_9.53) 13.16 (2.02) 14.98 (2.19)
g o/ (N=51) (N=44) (N=34)

AN TUNNINGAY



63

180

160

140
‘E 120
< R
+ 100 '—?—‘—'—d-
2 g —+— Forward
T e —8- Backward

° 1/

[ ] . - - —. : . 1

08 16

Figure 4.18 Mean of hearifatg/(HR) of forward and backward walking in each speed

%HR max

_3_,_};8!;888:388

[ F] 10 12 14 18

Speed (m/s)

Figure 4.19 Mean of the percentage of maximum heart rate (%HR max) of forward and

backward walking in each speed



64

186

anaaR:EEHHH
t
i

Figure 4.20 Mean of the ra of forward and backward

walking in each speec

AuEINENINeINS
PRIANTUAMINYAE



CHAPTER V

DISCUSSION AND CONCLUSION

Sixty-five healthy Thai males were recruited into the study. Eleven subjects were
excluded after they percept the non-smoothness on the left-belt of treadmill. All
excluded cases were in the second half of overall data collection. It might cause from
over-used of treadmill. Subjects trended to havehigh bodyweight and contacted the belt
with high forces. Mean of their.body wei%ht with shees was 650.96 + 72.99 Newton (N).

It was above the mean of thesremaining subjects, whieh.was 590.08 + 58.66 N.

The remaining 54 subjects had regular exercise with median of 2.75 times/week

and 60 minutes/time. Fifty(92:6%) su’bjecis’-had moderate-intensity exercise. Therefore,
the results might infer only the same-pro-‘éle;population, not in the elderly or inactive
groups. -
/)
Due to randomize allocatton by Iooklng for the ninth digit of subject’s identity

card (total 13 numbers), the f|rst trxal was _[ected as forward walking if it was odd

J.>-¢

number. If it was even number or zero, the first trial was.sglected as backward walking.

Twenty-five (46. 3%) subjects were assigned to start with waklng forward. This could
eradicate some systematic errors from the cumulative fatigue effect of the earlier trial.
Because backward walkihgewas not a naturalsmovement of human (Bates et al., 2000),
twenty (37%) subjeets could not (complete all 'speeds of  backward walking. Three
(5.6%), seven (13.0%) and ten (18.5%) subjects stopped at speediof 1.2, 1.4, and 1.6
m/s, respectively. Fhis'meant healthy male 'subjects had some difficulties in backward
walking. Most subjects stopped backward walking from severe fatigue (18 of 20
subjects, 90%). A few subjects were stopped because their heart rate reached the
predicted maximum heart rate (2 of 20 subjects, 10%). Most fatigued muscle groups
were knee extensors, calf and ankle dorsiflexors, respectively. The results agreed with
Hreljac, et al.’s study (2005). They found that the speed which walkers liked to change

from backward walking to running (backward preferred transition speed, BPTS) was
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1.58 + 0.16 m/s. It was lower than energetically optimal transition speed (EOTS) or
metabolic transition speed which was 1.83 m/s. So, this mean that subjects preferred to
run at BPTS even it used more energy. There might be some factors, more than
metabolic cost, which influenced gait transition. Fatigues of small muscles, such as

ankle dorsiflexors, were considered as a cause.

Our results also agreed with \Grasso et al.’s study (1998). They found that
electromyographic (EMG) activity of most /legmuscles were higher in backward than
forward walking at the same-range of spi—)}ed. lFwalking speed increased, EMG activity of
each leg muscle would_increase curvilinearly. The=EMG activity of the lower extremity
increased faster in backward.walking. Thlerefore, more energy was consumed by lower
extremities in backward walking especiajf_lyrin high speeds. Energy requirement of the
lower extremity would #Certainly bé; a ffa‘ctor of localized fatigue. More energy

requirement can cause a few subjeéts, vvhdﬁ_ V\;ére not physically fit, to increase their heart

rate over maximum predicted heart rate to v_vé-!k*at a certain speed.
¢ .-'. ‘l-
sdd v ol

In kinematic data, backward walking had'more cadence than forward walking in

every speed. The result agreed-with thef;étﬂdy_ of Arata (1999), which found that

backward running had:'hiqher stride rate but shorter stride {éngth than forward running at

the same speed. The percentages of stance phase were 368ut 60% in both forward and
backward walking in every speed. Knee and ankle joint fange of motion were lower in
backward thansfarwardiwalkingiin every: speeda Thesresult.corresponded to the study of
Dufek et al. (n.ds) The trunk was slightly anterior bending from imaginary vertical line in
both forward-and, backward,walking in every,speed. That meant human balancing might
rely on forward ‘bending of trunk "to keep centre”of mass within' the base support.
However, trunk inclinations showed some levels of variation over stance phase and

among subjects.

In kinetic data, the peak tibiofemoral joint reaction forces (TFJRF) in vertical and
combined axes increased with the increased speed. And backward walking had higher

forces than forward walking in every speed, like the study of Grosso et al. (1998). They
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found that vertical ground reaction force of breaking phase in backward walking was
higher than forward walking (115.0 +17.6 %BW vs. 100.8 + 4.4 %BW) at the same range
of speed 0.4-1.0 m/s. Our study also found that peak TFJRF in vertical axis of backward
walking with speed 0.8 m/s was similar to peak TFJRF in vertical axis of forward walking
with speed 1.4 m/s (123.76 + 8.23 %BW vs. 124.71 + 5.30 %BW). As same as the peak
TFJRF in combined axis of backward walking with speed 0.8 m/s, which was similar to
the peak TFJRF in combined axis of forward walking with speed 1.4 m/s (125.02 +8.55
%BW vs. 126.27 + 5.77 %BW). These meanithat if. people were suggested to exercise
with backward walking in-speeda-0.8 m/s, they-would-take the same TFJRF as exercise
with forward walking in speed«#"4.m/s but more comfortable due to lower RPE.

A
In every speedthe medial peak r_ea_ction forces at tibiofemoral joint were higher

and the lateral peaks were lower in‘ bacl;w'ard walking. This might be from the wider

base support and more laferalization of foo"f_ céntact in backward walking. Therefore, foot

motion might be controlled to push back to‘_'-t_-he ‘Sagittal plane of human body. Obviously,

peak TFJRF in combined and verrtic"al axeéﬁ%_f_high were higher in backward walking at
2= 44

the same speed of walking. It hébpened coiﬁgidéntally with impact peak of foot contact.

Impact peaks of both conditioﬁ_s"fhight implyjth_a»f _tg)e touchyin backward walking did not

smooth as heel touch_;ln forward walking. For backward w_a'l':kjng, people did not turn into
the direction of moveméz_nt. The visual reflex could not be: used. Backward walking was
also not a natural movement. Therefore, thesproprioceptive function did not function
properly for conducting a smooth movement. However, the average TFJRF in combined
axis were similar’in both forward andsbackward walking during slow speeds of walking.
These yalues were lower jin' backward walking if speed increased' more than 1.2 m/s.
This might be a nature of backward walking that generally reduced TFJRF from moving
the femur away from the tibia. The hypothesis is also required further study. From the
contrary results of peak and average TFJREF, it is unclear whether forward or backward
walking had a higher potential to cause injury over the tibiofemoral joint. Application of

forward or backward walking for individuals still needs to concern other factors.

Heart rates of all testing speeds were higher in backward walking. Mean of heart
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rate in backward walking with speed 0.8 m/s was similar to forward walking with speed
1.4 m/s (109.72 + 14.50 vs. 108.76 + 14.38 beats/minute). Compared to the percentage
of maximum heart rate (%HR max), the values were 56.37 + 7.76 vs. 55.87 + 7.69 %HR
max which were in range of light intensity (50-63 %HR max, Thompson et al., 2009). This
was not enough for maintain cardiopulmonary fitness. Backward walking with speed
higher than 1.2 m/s would be defined as moderate intensity (64-76 %HR max, Thompson
et al., 2009). The mean of %HR max in this speed was 69.20 + 10.37. Backward walking
with speed 1.6 m/s would be vigorous intensity because the mean of %HR max was
83.68 + 8.30. This speed-also-exceeded backward-preferred transition speed (BPTS) of
Hreljac, et al. (2005), which.was«1.58 + 0.16 m/s. Cardiopulmonary responses might

explain why some subjects.stopped backigvard walking at this speed.
The results of our study. fouhd thé];‘ backward walking exercise with speed 1.2
m/s could give moderate level of exeroise ihtéﬁsity (69.20 + 10.37 %HR max). In forward
walking, speed 1.6 m/s did not induce mo‘derate exercise intensity (58.48 + 8.12 %HR
max). Definition for moderate exerCISe mterfsrty is 64-76 %HR max (Thompson et al.,
JJ

2009). Comparison between these two condmons peak TFJRF had already been similar
(135.48 + 12.75 %BW, vs: 136.73 + 4.63 %BW) and average TFJRF had already been

lower during backward Walking (83.53  1.66 %BW Vs 190.66 + 1.56 %BW). Further
research is needed to ;determine TFIRF between forvvaer and backward walking with
speeds that induce thegmederate-intensitys exercise. Training backward walking for
reducing impact peak “of toe touch might be' useful.! | Whether force reduction is
worthwhile with @ period of traininggsneeds to have further research. While backward
walkingamighnt not be a, practical exercise, the trainingimight provide backward walking
an option‘for exercise especially for people who had an injury or pain at the tibiofemoral
joint.  However, location, light, and environment of training should be set properly to

prevent falling and any accident.

This study used inverse dynamic model to calculate tibiofemoral joint reaction
force, which was the indirect measurement. The biomechanical values were up to the

used models and their assumptions. The results might be different from those of other
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studies. If the minimal-invasive direct method for joint reaction force measurement is
available, the measured values must be more accurate and can be set as a gold
standard. The results of many models should be verified how accurate they had when

they are compared with those of direct measurement.

In conclusion, backward walking produced higher peak TFJRF during stance

phase than forward walking in every S . Subjects had higher heart rate and RPE in

every speed when backward walking, as average TFJRF were similar in both

forward and backward - di (below 1.0 m/s) and lower in
,ﬁ

backward walking if speeds«increase s. However, backward walking

alk with the same exercise
intensity and could be_used i ! [ 1abilitation programs for ones
who have tibiofemoral #oi ' " e arches should be required to

elaborate backward wa ( _, poL > duratlon and frequency for

ﬂ'lJEl’JVIEMﬁWEJ\’]ﬂ‘i
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APPENDIX B
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APPENDIX C
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APPENDIX D
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